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Svenskt förgasningscentrum (SFC) var ett kompeten-
scentrum för forskning, utveckling och forskarutbild-
ning inom området termisk förgasning av biomassa och 
avfall. SFCs totala budget uppgick till 540 miljoner SEK 
under 10 år, 2011-2021. Centrat bestod av tre autono-
ma forskningsnoder som fokuserade sin forskning mot 
en specifik teknikinriktning där industriella intressen 
föreligger. De tre noderna med sina teknikinriktningar, 
nodkoordinatorer och deltagande organisationer var

•  Indirekt förgasningsteknik, SFC-CIGB, (Chalmers, 
Mittuniversitetet)

•  Suspensionsförgasning, SFC-Bio4Gasification, (Lu-
leå tekniska universitet, Umeå Universitet, Lund 
Universitet, RISE ETC)

•  Gasrening och konditionering, SFC-CLEANSYN-
GAS, (Kungliga tekniska högskolan, Linnéuni-
versitetet, Göteborgs universitet, RISE)

Avgränsningen till de tre teknikinriktningarna moti-
verades av att det inom dessa områden finns starka 
nationella forskningsmiljöer med direkt koppling till 
företag och industrier. Organisationen med nodstruktur 
gjorde det möjligt för de olika forskargrupperna att bed-
riva verksamhet med sina industriella partners, i parts-
sammansatta nodstyrgrupper och olika projekt, där de 
senare var bekväma med att deras tekniklösningar, kun-
nande och rättigheter tillvaratogs och skyddades inom 
nodsamarbetet. 

Övergripande samordning skedde genom SFC lednings-
funktioner (föreståndare med ledningsgrupp av nodle-
darna, partssammansatt programråd) som en övergri-
pande struktur för noderna och verkade för samverkan 
och utbyte av erfarenheter kring teknikinriktningarnas 
gemensamma och generella frågeställningar inom 
forskningsområdet samt för att samordna interna och 
externa aktiviteter som workshops, konferenser och 
kommunikation samt resultatuppföljning och rappor-
tering. Under den sista fyra-årsperioden av SFC intro-
ducerades sju olika nodöverskridande tematiska forsk-
ningsområden för att ytterligare stärka och formalisera 
utvecklingen av synergier i forskningsverksamheten 
mellan de tre noderna. 

Sammanfattning
Ett av SFC’s huvudmål var att fungera som en nationell 
plattform för långsiktigt kunskapsuppbyggande inom 
teknikområdet, och därmed bidra till omställning till 
en hållbar och fossilfri energiförsörjning. Ett annat mål 
var att vidareutveckla och effektivisera industrirelevanta 
förgasningsprocesser och gasbehandlingstekniker samt 
fungera som stöd och naturlig samarbetspartner för 
företag och industrier i branschen. 

SFC’s verksamhet har, enligt flera oberoende utvärdering-
ar, varit mycket framgångsrik och samtliga uppsatta mål 
har nåtts. SFC’s forskning har bidragit till banbrytande 
kunskaper på en teknisk och vetenskaplig internationell 
spetsnivå, som dels drivit forskningsfronten framåt, dels 
fört kunskaperna vidare till mer industrinära produktut-
vecklingsprojekt. SFC har vidare bidragit med en ökad 
transparens och samordning, vilket sannolikt lett till 
kostnadseffektivare forskning inom området. 

Sammanfattningsvis har

•  56 forskningsprojekt genomförts.

•  totalt 38 doktorer och 7 licentiater examinerats 
samt 6 forskare docent-meriterat sig under etapp 
2 och 3 av SFC.

•  mer än 245 artiklar i vetenskapliga tidskrifter pub-
licerats (2013–2021) och som har citerats fler än 4 
700 gånger av mer än 3 500 unika organisationer. 
Därtill tillkommer fler än 170 konferensbidrag.

•  23 kurser och workshops arrangerats.

Några av de viktigaste vetenskapliga resultaten från pro-
grammet är:

• Nya kunskaper om hur kemin i förgasningsreaktorn 
kan kontrolleras för att undvika traditionella problem 
relaterade till tjärbildning.

o  Nya kunskaper om hur alkali katalyserar förgas-
ningsreaktioner och hur detta kan tillämpas för 
att utveckla effektivare förgasningsprocesser 
och minska tjär- och sotbildning.

o  Nya kunskaper om hur oorganiska förorening-
ar påverkar katalysatormaterial, inklusive ban-
brytande förståelse om hur svavel i gasfas och 
kalium beter sig vid ångreformering av tjära 
med Ni-baserade katalysatorer under realistiska 
driftsförhållanden



4

•  Nya metoder för mätning, styrning och 
kvalitetssäkring

o  Utveckling av laserbaserade diagnostiksystem 
som med hög tidsupplösning kan användas för 
att mäta gassammansättning och sotfraktioner i 
reaktorn vid biomassaförgasning under verkliga 
processförhållanden. Metoderna kan användas 
för att förbättra styrningen av processen

o  Framtagandet av robusta och tillförlitliga metod-
er för att analysera och sluta massbalanser i sys-
tem med indirekta förgasningsprocesser

•  Kunskapen om processintegrering för att indirekta 
förgasningsprocesser ska kunna uppnå en ener-
gieffektivitet om 85 % vid omvandling av fuktig 
biomassa (50 % vatten) till biometan.

•  Nya kunskaper inom materialteknik

o  Ökad förståelse om stabilitet och mekaniska 
egenskaper hos dolomit som bäddmaterial i try-
cksatta fluidbäddsförgasare samt om förfaran-
det vid val av ett lämpligt dolomitmineral

o  Ökad förståelse om hur alkali samverkar med 
keramiska material i förgasaren som kan ut-
nyttjas för att öka livslängden för dessa material

SFC har också bidragit till andra samhällsmål, exempel-
vis genom.

•  En fördjupad och bred samverkan mellan akademi 
och industri inom förgasningsområdet

•  Kompetensförsörjningen inom energirelevant in-
dustri, av 38 disputerade återfinns idag 19 inom 
industrin.

•  Forsknings- och kunskapsstöd till projekt- och 
teknikutvecklare i Sverige, bl.a. Göteborg Energi, 
E.ON, Cortus Energi, Meva Energy, Phoenix Bio-
power, BioShare

•  Internationellt samarbete inom forskning och ut-
bildning bland annat genom IEA Bioenergy 

•  Kunskapsspridning och kommunikation om förgas-
ningsteknikens betydelse och möjligheter

Det kan konstateras att SFC’s verksamhet har utveck-
lats mycket väl genom åren, både vad gäller forskning 
och utveckling och som organisation. SFC har genererat 
betydande, banbrytande nya kunskaper och förståels-
er samt en kraftigt förstärkt nationell kompetensbas. 
Denna rapport sammanfattar SFC’s huvudaktiviteter 
och resultat de sista två etapperna av SFC (2013–2017, 
2018–2021). 
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The Swedish Gasification Centre (SFC) was a compe-
tence centre for research, development, and postgrad-
uate education in the field of thermal gasification of 
biomass and waste. SFC's total budget amounted to 
SEK 540 million over 10 years, 2011-2021. The centre 
consisted of three autonomous research nodes that 
focused their research on a specific technology focus 
where industrial interests exist. The three nodes with 
their technology specializations, node coordinators and 
participating organizations were

•  Indirect gasification technology, SFC-CIGB, (Chalm-
ers, Mid Sweden University)

•  Suspension gasification, SFC-Bio4Gasification, (Lu-
leå University of Technology, Umeå University, 
Lund University, RISE ETC)

•  Gas cleaning and conditioning, SFC-CLEANSYN-
GAS, (Royal Institute of Technology KTH, Lin-
naeus University, University of Gothenburg, RISE)

The delimitation to the three technology specializations 
was motivated by the fact that in these areas there are 
strong national research environments with a direct con-
nection to companies and industries. The organization 
with a node structure made it possible for the various 
research groups to conduct activities with their indus-
trial partners, in joint node steering groups and various 
projects, in which the latter were comfortable with their 
technology solutions, know-how and rights being uti-
lized and protected within the node collaboration.

Overall coordination took place through SFC manage-
ment functions (director with a management group con-
sisting of the node leaders, party-composed program 
advisory board) as an overall structure for the nodes and 
worked for collaboration and exchange of experiences 
about common and general issues and to coordinate in-
ternal and external activities such as workshops, confer-
ences and communication as well as performance mon-
itoring and reporting. During the last four-year period of 
SFC, seven different cross-node thematic research areas 
were introduced to further strengthen and formalize the 
development of synergies in the research activities be-
tween the three nodes.

One of SFC's main goals was to function as a national 
platform for long-term knowledge building in the field, 
and thereby contribute to the transition to a sustain-
able and fossil-free energy supply. Another goal was to 
further develop and streamline industry-relevant gasifi-
cation processes and gas treatment techniques and to 
act as a support and natural partner for companies and 
industries in the industry.

According to several independent evaluations, SFC's 
operations have been very successful, and all set goals 
have been achieved. SFC’s research has contributed to 
pioneering knowledge at a technical and scientific in-
ternational top-level, which has on the one hand driven 
the research front forward, and on the other, passed 
the knowledge on to more industry-oriented develop-
ment projects. SFC has also contributed with increased 
transparency and coordination, which has probably led 
to more cost-effective research in the area.

In summary, has

•  56 research projects been carried through.

•  a total of 38 PhD’s and 7 licentiates were examined, 
and 6 researchers qualified as associate professors 
(docent) during phase 2 and 3 of SFC.

•  more than 245 articles in scientific journals pub-
lished (2013–2021) and which have been cited 
more than 4,700 times by more than 3,500 unique 
organizations. In addition, more than 170 confer-
ence contributions.

•  23 courses and workshops arranged.

Some of the most important scientific results from the 
program are:

•  New knowledge on how the chemistry in the gasifi-
cation reactor can be controlled to avoid traditional 
problems related to tar formation.

o  New knowledge about how alkali catalyses gas-
ification reactions and how this can be applied 
to develop more efficient gasification processes 
and reduce tar and soot formation.

o  New knowledge about how inorganic pollut-
ants affect catalyst materials, including pioneer-
ing understanding of how sulphur in gas phase 
and potassium behaves in steam reforming of 
tar with Ni-based catalysts under realistic oper-
ating conditions

Summary
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•  New methods for measurement, control and qual-
ity assurance

o  Development of laser-based diagnostic systems 
that can be used with high time resolution to 
measure gas composition and soot fractions in 
the reactor during biomass gasification under 
real process conditions. The methods can be 
used to improve the control of the process.

o  The development of robust and reliable meth-
ods for analysing and concluding mass balances 
in systems with indirect gasification processes.

o  The knowledge of process integration so that 
indirect gasification processes can achieve an 
energy efficiency of 85% when converting 
moist biomass (50% water) to biomethane.

•  New knowledge in materials technology

o  Increased understanding of the stability and 
mechanical properties of dolomite as a bed ma-
terial in pressurized fluid bed gasifiers and of 
the procedure for selecting a suitable dolomite 
mineral

o  Increased understanding of how alkali interacts 
with ceramic materials in the gasifier that can 
be used to increase the life of these materials

SFC has also contributed to other societal goals, for ex-
ample through

•  An in-depth and broad collaboration between aca-
demia and industry in the gasification area

•  The supply of skills in energy-relevant industry, out 
of 38 PhDs, there are currently 19 employed in in-
dustrial companies.

•  Research and knowledge support for project and 
technology developers in Sweden, e.g. Göteborg 
Energi, E.ON, Cortus Energi, Meva Energy, Phoenix 
Biopower, BioShare.

•  International collaboration in research and educa-
tion through, among others, IEA Bioenergy.

•  Dissemination of knowledge and communication 
about the importance and possibilities of gasifica-
tion technology

It can be concluded that SFC’s operations have devel-
oped very well over the years, both in terms of research 
and development and as an organization. SFC has gen-
erated significant, ground-breaking new knowledge 
and understandings as well as a greatly strengthened 
national competence base within the field of gasifica-
tion. This report summarizes SFC's main activities and 
results in the last two stages of SFC (2013-2017, 2018-
2021).



7

The interest in gasification in Sweden goes back many 
decades and is a clear example of how the technolo-
gy, due to its versatility and flexibility, can meet widely 
different demands as societies and technologies try to 
adapt to different policies and demands.

Town gas generation from mainly coal in updraft gasifi-
ers have been in use since the mid 1800’s, Gothenburg 
being the pioneer already at that time, and for industrial 
heating purposes also updraft wood gasifiers were in 
use until after the second World War (WWII), when pe-
troleum products became more available. During WWII, 
the well-known downdraft gas generators were widely 
used in light and heavy road vehicles., as well as for mo-
tor trains and smaller vessels.

In modern times, the interest in biomass gasification 
arose because of the two oil crises in the 1970’s. The 
general dependence on Middle Eastern oil, and a pre-
sumed gas shortage in the USA, led to a massive interest 
in developing gasification technologies for conversion 
of locally available feedstocks, in most places’ coal, as 
the climate change discussions had barely started. In 
Scandinavia, the indigenous fuels available were woody 
biomass and peat. Methanol was then the most inter-
esting products aimed for blending into gasoline. The 
strategies were to either modify existing coal gasifica-
tion technologies, in particular the HTW (High Tempera-
ture Winkler) process, or to develop specific technolo-
gies, e.g., the MINO gasifier development at Studsvik, 
to suit these feedstocks. However, in the mid 1980’s as 
new oil sources came into operation, the sense of the 
crisis faded out, and consequently, also the mentioned 
gasification developments.

In parallel, the paper and pulp industry sought to re-
place fossil fuel oils, predominantly used in the lime kilns 
for their own combustibles wastes, notably bark, in cir-
culating fluidised bed gasifiers, by more or less directly 
routing of the gas to the lime kiln burners. Within a few 
years, some half-dozen such installations in the range of 
15-40 MW thermal input were constructed and also op-
erated for many years. The technology has also recently 
been incorporated in the design of the most modern 
mills in Scandinavia and are today also in use in Asia and 
South America.

As the interests for liquid fuels faded, there was a shift 
of interest. Following the Harrisburg nuclear accident, a 

referendum in Sweden in 1980 recommended a grad-
ual phase out of nuclear energy, providing some 40 % 
of the total electricity production, both then and today. 
Following the Chernobyl accident in 1986, the phase-
out start date was set to 1995 and the end date to 
2010. This also led to the expectation of a sharp rise in 
electricity prices in Sweden. In the 1990’s the climate 
change issue became increasingly discussed, ruling out 
coal power installations. To partially meet the loss of ca-
pacity from the phase-out, the extensive district heat-
ing networks built in the preceding decades, motivated 
by a need for central fuel-flexible plants and to reduce 
air pollution from numerous small heating installations, 
should be exploited for co-generation power. This led 
to a massive development of the so-called BIG-GT (Bio-
mass Integrated Gasification Gas Turbine) technology in 
Sweden, but also elsewhere. This technology has the 
potential of reaching a power-to-heat ratio of 1, i.e., 
2-3 times higher than that of conventional steam boil-
er-based co-generation plants, and thus allow more 
than a doubling of the power generation from the heat 
load of district heating networks. The power companies 
Vattenfall and E. ON/Uniper (fka Sydkraft) as well as 
smaller developers like TPS and Chemrec, engaged in 
such developments. The latter company specialized in 
the gasification of black liquor in the paper and pulp in-
dustry. The most notable achievement was the 18 MW 
thermal input Värnamo BIG-GT plant built by Sydkraft. 

Around the turn of the century, it became clear that the 
nuclear power phase-out would not be effectuated as 
previously planned and in addition the electricity prices 
fell instead of rising due to amongst other things, de-
regulations of the electricity market. A green electricity 
certificate system was also introduced, which short-
term favoured conventional bio-cogeneration over de-
veloping technologies. Again, the interest in gasification 
technologies gradually faded.

The climate issue had little by little gained momentum 
such that in the 2000’s, climate change had become a 
major policy issue at all levels of society. For Sweden, 
with an already almost GHG emission-free power sys-
tem and supply of district heat, the focus reverted to 
transport biofuels, also partially driven by rapidly in-
creasing fossil fuel prices. This resulted in major devel-
opments and scale-up activities in the first decade of 
this century, such as in the Chemrec Bio-DME plant at 

A brief look back in the  
Swedish gasification history
Lars Waldheim, Waldheim Consulting AB. Adjoined member of the SFC Management group since 2011.
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Piteå and the Gothenburg GoBiGas SNG plant, as well 
as many engineering studies for full-scale installations. 
Some of these projects even received huge national 
and European Commission grants via the NER300 pro-
gram had they been realised. Nevertheless, the finan-
cial crisis in 2009 and the drop in energy prices that fol-
lowed a few years later brought these developments to 
a halt, despite demonstration-ready technologies and 
the stronger focus on the climate issue. 

More recently, the interest has again broadened to also 
return to fuel gas for industrial purposes. However, this 
time for a variety of industries that have smaller in-
stalled capacities, lower than 10 MW thermal input, 
and still uses fossil fuels. The technologies developed 
by e.g., Meva Energy AB and Cortus Energy AB are 
now both being demonstrated in their first installa-
tions. However, there are still developments in other 
areas such as by BioShare AB that aims to co-generate 
biofuels in co-generation plants, interest for bio-hy-
drogen and the Phoenix Biopower AB’s innovative Bio-
mass-fired TopCycle (BTC) technology1 that can reach 
above 50 % efficiency to power. There are also novel 
applications being considered such as synergies with 
other renewable energy technologies and the applica-
tion of CCS within gasification systems, but also car-
bon recycling by as one example the chemical recycling 
of plastics.

The research context and the formation of SFC
In the mid 1970’s, the only gasification R&D in Sweden 
was at Lund University, related to oil shale gasification to 
retrieve uranium from the shale deposits in South-West-
ern Sweden. The oil crises resulted in an emerging inter-
est for peat as a resource and feedstock prompted the 
formation of an additional research group at the Royal 
Institute of Technology KTH in Stockholm in the mid-
1970s that is still very active. The urgency of the fuel cri-
sis in the 1970’s resulted in that these groups proposed 
a technology for scale-up to pilot capacity, larger than 
either university could house. This development was 
then transferred to the national laboratory of Studsvik 
Energiteknik in 1980, where also more fundamental re-
search was initiated and the pressurised fluidised bed, 
oxygen-blown MINO pilot plant to produce synthesis 
gas, and later an atmospheric air-blown CFB pilot plant 
for fuel gas, were constructed, both nominally 2 MW 
thermal input. Studsvik, on behalf of one of its interest 
companies, also led a technical development program 
in the early 1980’swhere a pilot shale gasifier was refur-
bished for use with peat and forest fuels to simulate the 
HTW process.

The first developments of the Chemrec black liquor 
technology also took place in the mid-1980’s with some 
initial turbulent years in the hands of various large-scale 
industries mainly targeting BIG-GT applications before it 
landed in the hands of a smaller company in the early 
2000’s, and who jointly with Luleå University of Tech-
nology, set up a R&D program in black liquor gasifi-
cation that lasted well over a decade. This included a 
pressurised oxygen-blown entrained flow gasifier of 3 
MW thermal that was later expanded by a synthesis gas 
cleaning, upgrading and conversion train to produce 
DME and methanol. The competence is retained by a 
still active research group.

Coming into the 1990’s, the two large power com-
panies in Sweden both engaged deeply in the BIG-GT 
technologies in cooperation with Finish technology 
providers that developed pressurised fluidised bed tech-
nologies. Sydkraft chose Lund University as research 
partner, while Vattenfall partnered with KTH. When TPS 
was spun off from Studsvik in 1992, it was developing 
an atmospheric CFB-based BIG-GT technology. TPS re-
tained it research capacity, but also had project-based 
cooperation with KTH. TPS had ceased to do research 
work in the area in the later 2000’s.

From the early 2000’s, driven by local interests and the 
opportunity to take over the then mothballed BIG-GT 
demonstration plant of Sydkraft at Värnamo, also Växjö 
University (now Linnaeus University) initiated gasification 
research. At this time, Sydkraft, then E. ON, re-oriented 
its activities towards bio-methane, and consequently 
the research activities at Lund University declined. When 
the attempts to restart the Värnamo plant as VVBGC 
failed after some 10 years, the research at Växjö also 
was reduced.

In the mid 2000’s, also Chalmers started research in gas-
ification in cooperation with Göteborg Energy and E. 
ON and built up a 4 MW thermal indirect gasification 
pilot facility focusing on bio-methane. This development 
was an important steppingstone that eventually result-
ed in the GoBiGas plant. 

Mid-Sweden University and Mälardalen University had 
meanwhile also organised small gasification research 
groups in the 2000’s. 

As can be seen from the above, from a very early stage, 
the research scene was fragmented, and the fragmen-
tation had grown as specific industrial interest and 
co-funding had grown. At the same time, in general, 
each research unit was too small to cover all aspects of 
interest to a technology developer.

1 Power production via gas turbine



9

At around 2010, the industries, being the intended re-
cipient and exploiter of the research, as well as the gov-
ernment agencies, in charge of structuring and funding 
energy research as a vehicle to change the energy sys-
tem in the desired directions, identified a troublesome 
situation. The fragmentation, small research groups 
competing for attention and lack of continuity in the 
research activities and funding programs, as well as 
communication barriers and difficulties between these 
research groups, was an inefficient use of both compe-
tences and resources as well as decreasing the value of 
the research itself. This resulted in a high-level discussion 

Picture of the biomass gasifier in Värnamo 

on how to organise and consolidate the Swedish gasifi-
cation research to combine the interest of all stakehold-
ers; the national energy agency to have high-quality and 
cost-efficient research, meeting the societal policy goals, 
the industrial parties interest in obtaining both general 
and exploitable knowledge from their co-funding and 
the academia’s interest in establishing and maintaining 
high-quality research and education within their own 
fields of interest with some autonomy. This led to the 
formation of the Swedish Centre for Biomass Gasifica-
tion (SFC).
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Apart from decarbonizing power production and pro-
vide embedded power generation in rural areas based 
on local biomass resources, gasification is one of few 
means to address the increased use and share of fossil 
greenhouse gas emissions from transport via produc-
tion of sustainable biofuels. Gasification of biomass and 
wastes can therefore play a major role in reducing fossil 
greenhouse gas emissions in several areas. As evidenced 
from the simplistic estimates of the potential for green-
house gas savings below, the impact in Sweden of ful-
ly applying gasification technologies would amount to 
several million tons of fossil greenhouse gas savings, but 
the full potential would be restrained by the availabil-
ity of sustainable biomass (and post-recycling wastes). 
Nevertheless, biomass gasification as a technology has 
for long been recognised as an important contributor to 
decrease of the carbon intensity in the power and trans-
port sectors but can also contribute to the reduction of 
the climate impact of many industrial processes.

Gasification in power generation 

•  by generating low carbon-intensity biopower or as 
waste-to-energy (in both cases power-only or CHP) 
at higher efficiency than alternative, convention-
al conversion technologies and by using different 
technologies over a large capacity range.

•  by partial substitution of fossil fuels in existing pow-
er plant at higher substitution share than by direct 
firing of a biomass or waste fuel. 

How can thermal gasification processes 
reduce fossil CO2 emissions?

•  by providing low carbon-intensity controllable pow-
er generation thereby enabling more variable re-
newable power generation in the grid, this at high-
er efficiency than by conventional steam boilers

As the power generation carbon intensity is low in Swe-
den (only 10 g CO2 per kWh in 2017), the greenhouse 
gas savings potential is also low, and the main opportu-
nity is in embedded generation and co-generation that 
supports the grid, thereby allowing additional variable 
renewable power capacity from wind and solar.

Outside Sweden, the technology has significant green-
house gas reduction opportunities. The EU-27 average 
was just approximately 230 g CO2 per kWh2 in 2020, 
but with wide country variations. The world average is 
just below 500 g CO2 per kWh. So here, an increased 
use of biomass gasification at both large and small scale 
can reduce the climate impact of the power grid, as far 
as sustainable biomass resources are available. 

Gasification to generate industrial process heat

•  By substituting fossil fuels in furnaces, kilns, and 
ovens where direct use of solid fuels is not accepted

•  By substituting fossil fuels in furnaces, kilns, and ov-
ens at firing temperatures where direct use of solid 
fuels is not technical feasible

2   https://www.eea.europa.eu/ims/greenhouse-gas-emission-intensity-of-1
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In several industrial processes, there are fossil-fuelled 
furnaces in the refineries, petrochemical, and inorganic 
industries as well as brick, glass, ceramic, lime, mineral, 
metallurgy, and steel industries. However, since some of 
these use by-produced by-products (refinery gas, coke 
gas etc.) or coke and combustible parts of recyclable 
materials as an integral part of the processes (mineral 
wool, lead recovery, copper, zinc, and other metals), 
substitution by biomass gasification is more difficult to 
achieve even where technically feasible.

In other cases, such as brick and ceramic ovens, as well 
as in connection with aluminium recycling, the energy 
usage in these processes is relatively small which has 
made the substitution of natural gas/LNG, gas or fuel 
oil challenging as the investment becomes rather high, 
in particular if it is necessary to meet the technical re-
quirements for substitution, e.g., medium calorific value 
(MCV) gas. 

The use of fossil fuels, outside of process specific use of 
coal and coke, such as fuel oils and natural gas amounts 
to approximately 13 TWh per year3 at present in Swe-
den. 

Fuel gas from biomass fuels, mainly bark, is already 
established as a technology in lime kilns in the forest 
industry. But firing of mill-generated biogas and other 
residues, and more lately wood powder firing of the 
lime kilns are competing technologies, especially when 
there are co-located sawmills and/or pellet plants. Nev-
ertheless, the use of fossil fuel oil in lime kilns amounts 
to 1.2 TWh per year4, while the lime industry outside of 
paper and pulp uses 2 TWh per year and the cement 
industry uses 3 TWh per year, but as wastes are used, 
the primary coal usage is only 0.9 TWh per year. The 
mining and steel industries use 4.4 TWh per year fossil 
fuels, in addition to self-generated off-gases from the 
steel mills at Luleå and Oxelösund. Altogether, this adds 
up to a substitution potential in the order of 8 TWh per 
year, a potential that can reduce fossil greenhouse gas 
emissions in the Swedish industry with as much as 3 
million tons CO2 per year, and then not including less 
demanding applications of heating and steam genera-
tion where solid biomass can be used directly to reduce 
the emissions even further.

If the above 8 TWh per year in demanding applications 
is set aside for gasification technologies, the remaining 
5 TWh per year to add up to 13 TWh, could in principle 
be replaced by solid biomass or pyrolysis oils, leading 
to additional savings of another 1-2 million tons of fos-
sil-CO2 per year.

Worldwide, there are similar industries as in Sweden 
where gasification-based fuel gases, both low calorific 
value (LCV) and MCV gas, could substitute current fos-
sil fuel usage. The final energy use in the global indus-
try sector was approximately 44 000 TWh (157 EJ) in 
2018 generating in total around 8 500 Mtons of fossil 
CO2-emissions (24% of the total global emissions). Only 
about 2 800 TWh of biomass and wastes was used as 
an energy source in the industry5

The same type of applications as were previously exem-
plified for Sweden are widely used globally. There are 
also other types of industrial processes of significance 
such as alumina calcination in bauxite refining plants. 
The greenhouse gas savings potential is thus several mil-
lion tons of fossil CO2 in the industrial sector. To come 
to a conservative number, the Swedish total industrial 
energy use is 142 TWh per year1 generating around 17 
million tons of greenhouse gas emissions, such by a pro 
rata estimate based on the 8 TWh potential for gasifi-
cation, the global savings could amount to 500 million 
tons while using the total greenhouse gas savings po-
tential, the potential exceeds 1 500 million tons per year. 

Gasification can…

o  Produce low-carbon intensity advanced biofuels 
from biomass feedstocks and biogenic fractions of 
waste

o  Produce low-carbon intensity recycled-carbon fuels

o  Produce a large source of clean, biogenic CO2 reject 
gas for CCS/CCU projects

o  by co-location with renewable hydrogen genera-
tion significantly increase the biogenic carbon yield 
to biofuels 

Gasification technologies to produce biofuels has an in-
termediate product, synthesis gas, from which a range 
of biofuel components can be manufactured, such as 
hydrogen, bio-methane, methanol, DME, ethanol as 
well as drop-in gasoline, diesel, and bio-jet fuels. The es-
timates on the use of biofuels in Sweden indicate that in 
the range of 35 and 40 TWh per year of biofuels will be 
used in the future. Deducting, say 15 TWh per year for 
biofuels from agricultural sources, HVO and biogas al-
ready used today, would give a potential of 20-25 TWh 
per year, and where a large fraction could, in principle, 
be met by gasification technologies. 

3 The Swedish Energy Agency, Energiläget i Sverige, 2021
4  Så klarar svensk industri klimatmålen. A sub-report from the Royal Swedish Academy of Engineering Sciences-project “Vägval för klimatet”. Royal Swedish Acade-

my of Engineering Sciences (IVA), April 2019.
5 International Energy Agency (IEA), Tracking Industry 2020, June 2021
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Gasification for…

o  Production of synthesis gas chemicals from biomass 
sources

o  Chemical recovery of chemicals from fossil wastes

o  Chemical recycling of plastic wastes

o  Production of charcoal for steel industry

The only large-scale plant that produces chemical prod-
ucts based on the synthesis gas pathway is the Perstorp 
plant in Stenugnsund. It uses currently 1.6 TWh of natu-
ral gas each year. If this is replaced by biogenic synthesis 
gas at 90 % of the fossil conversion efficiency and an 
emission factor for natural gas of 200 kg CO2 per MWh, 
the fossil CO2 savings potential becomes in of the order 
of 0.3 Mton per year.

Assuming that instead fossil wastes was used to gen-
erate the synthesis gas, the situation becomes more 
complex depending on the reference case. The emis-
sions from the fuels used would remain in both cases. If 
the fossil wastes were used to produce power and heat, 
the credit would be low in Sweden as the use of fossil 
fuels to produce these energy products is low, So, in the 
case of Sweden, the direct replacement could save of 
the same order as above, i.e., 0.3 Mton.

Pyrolysis technologies can also be used to produce a 
bio-liquid intermediate that can be finished to a drop in 
fuel by co-processing in a fossil refinery. biofuels. If such 
biofuels meet the RED II requirements, they would be 
included in the above number. 

Assuming that all the added biofuels are produced via 
gasification and using the RED II minimum greenhouse 
gas savings requirement and the fossil comparator of 94 
g CO2 per MJ (338 kg CO2 per MWh), the savings po-
tential would amount to in between 4.5 to 5.5 million 
tons, or approximately one quarter of today’s emissions 
of 18 million tons from domestic transports.

As biofuel production in most cases also requires the 
rejection of CO2 in a clean, concentrated by-product 
stream suitable for recovering, gasification technologies 
are therefore suitable for bio-CCS. Since the threshold 
and the evaluation methodology is not available, quan-
tification of the fossil greenhouse gas savings of this ap-
plication is not possible.

Biofuel plants can also utilize external hydrogen sourc-
es, e.g., from excess renewable power, to increase the 
biofuel yield at high efficiency and low cost, compared 
to e.g., power-to-X systems relying on CCU as a carbon 
source. This means up to a doubling of the biofuel yield 
of biogenic carbon from the biomass to biofuels that 
replace fossil fuels.

On an EU, or even a global scale, gasification-based ad-
vanced biofuels could also take a significant role in the 
decarbonisation of the transport sector, but this is more 
difficult to quantify.
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The Swedish  
Gasification Centre  
(SFC)
In 2009, the Swedish government presented an Energy 
and Climate Bill, in which the main points were:

•  For the energy-intensive industries, to follow EU 
Emission Trading Scheme (ETS) policies to achieve 
greenhouse gas (GHG) reductions while maintain-
ing the industrial competitivity.

•  To reduce GHG emissions by 40 % by 2020 outside 
ETS sector by a continued use of environmental 
taxation (a CO2 tax was introduced already in the 
early 1990’s) and by making Sweden independent 
of fossil transport fuels by 2030.

•  To achieve a minimum of 50 % renewable ener-
gy in 2020 by prolongation and expansion of the 
green certificate system and by increasing wind 
power use.

•  To reduce the overall use of energy per unit of GDP 
by 20 % to 2020.

Later, in the year 2015, the government presented 
the ambition that Sweden was to become one of the 
world’s first fossil-free welfare states in the year 20456. 
As mentioned above, the a sub-goal to reach fossil free-
dom was, and still is, to have a vehicle fleet indepen-
dent of fossil fuels by 2030. In terms of actual CO2-re-
duction, this target means 70 % lower emissions than 
in 2010. It was then foreseen that a significant part of 
Sweden’s need for transport fuels could be based on 
synthetic fuels produced via gasification of sustainable 
forest biomass. Sweden has large assets of forest raw 
materials paving the way to play a central role within Eu-
rope in developing technologies to produce advanced, 
forest-based biofuels. 

The 2009 bill sets a policy background to the formation 
of SFC in 2011, which was further reinforced during the 
second phase, and also explains the focus on biofuels. 

As described earlier in this report, Swedish gasification 
research was strongly fragmented with many overlaps, 
making the research and its funding unnecessarily inef-
ficient. Because of the above, the Swedish Center for 
Biomass Gasification (SFC) was initiated in 2011 as a 
Centre of Excellence, created to coordinate and support 
Swedish research, primarily to focus on biomass gasifica-

tion for production of forest-based biofuels. A 10-years 
research program was formed with a total budget of 
54 M€, funded in equal shares by the Swedish Energy 
Agency, the participating companies, and the academic 
partners. The initial budget was approximately 6 M€ for 
the two-year start-up period during 2011-2012. There-
after the budget was ramped up to 6 M€ per year for 
the second program phase April 2013 to April 2017 and 
the third phase May 2017, originally aimed at ending 
in April 2021, but due to the pandemic, prolonged to 
December 2021. In the third phase, the research scope 
was expanded to also incorporate waste gasification 
and production of other value-added products. Due to 
this, the Centre name was changed to “The Swedish 
Gasification Centre”. The acronym SFC has however 
remained the same and stands for “Svenskt Förgas-
ningsCentrum”.

SFC was organized as a virtual research Centre with 
a common administrative and coordination function 
and three independent research nodes led by the main 
research stakeholders, each with their associated aca-
demia, institutes, and industrial partners. One of SFC’s 
main goals was to be a national platform for building 
new knowledge and long-term competences in the area 

6 Originally it was communicated year 2050, but later changed to 2045.
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biomass and waste gasification. Another goal was to 
further develop and streamline the gasification process-
es and gas treatment technologies relevant for industrial 
interests and to act as a support and natural partner for 
companies and industries in the field. 

The overall long-term targets were to:

•  Strengthen and coordinate Swedish R&D in gasifi-
cation of biomass and waste

•  Increase the competence in gasification at Swedish 
universities and in industry to facilitate the commer-
cialization of gasification technologies

•  Carry out fundamental and applied R&D to support 
the development of gasification 

SFC was divided into three autonomous research 
branches, referred to as “nodes”, each of which spe-
cializes in one generic gasification-related technology 
and with one coordinating university. In the third phase,

•  Research regarding direct fluidized bed gasification 
and gas cleaning and conditioning was carried out 
in the node SFC-Cleansyngas. The host university 
was Royal Institute of Technology KTH with Linnae-

us University and Gothenburg University as aca-
demic partners. The research institute RISE was also 
a member of the node.

•  Research on indirect fluidized bed gasification was 
performed in the node Centre for Indirect Gasifica-
tion (CIGB). Chalmers was the host university with 
Mid Sweden University as academic partner. 

•  Pressurized entrained flow gasification was re-
searched in the Bio4Gasification (B4G) node. The 
node was hosted by Luleå University of Technolo-
gy and academic partners are Umeå University and 
Lund University. Also in this node, the research insti-
tute RISE Energy Technology Centre was a member.

Figure 1 shows the organizational structure of SFC.
 
Even if the nodes were self-governing following the ac-
tivity plan that was agreed with its industrial partners 
via node steering groups, there are several cross-cut-
ting node activities. These included the annual program 
conference, annual post-graduate course, multi-annual 
workshops on topics common to all nodes and general 
coordination of reporting and management as well as 
other outreach activities.

Figure 1. Organizational structure of SFC 
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In the third phase of SFC, thematic research areas that 
span across the node boundaries were introduced in 
2018 according to Figure 2 and shortly described in 
the following. The thematic areas were introduced in 
response to recommendations of the Scientific Council 
to further strengthen and formalize the development of 
synergies in the research activities between the nodes 
beyond the limitations in time and scope of individual 
project collaborations. The objective was to generate a 
forum for researchers active in a particular topic, i.e., fluid 
dynamics, to, under the lead of a senior scientist, address 
overarching research and methodological issues going 
beyond the direct activities in the research projects. The 
means for this would mainly be topical workshops but 
also other joint activities, e.g., laboratory tours etc. The 
thematic areas were established during 2018 and after a 
good start in 2019, the pandemic has severely limited the 
activities and thus limited the impact expected. 

 

T2: Process optimization (led by Martin Seemann, 
Chalmers)

The aim was to improve the technical and economic 
performance of gasification processes. Activities in the 
theme included exchanges of experience for example 
linked to an expanded raw material base. Within the 
theme, it was also meant to develop common defini-
tions of efficiencies that can be used to compare differ-
ent technologies in different systems. One workshop in 
the field was arranged in collaboration with the themat-
ic area Diagnostics.

T3: Gas conditioning (led by Efthymios Kantarelis, 
Royal Institute of Technology KTH)

Gas cleaning and conditioning are key technologies 
for efficient processes with high availability. The theme 
included research aimed at downstream processes of 
various types, improving process efficiency, start-up 
process and increasing availabilities. One workshop was 
arranged. 

T4: Fuel conversion (led by Kentaro Umeki, Luleå Uni-
versity of Technology)

The fuel conversion rate is a primary factor for reaching 
high energy efficiency. Research in this area aimed at 
characterizing and managing both chemical and phys-
ical heterogeneity for different feedstocks. Within the 
theme, research to increase the fuel conversion rate, 
by pre-treatment of fuel as well as technical measures 
in the reactor, were addressed. One workshop was ar-
ranged together with the thematic area Fluid dynamics.

T5: Inorganic chemistry and materials (led by Markus 
Broström, Umeå University)

The research within the theme aimed at identifying 
measures for increased reactor availability and the op-
portunities to use less expensive feedstocks for gasifica-
tion. The main purpose was to reduce operating costs in 
biofuel-based gasification plants.

T6: Fluid dynamics (led by David Pallares, Chalmers)

The theme aimed at increasing the understanding of gas 
and particulate flows inside gasification systems by de-
velopment and application of tools and methods (CFD) 
to support and optimize the design and operation of 
the gasification processes. One workshop was arranged 
together with the thematic area Fuel conversion.

T7: Diagnostics (led by Kent Davidsson, RISE)

Among other things, the research was aimed at better 
understanding of the transformation process  of biomass 
particles, the alkaline influence of biomass gasification, 
as well as improved diagnostics of tar and soot using 
optical measuring techniques and sensors. Examples of 

T1: Industrial depoloyment & commercialization

T2: Process optimization

T3: Gas conditioning

T4: Fuel conversion

T5: Inorganic chemistry & materials

T6: Fluid dynamics

T7: Diagnostics

Bio4Gasification
Centre for  

DirectBiomass
Gasification

Centre for  
Indirect Biomass

Gasification

Figure 2. The cross-node thematic areas of SFC

T1: Industrial deployment and commercialization 
(led by Lars Waldheim, independent consultant, Wald-
heim Consulting AB)

The purpose was to create a forum where industrial 
partners and researchers can highlight technical as well 
as other issues that not directly concerns the research 
activities. The aim was to discuss and incorporate indus-
trial experiences to bridge the gap between R&D and 
industrial activities and highlight obstacles to industrial 
deployment of gasification technologies. The theme in-
cluded issues related to process economics, technolo-
gy transfer, assessment and management of technical 
risks, IP issues, etc. Three workshops were arranged by 
the theme.
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activities were comparing and combining different opti-
cal measurement methods, performing measurements, 
and providing data to validate different types of process 
models as well as for different types of calibrations. One 
workshop in the field was arranged in collaboration 
with the thematic area Process optimization.

Research infrastructure
The SFC research participants have a significant research 
infrastructure with high pertinence for research into 
thermal conversion processes, some of which has been 
specifically developed by some research groups. The re-
search projects have also utilized equipment available 
to industrial stakeholders, notably Göteborg Energi Go-
BiGas plant, the Cortus Energy and the Meva Energy 
pilots at Köping and Hortlax, respectively.

In Appendix 6, available infrastructures and experi-
mental equipment’s are presented. The infrastructure 
includes amongst others, conventional analytical equip-
ment, specific analytical procedures for gasification pur-
poses (e.g., SPA and other adsorbent-based tar analyses 
at KTH, the Chalmers carbon balancing system, GU al-
kali measurement probe etc.), measurement and diag-
nostic equipment to analyze specific issues in operating 
gasifiers (Linnaeus university tar aerosol sampling, in situ 
visual recordings at LTU/RISE ETC, laser-based analytics, 
at UmU, etc.). There is also number of smaller reactors 
(thermobalances, drop-tube furnaces, fluidized bed re-
actors) and bench-scale and pilot units (the KTH LDU 
reactor and POX unit, the entrained flow reactor at LTU 
Green Fuels/RISE ETC, Chalmers 4 MW indirect gasifier 
linked to its heating boiler as well as the dual fluidized 
bed gasifier at the Mid-Sweden University).

The SFC Program Advisory Board 
The Program Advisory Board consisted of two delegates 
from each research node together with an independent 
chairman. Adjunct representatives of the Swedish Ener-
gy Agency were Jonas Lindmark (2013-2019) and Vera 
Nemanova (2019-2021). The members of the Advisory 
Board are shown below.

Current members

•  Måns Collin, Chairman, Independent consultant 
(2013-2021)

•  Michael Bartlett, Phoenix Biopower (2018-2021)

•  Claes Breitholz, Valmet (2017-2021)

•  Carina Lagergren, Royal Institute of Technology 
KTH (2017-2021)

•  Jenny Larfeldt, Siemens (2017-2021)

•  Britt-Marie Steenari, Chalmers (2017-2021)

•  Marcus Öhman, Luleå University of Technology 
(2013-2017, 2020-2021)

Previous members 

•  Elisabeth Wetterlund, Luleå University of Technolo-
gy (2017-2019)

•  Erik Karlsson, Tenmat (2017-2018)

•  Björn Fredriksson-Möller, E.ON (2013-2017)

•  Malin Hedenskog, Göteborg Energi (2015-2017)

•  Göran Lindbergh, Royal Institute of Technology KTH 
(2013-2017)

•  Mats Rydehell, Chalmers (2016-2017)

•  Ulf Hagman, Göteborg Energi (2017)

•  Klas Simes, Holmen AB (2013-2017)

•  Thore Berntsson, Chalmers (2013-2014)

•  Åsa Burman, Göteborg Energi (2013-2014) and 
Chalmers Industriteknik (2014-2015)

•  Eva-Katrin Lindman, Fortum (2013)

Members of the SFC Scientific Advisory Committee

SFC has since the start had a Scientific Advisory Com-
mittee consisting of two international experts in the 
field of gasification. The members of the Scientific Advi-
sory Committee are shown below.

•  Kevin Whitty, Professor, University of Utah, USA 
(2013-2021)

•  Hermann Hofbauer, Professor, TU Wien (2015-
2021)

•  Mikko Hupa, Professor, Åbo Academy, Finland 
(2013-2015)

SFC Management Group 

•  Klas Engvall, Royal Institute of Technology KTH, 
Node Leader, Centre for Direct Biomass Gasification 
(2013-2017), Cleansyngas (2017-2021)

•  Rikard Gebart, Luleå University of Technology, SFC 
Director (2013-2014), Node leader Bio4Gasification 
(2016-2021)

•  Joakim Lundgren, Luleå University of Technology, 
SFC Director (2014-2021) 

•  Henrik Thunman, Chalmers, Node Leader Centre, 
Centre for Indirect Biomass Gasification (2013-
2021)

•  Kentaro Umeki, Luleå University of Technology, 
Node Leader, Bio4Gasification (2014-2016)

•  Lars Waldheim, adjoined member, independent 
consultant (2013-2021)

•  Henrik Wiinikka, RISE/SP ETC, Node Leader, Bio-
4Gasification (2013-2014)
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Words from the Chairman of the  
SFC Program Advisory Board
Summary remarks on the SFC ten-year research program on biomass gasification  
– relevance and achievements by Måns Collin, Chairman of the SFC Program Advisory Board, 2011-2021

When SFC was established in 2011 there was a sense 
of urgency in the global society for going green: Polit-
ically because of all the preparations for the upcoming 
climate agreement in Paris 2015 and commercially be-
cause soaring prices on crude oil reaching 130 – 150 
USD per barrel made green carbon sources look eco-
nomically attractive. (As a rule of thumb, the lower limit 
for commercial interest to substitute petroleum for bio-
mass is at about 100 USD per barrel) 

As has been described above, at the time Swedish re-
search on biomass conversion was quite fragmented in 
different academic and academic/industry constellations 
which were very much competing. Particularly industry 
felt that much could be gained in critical mass, efficien-
cy, and quality if what could be considered basic re-
search in the field were to be carried out jointly. So, very 
much in line with Swedish tradition on national research 
efforts, a so called “Triple Helix” partnership SFC was 
formed between government agencies, academia, and 
industry - financed one third each. The main agreement 
stipulated a ten-year research program in three phases 
(2+4+4 years) at a cost of roughly 60 MSEK per year 
with intermediate evaluation between the phases. 

Five years later, during the second phase of the SFC re-
search program, the scene for bioenergy had radically 
changed. The historically high crude oil prices had not 
only fueled the commercial interest in biomass conver-
sion but also in alternative sources and extraction meth-
ods for fossil crude oils. The development of shale frack-
ing turned the US from being one of the world’s biggest 
net importers of crude oil to a net exporter in less than a 
decade, and in the wake of this change, crude oil prices 
dropped to the 50 – 60 USD per barrel - thus pulling the 
rug under most commercial interests in biomass conver-
sion. This development was concretely reflected in Swe-
den where three major gasification projects (GoBiGas, 
Bio2G and Chemrec) that were past the pilot stage and 
on their way to commercialization were shelved wait-
ing for better times. Today crude oil prices remain well 
below 100 USD per barrel and thus large-scale biomass 
conversion units are not competitive in the open market 
with corresponding processes based on petroleum in 
the absence of strong policy measures.

When the third phase of the SFC research programmed 
was to be negotiated, the short-term gloomy outlook 
for commercial biomass conversion still prevailed. How-
ever, the independent evaluations that had been made 
for the previous two periods of SFC rated its research 
as unique and at high international standard. The only 
complaint being that SFC had not been very good at 
communicating its results outside the scientific com-
munity. Satisfied by its track record the sponsors of SFC 
were convinced that the knowledge and competent 
people resulting from the program would be needed 
long term and therefore signed up for the third final pe-
riod. With time SFC, has become a national competence 
platform on biomass gasification with an international 
network of relations e.g., IEA, and from the very begin-
ning SFC has provided critical technical support to its 
industrial sponsors e.g., to Bio2G and GoBiGas but also 
MEVA Energy, Phoenix Biopower and Cortus Energy.

Now what about the situation today? The IPCC report 
in 2021 was quite outspoken in its assessment that an-
thropogenic carbon dioxide emission is the main culprit 
behind global warming. You could have hoped society 
to respond decisively to that message, but after the 

Måns Collin, Chairman of the SFC Program Advisory Board, 
2011-2021
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President Donald Trump in 2016 decided to take the US 
out of the Paris Agreement and at the same time boost 
national oil production. Luckily, the current US President 
Joe Biden decided recently to re-join the agreement. But 
with the Trump call, the world lost very much momen-
tum in its transition from fossil oil to renewables from 
green carbon. However, on the bright side is Europe-
an Commission Green Deal with the overarching aim 
of making Europe climate neutral in 2050. An impact 
assessed plan will also be presented to increase the EU's 
greenhouse gas emission reductions target for 2030 to 
at least 50% and towards 55% compared with 1990 
levels. Meanwhile, there has grown a renewed interest 
in hydrogen as a renewable energy carrier. Normally hy-
drogen in large amounts is produced through gasifica-
tion or steam reforming of hydrocarbons and coal gen-
erating large amounts of carbon dioxide as a byproduct. 
In the future, when the cost for venting the carbon di-
oxide to the air or storing it underground becomes too 
high, electrolysis of water becomes the preferred pro-
duction method subject to availability of low-cost elec-
tricity. The variability of supply from non-dispatchable 
and weather-dependent power sources such as wind 
turbines and photovoltaics is high, and consequently it 
is expected that there will be significant periods with 
oversupply (and also undersupply). The correspondingly 
expected low electricity prices will allow for production 
of competitively priced hydrogen which could be used 
for storing power (fuel cells) or as a chemical feedstock. 
Based on this assumption, and that emission of carbon 
dioxide will be prohibited or very expensive soon, two 
major projects on fossil-free steel (Hybrit and H2 Green 
Steel) have recently been launched in Sweden.

Electrolysis of water and cheap electricity may be the 
answer to an open hydrogen economy since its byprod-
uct from combustion (water) can, unlike fossil fuels, be 
dumped into environment without negative impact. 

But what shall propel the circular carbon economy that 
is essential to maintain food production and the very 
diverse outputs of organic chemistry without adding to 
global warming? Basically, this sets well-defined limits 
for the available carbon to what can be extracted from 
the air (mainly via photosynthetic biomass) and to what 
can be recycled form carbonaceous waste. Thus, carbon 
will become a scarce resource in the future economy, ul-
timately directed to the production of high value-added 
products.

So, what shall drive the carbon cycle? Here thermal pro-
cessing - mainly gasification – of biomass and organic 
waste should have a major role, albeit there are con-
ceptual hydrocracking schemes for “turning the same 
carbon wheel”.  So how does SFC fit into this picture? 

From the very beginning the main purpose of SFC was 
to pave the way for large scale introduction of biomass 
gasification in Sweden and doing so by reducing associ-
ated technical risks. Gasification of petroleum products 
or coal is since long an off-the-shelf low risk technology. 
However, the amount and composition of ash form-
ing elements in biomass may differ considerably from 
that of petroleum, and their significance to the process 
needed to be elucidated to reduce the technical risks 
following the use of new feedstocks.

SFC certainly has delivered what it set out to do i.e., 
reducing the technical risks for entering the field of 
large-scale gasification of biomass to an acceptable 
level. (Described elsewhere in this report.) On top the 
SFC research program has with time forged an im-
pressive research team with critical mass out of what 
once was more than three competing groups, and we 
should be proud about that. Unfortunately, and despite 
goals, targets and declarations, the developments in the 
policy arena have during the same time not been able 
to reduce the political risks for engaging in large scale 
thermal conversion of biomass by delivering long-term, 
stable regulatory frameworks at national and superna-
tional levels. Except for a few niche players there are 
today no major biomass conversion projects on the hori-
zon. Despite all the talk of the necessity of establishing a 
circular carbon economy, viable political and commercial 
conditions are currently not in place.

Considering that our long-term goal is a circular econo-
my, including the circular carbon economy the availabil-
ity of green carbon will become a limiting factor. Swe-
den is currently missing a national long-term strategy 
on how to best manage its carbon assets. Regarding 
its large forests, Sweden is blessed with a big source 
for sustainable carbon. For this renewable and sustain-
able asset not to become squandered in conventional 
heat generation there is a need for a national long-term 
plan. That the use of biomass for heating purposes is 
not long term viable is best illustrated by the fact that if 
you calculate from absorbed solar radiation, the energy 
efficiency of generating electricity from burning a tree is 
about 3 % whereas a photovoltaic panel today converts 
more than 20 % of absorbed radiation to electricity. 

Sweden cannot hope that “market forces” or elec-
tion-period long political commitments will be enough 
to make an optimal transition from current fossil carbon 
economy to a ditto circular green. It will require a na-
tional twenty-year political agreement on the concrete 
measures of how Swedish green carbon best fits in to a 
global circular carbon economy.

The technical means to realize such a plan are already 
in place and SFC has made significant contributions to 
that end.
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Words from the SFC Management Group
SFC has since the start represented a holistic view of the 
connection between research and industrial application. 
The research focused on the technical problem areas 
that were, and still are, slowing down industrial applica-
tions. Important goals have been to further develop and 
improve gasification processes that have a large national 
industrial interest as well as to act as a support and nat-
ural partner for participating companies and industries.

The formation of SFC integrated the main research 
groups in the field of gasification in Sweden under one 
over-arching national umbrella structure with three au-
tonomous nodes. The organization with a node struc-
ture allowed local research groups to pursue activities 
with their industrial partners, the latter being comfort-
able with that their know-how and rights were safe-
guarded. 

In terms of the research collaboration, the formation 
process of SFC, the common leadership and communi-
cation platform and the coordination of the joint activi-
ties succeeded in overcoming the previous rivalry of the 
node seniors. This new collaborative spirit has rapidly 
also diffused into the researcher and PhD-student levels. 
Furthermore, the common activities, i.e., program con-
ferences and workshops, gave the individual research 
participants (as well as the industrial participants) an 
opportunity for network building across the nodes and 
other organizational barriers. This has resulted in a sig-
nificantly improved communication at all levels in be-
tween the Swedish research groups as well as in formal 
and informal research collaborations between academia 
to an extent not seen previously in the gasification area. 
In addition, the researchers have benefitted from the 
inputs and feedback from the partner industries which 
has stimulated discussions, generation of new research 
ideas and project collaborations.

This has to a considerable extent reduced the impact of 
the COVID pandemic as communication channels were 
already in place.

One can also note that in terms of the industrial rele-
vance, the SFC program have been the research partner 
to meet the R&D needs in support of both the larger 
companies developing projects, such as Göteborg En-
ergi and Valmet in relation to GoBiGas, E. ON and the 
Bio2G project and to SMEs developing and demon-
strating their proprietary technologies, e.g., Cortus 
Energy, Meva Energy, Phoenix Biopower and recently 
also BioShare. Although the large-scale demonstration 
plants either were not scaled-up as intended or imple-
mented at all, mainly for economic reasons, these small-
er companies have recently been successful in reaching 
demonstration plants in industrial and commercial set-
tings, even if at a smaller scale than the large biofuels 
projects.

Yet another, and even larger group of industrial compa-
nies, both large and small, have been engaged and have 

increased their awareness of gasification technologies 
and opportunities. To some extent they have also used 
SFC a basis for recruitment, see Appendix 5. 

We can conclude that SFC has developed very well over 
the years, both in terms of research and development 
as well as organization. We can proudly claim that con-
siderable new knowledges, competences, and valuable 
experiences have been obtained. This is also confirmed 
by the target fulfillment, the annual evaluations carried 
out by the SFC's Scientific Council as well as the external 
evaluations carried out on behalf of the Swedish Energy 
Agency. 

Our current ambition is to enable these knowledges and 
experiences and transfer them to and utilize them in 
new industrial and academic activities. We have during 
the last year worked hard on a continuation of this suc-
cessful platform and research in the proposed SFC RE-
CAP project submitted to the Swedish Energy Agency 
in October 2021. One of the overall objectives of SFC 
RECAP is to carry out industrially motivated research and 
development in the field to facilitate gasification tech-
nologies to contribute to the industrial transformation. 
The main aim is to improve the conditions for reach-
ing negative industrial CO2 emissions while our energy, 
chemical and material systems become more renewable, 
circular, flexible, and robust. Within SFC RECAP, we plan 
to conduct development-oriented application- and case 
studies where thermochemical conversion processes 
are integrated into various industrial processes to pro-
duce long-term, sustainable value-added products and 
a storable (or upgradeable) CO2 stream. The proposed 
project is run in close collaboration with industrial part-
ners, technology companies and academia and with a 
cohesive joint management structure for effective coor-
dination, like in the current SFC. An important outcome 
will be scientifically sound decision support for industry 
and others for extensive investments in thermochemical 
conversion processes as an important step in achieving 
set climate goals and negative greenhouse gas emis-
sions after 2045.  

SFC Management group. From left, Lars Waldheim, Joakim 
Lundgren, Henrik Thunman, Rikard Gebart and Klas Engvall
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Summary of general contributions  
and activities 2013-2021
SFC comprised three main types of activities:

•  Research and development, operatively organised 
as projects within the three nodes (see Appendix 
1 and 2 for summaries of the projects carried out 
during 2013-2021) and which were mainly report-
ed directly to the project stakeholders and through 
scientific publications, 

•  Common events such as educational activities, 
workshops, and the organisation of internal and 
external conferences,

•  Communication activities to raise the awareness of 
the potential of gasification technologies in assist-
ing in addressing societal needs. These latter activi-
ties are further described below.

General contribution

External evaluations concluded that SFC has contributed 
to a considerably stronger dialogue between academia 
and industry, whose form did not exist within the gas-
ification area in Sweden before the formation of SFC. 
It was also found that the most important results from 
SFC were “knowledge and people with knowledge” 
and “more efficient technologies and better solutions 
for companies”. Other important identified SFC contri-
butions were providing a good monitoring of the gas-
ification area and that SFC ideas have been developed 
into new projects.

Contribution to the scientific state of the art of 
biomass and waste gasification

•  New knowledge on how to control the chemistry 
within the gasification reactor to avoid traditional 
problems related to tars

•  New knowledge on the importance of the alkali 
content in the ash that can catalyse the char gas-
ification stage and how this can be utilized to in-
crease gasification reaction rates and consequently 
reduce tar and soot formation

•  New knowledge of how inorganic impurities influ-
ence catalyst materials, including a cutting-edge 
understanding on the interplay of potassium and 
sulphur at a commercial Ni catalyst surface during 
tar reforming at real conditions

These points are later in this report further elaborated in 
Appendix 1 and 2.

Contribution to the technical development and de-
ployment of gasification technology

•  The SFC-CIGB node was an integrated part in the 
demonstration of the GoBiGas-plant. The research 
was designed to solve critical issues for the start-
up as well as the operation of the demonstration 
plant. The research contributions were vital for 
the technical success and described in detail in the 
journal paper Advanced biofuel production via gas-
ification – lessons learned from 200 man-years of 
research activity with Chalmers’ research gasifier 
and the GoBiGas demonstration plant authored by 
Thunman et.al (2018)

•  The SFC nodes Bio4Gasification and Cleansyngas 
contributed significantly to the development of the 
Meva Energy gasification technology. The research 
focused on CFD modeling of the gasifier to increase 
the understanding of the gasification process win-
dow, enabling improved carbon conversion perfor-
mance, as well as on mechanistic understanding of 
char gasification to assist in the design of second-
ary char gasification zones inside the reactor or in 
a secondary reactor, including laboratory research 
to measurement campaigns onsite in Hortlax, Piteå. 
Investigations of biomass and waste fuel properties, 
such as gasification reaction kinetics, were also an 
important part of the research work.

•  The SFC Cleansyngas node has since the start of 
SFC closely worked with Cortus Energy AB to assist 
in the development of the WoodRoll® technology. 
The research was mainly directed towards solv-
ing issues related to the operation of pilot plants 
during the design phase of the commercial scale 
WoodRoll® plant erected in Höganäs, Sweden. An 
important part also included assessing biomass fuel 
properties and their effects on operation. At a later 
stage, some work was performed to assist in eval-
uating the gas quality at the Höganäs installation. 

•  The SFC Cleansyngas node worked in close collab-
oration with Haldor Topsøe A/S to further enhance 
the understanding on how gas phase potassium 
and sulphur influences the catalytic conversion of 
hydrocarbons on nickel catalysts. The findings are 
of direct industrial importance enabling a tailoring 
of the catalytic hydrocarbon performance by con-
trolling the gas phase potassium content. The work 
is described in several journal papers where the fi-
nal paper Hernandez et al (2020) details the mech-
anism and the final findings.
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Contribution to societal developments

SFC has been active in the open society, for example by

•  Publishing several debate articles in the field of gas-
ification and advanced biofuels in major Swedish 
newspapers, such as:

 o  ”Förgasning av skogsrester har större po-
tential än rötgas” – debate reply in Dagens 
Nyheter, December 2019 (https://www.
dn.se/debatt/repliker/forgasning-av-sk-
ogsrester-har-storre-potential-an-rotgas/)

 o  ”Allt för generaliserande slutsatser om 
biodrivmedel” – debate article in Dagens 
Nyheter, December 2018 (https://www.
dn.se/debatt/repliker/allt-for-gener-
aliserande-slutsatser-om-biodrivmedel/)

 o  ”Finns inget effektivare än förgasning av bio-
massa” – debate article in GöteborgsPosten, 
December 2017, (http://www.gp.se/
nyheter/debatt/finns-inget-effektiva-
re-%C3%A4n-f%C3%B6rgasning-av-bio-
massa-1.175608)

 o  ”Ersätt koldioxidskatten med stor omställn-
ingsfond” - debate article in Dagens Nyheter, 
February 2016, https://www.dn.se/debatt/
ersatt-koldioxidskatten-med-stor-om-
stallningsfond/

 o  ”Gobigas – ett projekt att vara stolt över” – 
debate article in GöteborgsPosten, January 
2015, https://www.gp.se/debatt/gobi-
gas-ett-projekt-att-vara-stolt-%C3%B-
6ver-1.42508

•  Submitting referral responses to and opinions on 
state investigations, such as the Biogas Market 
Inquiry (SOU 2019: 63), the Proposal for an Act 
amending the Law (2017:1201) on the reduction 
of greenhouse gas emissions in certain fossil fuels, 
as well as the EU Taxonomy draft.

•  Significant contributions to the official report of the 
Swedish Government “Fossilfrihet på väg” (Fossil 
independency on the way, SOU 2013:84) concern-
ing advanced biofuels produced via gasification.

•  Exposing students at all academic levels (under-
graduate, graduate, and higher), industrial repre-
sentatives and policymakers to the area of thermal 
conversion and its importance to society.

•  Providing society with skilled researchers and scien-
tific data in the field of thermal conversion, an area 
expected to contribute significantly to the energy 
transition and climate change mitigation 

•  Representation at several open seminars and 
workshops, for example at the Royal Swedish 
Academy of Engineering Sciences (IVA) regarding 
the GoBiGas plant, https://www.iva.se/event/
gobigas--framtiden-eller-fiasko-av-episka-pro-
portioner/

External evaluations

The Scientific Advisory Committee annually reviewed all 
research activities.  At the yearly program conference, 
each node presented its research to the council, and the 
council provided their views. The Committee then sum-
marized their observations and conclusions in a separate 
meeting with the Program Advisory Board and the Man-
agement Group, in which they also made recommenda-
tions for actions. Later in the report, the Scientific Advi-
sory Committee highlights some of the measures taken.

The SFC management group initiated in 2015 an eval-
uation carried out by two external evaluators with very 
large experience and expertise in the field of gasifica-
tion. The evaluators’ task was to assess the SFC’s re-
search and how well SFC’s operations corresponded to 
the stated objectives. 

On behalf of the Swedish Energy Agency, a comprehen-
sive evaluation of SFC was carried out by an external 
company in 2017. The evaluation comprised working 
methods, administrative routines, research results, im-
pacts as well as target fulfillments. The results of the 
evaluation were very satisfactory and showed that SFC 
conducted research activities that are well regarded and 
internationally prominent and that the activities and re-
sults were conducted in line with defined success fac-
tors and targets.

SFC Gasification Academy

One of the most important roles of SFC has been to fos-
ter a new generation of gasification competence in the 
Swedish academy and industry. Therefore, SFC annually 
organized a PhD-course in a topic directly related to gas-
ification. The course was open for all SFC partners, and 
normally also for external researchers and engineers, 
national as well as international. The following courses 
have been given:

2013:  HAZOP analysis (in Luleå/Piteå)

2014:   Designing the thermochemical biorefinery (in 
Stockholm)

2015:   High temperature corrosion in biomass gasifi-
ers (in Gothenburg, (co-arranged with the Cen-
ter Excellence in High Temperature Corrosion 
(HTC))
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2016:   Optical diagnostics in harsh reactive environ-
ments – gasification and combustion (in Lund, 
co-arranged with the CECOST Center of Excel-
lence in combustion)

2017:   Biomass gasification technologies (in Stock-
holm)

2018:  Waste gasification (in Gothenburg)

Photo from a lecture given by Berend Vreugdenhil, TNO in the Netherlands, at the SFC Gasification Academy given at KTH, Stock-
holm in November 2021. The course had more than 40 participants from seven European countries (Sweden, Finland, Lithuania, 
Germany, Austria, Portugal and Italy).

2019:   Approximate Methods for Gasification Simula-
tion (in Luleå)

2020:  Cancelled due to the COVID-19 pandemic

2021:   Industrial integration opportunities for gasifica-
tion (in Stockholm)
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Scientific workshops

In addition to the Gasification Academy, SFC has reg-
ularly arranged, and co-arranged, gasification related 
workshops, internally as well as together with national 
and international partners.

2013:  Tar sampling, analysis, and characterization

2014:   Measurement techniques and analysis in rela-
tion to the heat and mass balance of gasifier

2014:  Particle measurements

2015:   Entrained flow gasification (co-arranged with 
Karlsruhe Institute of Technology (KIT)/HVI Gas-
Tech)

2015:   Formation of undesired by-products in gasifica-
tion processes and its reduction methods

2016:   Entrained flow gasification (co-arranged with 
Karlsruhe Institute of Technology (KIT)/HVI Gas-
Tech)

2017:   Recent developments in fluidized bed biomass 
gasification (co-arranged with TU Vienna and 
BEST (former Bioenergy 2020+))

2018:   Entrained flow gasification (co-arranged with 
Karlsruhe Institute of Technology (KIT)/HVI Gas-
Tech)

2018:  Process optimization and diagnostics

2019:   New instruments for renewable fuels and their 
impact on future gasification establishments

2019:   New instruments for investments in Swedish 
biorefineries (co-arranged with The Swedish 
Bioenergy Association, Svebio) 

2019:  Interaction of flow and fuel conversion 

2020:  No workshops arranged due to the COVID-19 
pandemic

2021:   Technologies and methods for production of 
H2-rich gas from thermochemical treatment of 
solid waste feedstock (co-arranged with H2020 
Twinning Waste2H2-project)

2021:   Guidelines to overcome barriers for commer-
cialization of advanced biofuels (co-arrange-
ment with IEA Bioenergy Task 33, Task 39, Task 
40, and Task 45) 

2021:   Gasification workshop (co-arranged with Karl-
sruhe Institute of Technology (KIT)/HVI GasTech 
and TU Vienna)

As a result of the workshop co-arranged with Svebio in 
2019, a position paper titled “Swedish biofuel produc-
tion and the role of gasification” was formulated and 
published. The position paper is annexed to this report, 
see Appendix 7.
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Target achievements and  
bibliometric analyses
SFC had set quantitative targets regarding peer-re-
viewed scientific publications and examinations of 
PhD-students.

•  Approximately 50 peer-reviewed journal papers or 
conference papers from each research node should 
be published in each of the phases – i.e., 300 pub-
lications in total in both phases

•  18 PhD-degree equivalents per phase (counting a 
licentiate degree as a half PhD degree). It was also 
agreed to count a PhD who becomes Docent as 
one PhD-equivalent – in total the examination tar-
get should add up to 36 PhD-degree equivalents 
for both phases

Figure 3. The production of scientific publications 2013-2021.

Figure 4. Number of examined PhD’s 2013-2021. 

Figures 3 and 4 show the total outcomes and target 
fulfilments of phase 2 and 3. 

In total, SFC researchers have to date published 446 
journal publications and conference papers, and as 
shown in Figure 3, the publication target was thereby 
fulfilled by far. In Appendix 4, all the journal publications 
are presented. See also project descriptions in Appendix 
1 and 2 for publications coupled to respective node re-
search project.

38 PhD degrees were examined. Also including the li-
centiate examinations and the docent promotions, in 
total 45.5 PhD equivalents were produced. This means 
that also the examination target was reached with mar-
gin. See detailed lists of examinations and promotions 
in Appendix 3.
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SFC in numbers
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Figure 5. Number of citations (logarithmic values, log10) divided into countries. 

Bibliometric analysis
In the end of 2019, SFC made a bibliometric analysis of all the peer-reviewed journal publications to analyse our sci-
entific impact. The analyses were updated in 2021. 274 journal papers (not counting the papers published in 2021), 
have been cited almost 4 800 times by researchers from all over the world, see Figure 5. The number of unique citing 
organizations (excluding self-citations) exceeds 3 500. 

The analysis also shows that SFC researchers have extensive collaborations with several prominent universities and 
companies outside Sweden via co-authorships of journal articles as illustrated in Figure 6. 
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SFC researchers also collaborates internally across the nodes through co-authoring of journal articles, as shown in 
Figure 7. An important reflection, not noticeable in the figure, is that during the first years of SFC, the publications 
were mostly authored by researchers within the same node. The analysis however shown that the node-crossing 
co-authorships have increased significantly over time. 

Figure 7. Map of co-authorships in between SFC partners

Figure 6. Map of co-authorships in between universities, institutes and companies
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Opinion of the Scientific Advisory  
Committee on the Swedish Gasification 
Centre (SFC) 
Hermann Hofbauer, Vienna University of Technology, Austria, Member of SFC Scientific Council since 2015
Kevin J. Whitty, The University of Utah, USA, Member of SFC Scientific Council since 2011

Global climate change is one of the most pressing con-
cerns in the world today and it is now one of the global 
crises we are facing. Carbon emissions from fossil fuel 
utilization have been identified as the main contrib-
utor to climate change, so there is strong motivation 
to move away from fossil fuel-based energy towards 
renewable energy. Solar, wind and hydroelectric are 
viable alternatives for electricity production, but their 
availability is intermittent, and electricity cannot re-
place liquid fuels for long distance transport and avia-
tion. Biomass is the only renewable resource that can 
be used for not only production of electricity, but also 
heat, chemicals and transportation fuels for automo-
biles and aviation. 

Sweden’s vast forest resources provide an opportunity 
to significantly decrease the dependency of fossil fu-
els, and biomass gasification is an important enabling 
technology for Sweden to achieve its goals of a fossil 
fuel-independent vehicle fleet by 2030 and a fossil free 

society by 2045. Furthermore, residues and waste can 
be used as feedstock for gasification to upgrade those 
and produce valuable useful products. Gasification is a 
very efficient and flexible conversion technology but has 
not yet achieved widespread implementation. For gasifi-
cation to become commercially successful it is necessary 
to have long-term R&D support and a community of de-
velopers, researchers and end-users focused on success 
of the technology.

The Swedish Gasification Centre (SFC) creates such a 
community and represents the largest, most compre-
hensive research program we are aware of that focus-
es specifically on biomass and biogenic residues gasifi-
cation. The partnership between the Swedish Energy 
Agency, technical universities and companies is impres-
sive, and the government-industry-academic alliance 
ensures that research performed within the SFC is rele-
vant and targeted towards commercial implementation 
of gasification. 
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The SFC is smartly organized. Rather than focusing 
on a single gasification technology or research group, 
the center is structured around three complementary 
nodes representing different technologies, areas of ex-
pertise and geographical location. Each node involves 
several research institutions and works closely with its 
supporting industrial partners. To ensure information 
sharing and collaboration among researchers in the 
various nodes, the SFC maintains a list of equipment 
and capabilities at the various institutions, fosters ex-
change of researchers between institutions and orga-
nizes a yearly conference and summer short courses 
and workshops relating to gasification technology. We 
feel that this approach works well. It helps keep re-
searchers from working in isolation and we have seen 
collaboration among SFC scientists and engineers in-
crease and mature over the years since the center be-
gan. 

Information sharing is key for advancement of any tech-
nology and the SFC emphasizes communication of new 
scientific knowledge relating to biomass gasification. In 
this regard the productivity of the SFC is remarkable. 
Since its inception in 2011, over 500 unique scientific 
publications have been written and shared with the 
international gasification community. Almost 200 of 
those were produced during the final Phase 3 of the 
center. This not only helps advance gasification technol-
ogy, but also confirms Sweden’s position as one of the 
world leaders in biomass gasification. 

The most important product of the SFC is the new gen-
eration of scientists and engineers that understand bio-
mass energy and gasification. The SFC fosters a com-
munity of gasification experts and graduates numerous 
Master students and PhD students at the connected 
universities. Each year at the national SFC conference, 
we have the opportunity to talk to students researching 
biomass gasification. We are always impressed by their 
knowledge and their passion for sustainable energy 
development, and it is good to know that Sweden will 
maintain its strength in biomass gasification technology 
for decades to come. 

The members of the Scientific Advisory Committee have 
been the same during the 2nd and 3rd period of the SFC. 
Therefore, the progress made by the SFC has been able 
to be observed and judged in a consistent manner. The 
3rd period was originally planned from 2017 to 2020 
but later prolonged until 2021. At the end of this peri-
od, the coronavirus pandemic struck and impacted re-
search progress and made information exchange more 
difficult. Throughout the SFC’s existence, feedback and 
recommendations of the Scientific Advisory Committee 
have been given each year immediately after the annual 
conference.

Some specific observations concerning the development 
during the 3rd period of SFC are summarized as follows:

Work was organized more “topic” oriented instead of 
“project” oriented
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In the earlier periods the work was organized in a lot of 
projects in each node. This led to “parallel” work con-
cerning specific topics (char conversion, gas cleaning, 
measurement methods, etc.) and synergies were not 
used efficiently. This was several times noted by the Sci-
entific Advisory Committee in the 2nd period. In current 
phase of the center, seven thematic areas were defined 
as an effort to improve the coordination between the 
nodes and better utilize synergies. The Scientific Advi-
sors have been pleased to see increased interactions be-
tween the scientists of the different nodes, less parallel 
work, and more efficient use of the existing resources. 

Change of focus from pure biomass gasification to 
waste gasification

Besides the excellent scientific work on gasification of 
biomass, investigations involving the use of biogenic 
residues and even waste (e.g., plastics) were carried out 
in the 3rd period. It is well known that gasification is a 
flexible and efficient technology to upcycle such res-
idues and wastes to obtain valuable materials and to 
save natural resources. In this way it will be possible to 
establish circular economies as it is desired from the Eu-
ropean Union. This development is also welcome and 
supported by the Scientific Advisory Committee.

More visibility to actors outside the program, in particu-
lar industrial and political decision makers

There is no doubt that excellent scientific work has been 
carried out in the SFC during the last period and essen-
tial progress was made in terms of knowledge at labo-
ratory and pilot scale as well as modeling and simulation 
of the gasification processes. In this period an enormous 
number of papers were published for the scientific com-
munity but also for the general public and decision mak-
ers which is important for the use of the knowledge for 
the society.

•  An excellent new webpage introducing SFC to the 
public was established in this period to contribute 
to this target (https://www.sfc-sweden.se/).

•  An “SFC position paper” and research highlights 
such as “Sustainable circular system for car-
bon-based materials” were produced, which is an 
excellent way to foster public awareness.

More industry involvement in the coming period with 
the aim to create industrial implementations

From the scientific work performed in the SFC so far, 
comprehensive knowledge about gasification of bio-
mass and biogenic residues is available, which should 
be leveraged for industrial implementations in the com-
ing period. To ensure that knowledge from the past 10 
years of the SFC is applied, elements should be includ-
ed the future research program towards deployment of 
market-ready technologies.

•  Proactively expand the inclusion of designers and 
constructors of thermal conversion plants in SFC 
research and advising roles.

•  Identify applications of the gasification technolo-
gy for different industry sectors (e.g., pulp & paper 
industry, steel industry, cement industry) and invite 
companies from these areas for participation

•  Initiate spin offs founded by senior researchers from 
SFC or from the connected Universities for imple-
menting results in industrial scale and to support 
these activities with suitable funding schemes. One 
such example is already on the way (retrofitting BFB 
boiler).

In summary, we believe that the SFC serves an important 
role in ensuring that Sweden will be able to take advan-
tage of its natural resources to minimize CO2 emissions. 
We applaud the Swedish Energy Agency and the sup-
porting companies for continuing support of biomass 
gasification research, and we look forward to being able 
to follow the successes of the center in years to come.
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Summary of research  
within the three nodes
SFC - Centre for Indirect Gasification  
of Biomass (CIGB)

The research within the Centre for Indirect Gasification 
of Biomass (CIGB) node addressed the use of dual fluid-
ized beds (FBs). This technology entails the gasification 
and steam reforming, as well as cracking of high-vola-
tile and ash-containing fuels or feedstock in one reactor 
vessel, while another vessel is used to produce heat for 
the process, eliminate undesired compounds, and re-
generate the catalytic material. The CIGB node had a 
clear focus on the industrial demonstration of this tech-
nology, where a great deal of the results from the activ-
ity within SFC-CIGB has been received from or applied 
to the GoBiGas-demonstration gasifier. The GoBiGas 
demonstration project was carried out during period 
2005 and 2018, where an industrial production of bio-
methane at a scale of 20 MW was made from gas from 
a 32 MW biomass gasifier. The project gained research 
results and insights at TRL levels 8–97. The CIGB research 
was directly assisting in plant start-up, troubleshooting 
as well as important underpinning activities for the de-
velopment of operational strategies of the plant. 

During 2018, the research connected to the GoBiGas 
project was summarized in the report “GoBiGas demon-
stration – a vital step for a large-scale transition from 
fossil fuels to advanced biofuels and electrofuels”. The 
summary of the main scientific contribution is published 
in the scientific paper, “Advanced biofuel production via 

gasification – lessons learned from 200 man-years of re-
search activity with Chalmers’ research gasifier and the 
GoBiGas demonstration plant”, which also is part of the 
report. 

Further, a unique collection of cost data for production 
of advanced biofuels via gasification based on the true 
cost of the construction and operation of the GoBiGas 
demonstration plant, was made public in the scientific 
paper: ‘’Economic assessment of advanced biofuel pro-
duction via gasification using cost data from the Go-
BiGas plant”. The main conclusion from this extensive 
work was that the key to get a functioning process was 
to control the chemistry within the gasification reactor. 
In this case, the tuning of potassium, calcium, and sulfur 
in relation to the ash components of the biomass en-
abled the production of a so high-quality gas, that tradi-
tional problems related to tars, could be avoided. It was 
also shown that the control of these chemicals could 
be automized to assure a problem-free operation for 
thousands of hours of continues operation. Moreover, 
the findings showed great opportunities to simplify the 
design of fuel feeding so that the next generation of 
scaled up gasifiers could be based on standard types of 
reactors used in fluidized bed combustion, and that the 
investment cost of plant for advanced biofuel produc-
tion with a size above 150 MW biofuels could as a rule 
of thumb be set as twice the cost of a biomass fired heat 
and power plant of the same thermal output (Advanced 
biofuel [MW] to Heat + Power [MW]).    

7  TRL-levels related to the EU’s Horizon 2020 research program in which the Technology Readiness Level is divided into levels 1 to 9, with 1 corresponding to the obser-
vation of a basic principle and 9 to the actual system proven in operational environment.
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How to control the abovementioned chemistry in the 
process was further investigated during the last years of 
SFC via a collaborative work with the Technical Univer-
sity of Vienna and Bioenergy Sustainable Technologies 
(BEST) in Austria.  And BioShare AB. In this work, the 
main findings from the two parts were summarized in 
the publication entitled “Steam gasification of biomass 
– Typical gas quality and operational strategies derived 
from industrial-scale plants”. Here, available data from 
nearly all major industrial dual bed biomass gasifiers in 
commercial operation, a total of 58 plants in the range 
from 8 to 30 MW thermal input, were merged to 
strengthen the conclusions drawn within the GoBiGas 
demonstration. It also showed that these control strate-
gies need to be adapted to the specific fuel used in the 
gasifier. 

In addition to the control and the operation of industrial 
dual fluidized bed biomass gasifiers, the research has 
also created significant in-depth knowledge, often due 
to an incorporation of new measurement technologies 
or strategies. For example, the closure of the oxygen 
balance increased the understanding of the possibilities 
to utilize the process inherent oxygen transfer, which 
together with knowledge gained on both the heat and 
mass transport and the fuel conversion within fluidized 
beds resulted in a patented process related to oxygen 
carried aided combustion (OCAC). The company Im-
probed. commercializes this patented integration of 
gasification into existing fluidized bed boilers.

The insights have also opened for the future application 
of the dual fluidized bed technology. Examples are to 
meet the demand for energy, reduction of gas and char 
for climate positive fossil free steel production and to 
create efficient recycling routes for all carbon in waste 
flows for production of synthetic materials like plastics. 
For the latter application, the experimental work with-
in the SFC program has been combined with feasibili-
ty studies on the possibility to create fossil free plastics 
based on mixed waste fractions. The work focused es-
pecially on the possibility to control the oxidation of the 
bed material in the process, as well as to use natural 
low-cost materials to steer the chemistry, thereby maxi-
mizing the value of the product mix leaving the process. 
This is analogous to, for example, what is done in an 
FCC (fluid catalytic cracking), but with the difference 
that the CIBG process allows a feedstock containing 
inorganics that will react with the bed materials. Here, 
a wide range of feedstocks have been tested such as 
textiles, automotive shredded residues as well as more 
defined feedstocks such as pure polyethylene.

In summary, the work within SFC-CIGB has thoroughly 
investigated gasification of biomass in dual fluidized bed 
reactors where the gained knowledge has been gener-
alized, disseminated in scientific publications, interna-
tional conferences, newspapers and popular science 
speeches and many aspects of this knowledge have also 
been exploited industrially. The efforts within SFC-CIGB 
have been complemented by cooperation with other re-
search groups engaging in parallel activities around the 
world, especially in Austria and Japan, with the result 
that large scale dual fluidized bed gasifiers for biomass 
are now commercially available. 

To take the research related to biomass in dual fluidized 
bed gasifiers to the next level it will require that large 
scale commercial plants are built, so that the experience 
of potential effects of long operational times becomes 
evident, i.e., effects that become noticeable first after 
several years of operation and that would have a sig-
nificant influence on the maintenance cost over the life 
cycle of an industrial plant. 

Meanwhile, the future focus of the research will primari-
ly aim to widen the application of the dual-bed technol-
ogy towards a more diverse product distribution from 
various feedstocks, as well as utilizing various process 
integration opportunities. This development will require 
requires extensive experimental work combined with 
improved measurement technologies, as well as gener-
alization of the results by mathematical modelling. As 
we strive towards a fossil free and climate neutral or 
even climate positive society, the target for this research 
is to contribute to more sustainable products that today 
predominantly are based on virgin fossil feedstock, due 
to be phased out. In such society every carbon-contain-
ing stream, even wastes, needs to be looked at in the 
same way as a valuable recyclable carbon feedstock to 
be fractionated with minimum effort to provide several 
different products in the same way as we look at crude 
oil today. 

SFC – CLEANSYNGAS
In the first six years of the SFC program, the CLEAN-
SYNGAS-node (previously titled CDGB-node) activities 
mainly focused on research related to direct pressurized 
bubbling fluidized bed (BFB) gasification with catalyt-
ically active bed materials and complemented by sec-
ondary catalytic reforming of tar and hydrocarbons. The 
research was directly linked to E. ON’s plans to invest in 
a full-scale (200 MW thermal output) biomethane pro-
duction plant based on pressurized fluidized bed gasifi-
cation in southern part of Sweden. 

8 The plants in Villach, Senden, Guessing, Oberwart, Ulm, and Göteborg
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The last four years, due to the reduced industrial interest 
in realizing large scale pressurized fluidized bed biomass 
gasification, and an increased involvement in R&D proj-
ects for developing gasification at smaller scale, such as 
the WoodRoll® technology (Cortus Energy AB) and the 
VIPP technology (Meva Energy AB), has shifted the bal-
ance of the R&D focus from the fluidized bed conver-
sion step more towards downstream gas cleaning pro-
cesses. Nevertheless, research on pressurized fluidized 
bed gasification has still been part of the program from 
collaboration with the recent SFC member company 
Phoenix Biopower AB.

In the case of the WoodRoll® technology, the scope 
has been to advance and broaden the commercial ap-
plication of the technology to a more diversified prod-
uct portfolio, and to support the commissioning of the 
gasification plant erected in Höganäs. Research activities 
with Cortus has included upgrade to syngas for meth-
anation, and to hydrogen for fuel cell applications and 
biooil upgrading. The collaboration with Meva, a com-
pany primarily linked to the Bio4Gasification research 
node, has been directed towards increasing the cold gas 
efficiency of the process by increasing the understand-
ing of secondary char gasification to enable a better to-
tal carbon conversion and downstream gas cleaning. In 
the latter case, a major part of work has been focusing 
on R&D to integrate tar reforming catalysts in ceramic 
particle filters in collaboration with the company Tenmat 
Ltd. 

During the last four years KTH and LTU, as a direct conse-
quence of the joint activities within SFC, have strength-
ened their collaboration, also including an exchange of 
guest professorships in between the universities for a 
period of three years.  

Main selected activities are divided into three main R&D 
areas, including highlights of major findings, are briefly 
described below.

Direct Fluidized Bed Gasification
The use of limestone-based bed materials, such as do-
lomite, and how these can be optimized with respect 
to catalytic activity and mechanical strength in relation 
to the process conditions has been an important re-
search topic in relation to e.g., the technology preferred 
by EON. Since this type of natural material is hetero-
geneous with a widespread in its properties depending 
on its origin, understanding these materials is important 

when selecting the correct bed material and operating 
conditions. The results from experiments in the pressur-
ized BFB pilot test rig at KTH combined with tailored 
studies of dolomite bed materials at laboratory scale 
and modelling have provided with an improved under-
standing of how different materials behave under the 
conditions at hand. A result of particular significance is 
an identified possibility to select suitable dolomite bed 
materials for pressurized BFB gasifier, based on relatively 
simple laboratory scale tests and characterization9. Oth-
er aspects that using dolomite as an additive to improve 
the stability of a fluidized bed towards agglomeration10, 
and later more in dept studies about dolomite fragmen-
tation at elevated temperature and pressure, also relat-
ed to FB operation11,12, were explored.

The activities focusing on FB gasification at very high 
pressures, above 2 MPa during the last four years, have 
encountered a lot of challenges, including the upgrad-
ing of the KTH test pilot to 50 bar operating pressure, a 
heavily delayed delivery and installation of a new steam 
boiler, and a closedown of the laboratory during 2020 
due to the pandemic. Several tests at 2 MPa tests were 
performed before the upgrade of the pilot to 50 bar. 
Noteworthy, lessons-learned, results and observations 
from these experiments are that gravity fuel feeding 
into the fluidized bed is the most challenging aspect to 
achieve successful operation at high pressure, that the 
fuel mixing in the fluidized bed is inferior at 4 MPa com-
pared to previous test at pressures up to 2 MPa while 
the carbon conversion and tar conversion seem to be in 
line with literature and expectations. In addition, recent 
experimental campaigns at pressures 2.5-4 MPa, show 
that a major challenge is the heat transfer inside the 
gasifier, which is more evident the higher the pressure, 
causing risks for overheating of materials in the reactor 
and downstream piping. Results from these tests are at 
present in evaluation to be reported by the end of 2021.

Kinetics of Pyrolysis and  
Gasification Processes
Large research efforts have been made to advance the 
understanding of the kinetics of pyrolysis and gasifica-
tion processes. For instance, kinetic models have been 
developed, in parallel with development of unit opera-
tion models for the pyrolyser in the Cortus WoodRoll® 
process, enabling a better understanding of the com-
plexity of the pyrolysis process at the particle and the 
reactor levels. In this research, iso-conversional analysis 

  9 Zhou, C., Rosén, C. & Engvall, K. (2017). Selection of dolomite bed material for pressurized biomass gasification in BFB, Fuel Processing Technology, 159, 460-473.
10  Zhou, C., Rosén, C. & Engvall, K. (2016). Biomass oxygen/steam gasification in a pressurized bubbling fluidized bed: Agglomeration behaviour, Applied Energy, 172, 

230-250.
11  Zhou, C., Rosén, C. & Engvall, K. (2020). Fragmentation of dolomite bed material at elevated temperature in the presence of H2O & CO2: Implications for fluidized 

bed gasification, Fuel, 260, 116340.
12  Zhou, C., Rosén, C. & Engvall, K. (2021). Fragmentation of dolomite bed material at pressurized conditions in the presence of H2O and CO2: Implications for pres-

surized fluidized bed gasification, Fuel, 285, 119061.
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has been applied and extended to obtain not only the 
activation energy, but a complete rate expression fort he 
feedstock conversion process, allowing for the simula-
tion the pyrolysis of biomass at an arbitrary temperature 
evolution, as would be experienced in, e.g., in a rotary 
drum pyrolyser as is used in the WoodRoll®. The ap-
proach developed allows for a quick quantitative charac-
terization of the effective pyrolysis kinetics of a potential 
fuel from a series of thermogravimetric experiments13,14. 
Iso-conversional analysis was later used for developing 
a model for a rotary drum pyrolyser15, including a series 
of individual sub-models for the pyrolysis kinetics, a set 
of mass and energy balances, the heat transfer, and the 
flow of the granular biomass. The model was compared 
with experimental data obtained from pilot plant trials 
in the 500 kW WoodRoll® plant in Köping.

To further deepen the knowledge about potassium- 
induced catalytic phenomena during biomass char gas-
ification, char samples with similar pore structure and 
different intrinsic potassium content have been inves-
tigated.16 This work was extended to also include the 
mass loss and alkali release during biochar CO2 gasifi-
cation by a methodology combining thermogravimetric 
analysis with on-line alkali detection using SID17 

Another example of developments in research meth-
odology in support of obtaining data for modelling is 
the development of a novel aerosol-based method to 
be applied for online investigation of steam gasifica-
tion kinetics of suspended biomass char particles18. 
This aerosol-based method includes steps for generat-
ing, suspending, and gasifying char particles and can in 
combination with thermogravimetric analysis, generate 
accurate data for gasification chemical kinetics at high 
temperature within a range of 800 to 1300 °C, which is 
not possible by means of traditional thermogravimetry 
analysis (TGA) alone. 

Gas Cleaning Processes
A crucial step in many gasification processes, especially 
in large-scale processes, is the removal of tars by pri-
mary means as the tar is formed within the gasifier or 
by secondary means, downstream of the gasifier. This is 
preferably achieved using a flexible solution adaptable 
to various feedstock compositions, gasification tech-
nologies, and conditions. Autothermal reforming (ATR) 
is one potential secondary solution to mitigate the tar 
problem and to decompose hydrocarbons to syngas 
molecules. An important part of an ATR is the POX (par-
tial oxidation) burner, enabling a flexible increase of the 
gas temperature, before the catalytic steam-reforming 
reactor part. An ATR unit was designed and commis-
sioned at KTH for experimental tests. R&D activities 
within the node focused on modelling, including ex-
perimental verification of models using the ATR with a 
real gasification gas, both considering the effect of the 
burner geometry and inlet locations on flame stability 
for designing an ATR unit19, as well as of soot formation 
using a detailed reaction mechanism to describe the 
kinetics20. The soot modelling work was performed in 
collaboration with Polytechnique Montréal, which have 
developed an experimental setup used for validating the 
developed model.

In case of secondary catalytic tar reforming, understand-
ing of how inorganic impurities influence catalyst ma-
terials, is crucial when developing new ones or when 
establishing the need for pre-catalytic cleaning and is 
also important for optimizing the process conditions 
in the gasification process as well as in the secondary 
steam-reforming step. The research has generated cut-
ting-edge knowledge about the interplay of potassium 
and sulfur at a commercial Ni catalyst surface during tar 
reforming at real conditions.21,22 The final result implies 
it is possible to improve the Ni catalyst activity, achieving 
an essentially carbon-free operation by controlling the 

13  Samuelsson, L.N., Babler, M.U. and Moriana, R.  (2015). A single model-free rate expression describing both non-isothermal and isothermal pyrolysis of Norway 
Spruce, Fuel, 161, 59-67.

14  Samuelsson, L.N., Umeki, K. and Babler, M.U. (2017). Mass loss rates for wood chips at isothermal pyrolysis conditions: A comparison with low heating rate powder 
data, Fuel Processing Technology, 158, 26-34.

15  Sadegh-Vaziri, R. & Bäbler, M.U. (2018). Modeling of slow pyrolysis of various biomass feedstock in a rotary drum using TGA data. Chemical Engineering and Pro-
cessing 129, 95-102.

16  Ding, S., Kantarelis, E. and Engvall, K. (2020). Effects of Porous Structure Development and Ash on the Steam Gasification Reactivity of Biochar Residues from a 
Commercial Gasifier at Different Temperatures, Energies, 13, 5004.

17  Ge, Y., Ding, S., Kong, X., Kantarelis, E., Engvall, K. and Pettersson, J.B.C. (2021). Release of alkali metals during biomass chars CO2 gasification, manuscript to be 
submitted to Bioresource Technology.

18  Lin, L. and Strand, M. (2014). Online Investigation of Steam Gasification Kinetics of Biomass Chars up to High Temperatures, Energy Fuels, 28, 607−613
19  Musavi, Z., Pettersson, L.J. and Engvall, K. (2016). Modelling, Design and Operation of a Burner for Partial Combustion of Biomass Product Gas, Industrial & Engi-

neering Chemistry Research, 55(36), 9687-9697.
20  Musavi, Z., Zhang, Y., Robert, E. and Engvall, K. (2021), Experimental and numerical investigation of flow field and soot particle size distribution of methane-contain-

ing gas mixtures in a swirling burner, ACS Omega, accepted.
21  Moud P.; Andersson K J., Lanza R. Engvall K. (2016) Equilibrium potassium coverage and its effect on a Ni tar reforming catalyst in alkali- and sulfur-laden biomass 

gasification gases. Appl. Cat.B: Environ.,190, 137-146.
22  Hernandez, A., Andersson, K.J., Engvall, K. and Kantarelis, E. (2020). Preferential adsorption of K species and the role of support during reforming of biomass derived 

producer gas over sulfur passivated Ni/MgAl2O4, Energy Fuels, 34(9), 11103-11111



35

presence of the amount of gas-phase potassium and 
high sulfur coverages on the Ni surface. The possibili-
ty to demonstrate this is under discussion with Haldor 
Topsøe A/S in Denmark.

To further deepen the fundamental understanding of 
tar decomposition on Ni surfaces, a collaboration with 
Chemical Physics, Stockholm University and Materials 
Physics at KTH was initiated. By using advanced surface 
science methods also including synchrotron XPS, the ini-
tial steps of naphthalene adsorption/decomposition on 
Ni(111)23 and the temperature dependent dehydroge-
nation of naphthalene on Ni(111)24. The investigations 
are on-going including effects of oxide domains and sul-
fur on naphthalene decomposition on Ni(111) surfaces. 

Novel catalyst materials in form of Ba/Ni substituted hex-
aaluminates have been developed and investigated in 
steam reforming experiments at laboratory scale as well 
as at pilot scale under realistic conditions25,26. Other at-
tempts are development of iron-based (Fe2-xNixTiO5) cat-
alyst where the result of 10% Ni in structure enhanced 
the catalytic performance considerably at 800 °C.27 

Other selected research highlights worth mentioning 
are the theoretical study of the dynamics of H2S remov-
al in a packed bed adsorber filled with ZnO28. A mul-
tiscale model was developed that used a novel nucle-
ation-growth model to account for the void formation 
inside the nanoscopic ZnO particles It was also found 
that the outward growth of the grains may cause pore 
clogging resulting in incomplete conversion of the ZnO. 

Furthermore, a model was developed together with the 
customized thermodynamic database enabling the in-
vestigation of the release of inorganics during gasifica-
tion and a qualitatively predicting the elemental compo-
sition of condensed phase under different gas cooling 
temperatures in a biomass gasification process,.29 The 
modelling tool is among other things able to predict if 
melts are formed during gas cooling, including the tem-
perature windows of forming the melts and the effect 
of pressure.

SFC - Centre for Entrained Flow Gasification of 
Biomass (Bio4Gasification)
The research within the Bio4Gasification node focused 
on entrained flow gasification processes. In this technol-
ogy small fuel particles are converted to syngas while 
being suspended in a high temperature gas. There are 
several technical solutions to this and the researchers in 
the node have focused primarily on the Chemrec pro-
cess for black liquor gasification, the PEBG (Pressurized 
Entrained flow Biomass Gasification) process for pulver-
ized solid fuel gasification and the MEVA-VIPP process 
for pulverized solid fuel gasification. The first two are 
pressurized and oxygen blown gasifiers that operate at 
high temperature in the slagging mode, while the third 
is operating at atmospheric pressure with air as the ox-
idant and with a medium high process temperature in 
the dry ash mode. The intended use of the first two 
are production of second-generation motor fuels, fine 
chemicals, and power production in a combined cycle 
gas turbine plant. The third process is intended for use 
with low grade biomass for production of a combusti-
ble producer gas that can be used in a gas engine for 
power production or for industrial heating purposes. 
The three gasifiers have been tested in projects outside 
of B4G during long periods in the 1-4 MW scale30. These 
projects have, with one exception, not been formally 
linked to the B4G node, but many of the researchers 
from the B4G node have had significant roles in them. 
The exception is the MEVA process development where 
several detailed questions have been identified and then 
been investigated in the Bio4Gasification  “Verification 
and Optimization” sub-project (see separate description 
of this project below). The three gasification processes 
have been significantly moved upwards in the TRL stair-
case. The first two MEVA-VIPP gasification systems are 
to be installed at the IKEA Industry production unit in 
Zbaszynek (Poland) as well as at the tissue producer So-
fidel in Kisa (Sweden) (paving the way towards TRL 931) 
and the Chemrec gasifier is ready for commercialization 
with black liquor as a fuel (TRL 8). The PEBG process and 

23  Ghadami Yazdi, et al (2017). Naphthalene on Ni(111). Experimental and Theoretical Insights into Adsorption, Dehydrogenation, and Carbon Passivation, Journal of 
Physical Chemistry C, 121 (40), 22199

24  Marks, K., et al. (2019). Investigation of the surface species during temperature dependent dehydrogenation of naphthalene on Ni(111), Journal of Physical Chemistry 
C, 150, 244704.

25  Brandin, J., Parsland, C., Larsson, A., Benito, P. and Fornasari, G. (2015). Nickel-substituted bariumhexaaluminates as novel catalysts in steam reforming of tars, Fuel 
processing technology, 140, 1-11.

26  Parsland, C., Hoang Ho, P., Benito, P., Larsson, A-C., Fornasari, G., and Brandin, J, (2020). Ba-Ni-Hexaaluminate as a New Catalyst in the Steam Reforming of 1-Methyl 
Naphthalene and Methane. Long-Term Studies on Sulphur Deactivation and Coke Formation, Catalysis Letters, 150, 1605–1617.

27  Ruivo, L.C.M., Pio, D.T., Yaremchenko, A.A., Tarelho, L.A.C., Frade, J.R., Kantarelis, E. and Engvall, K. (2021). Iron-based catalyst (Fe2-xNixTiO5) for tar decomposition 
in biomass gasification, Fuel, 300, 120859

28  Sadegh-Vaziri, R. and Babler, M.U. (2017). Numerical investigations of the outward growth of ZnS in the removal of H2S in a packed bed of ZnO, Chem. Eng. Sci., 
158, 328-339.

29  Wei, W., Engvall, K. and Yang, W. (2018). Model investigation of condensation behaviors of alkalis during syngas treatment of pressurized biomass gasification. 
Chemical Engineering and Processing, 129, 28-36.

30  The projects were the “LTU Biosyngas Project” with Rikard Gebart as project leader, the “PEBG project” with Fredrik Weiland as project leader and the MEVA process 
development project with Anders Wingren as project leader. The combined budget of the projects is more than 200 MSEK.

31 Currently assessed TRL-level is 7-8 according to Jafri et.al, Emerging Gasification Technologies for Waste and Biomass. IEA Bioenergy, ISBN 978-1-910154-84-7, 2020
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the Chemrec process with other liquid alkaline fuels are 
approximately at TRL 5-6. All these improvements can 
be partially attributed to the B4G-node as many of the 
results from the node have been used in the more ap-
plied projects via the participation from B4G-research-
ers.

The results from the associated “LTU Biosyngas”-project 
were summarized in the 2014 report “Two Years Expe-
rience of the BioDME Project – A Complete Wood-to-
Wheel Concept”32. In this project the gasifier was run 
with black liquor for more than 25 000 hours and for 
more than 1 000 hours with a mixture of black liquor 
and pyrolysis oil. The syngas quality was of very high 
quality, which was proven by converting the syngas to 
methanol and DME during more than 12 000 hours. 
The very long run time gave valuable information about 
the wear of the ceramic lining of the gasifier and about 
the slag chemistry. These results were fed back to the in-
organic chemistry projects run by Umeå University, who 
were able to return valuable scientific information on 
material deterioration of refractory linings exposed to 
process conditions, inorganic chemistry etcetera to the 
process development team.

Entrained flow processes are characterized by a very 
short residence time at high temperature for the fuel 
particles. In addition, the ash chemistry becomes very 
important, both for non-slagging and slagging gasifiers. 
For the non-slagging gasifiers, it is important to go as 
high as possible with the process temperature but with-
out starting to melt the ash, so it becomes sticky and 
leads to problems with fouling and plugging of the gas-
ifier. The motivation for a high temperature is that this 
increases the reaction rate, which increases the conver-
sion rate for the fuel particles so they can become com-
pletely converted to gas before leaving the gasifier while 
secondary gas-phase reactions also reduce the tar and 
hydrocarbon content in the gas very significantly. For 
slagging gasifiers there are multiple goals with adjusting 
the temperature; a) a high temperature gives a low slag 
viscosity so the slag can flow out of the gasifier where it 
can be quench cooled without risk for fouling; b) a high 
temperature minimizes the tar content in the syngas but 
there is a risk for generating more soot at higher tem-
peratures; c) a low temperature improves the cold gas 
efficiency of the gasifier under the condition that the 
fuel is completely converted. In the program, to address 
these objectives, there were projects that studied the 
ash chemistry and slag viscosity from a high-tempera-
ture chemistry perspective, with the goal to be able to 
predict the behavior and the interaction with refractory 
materials using data from a standard fuel analysis. Other 

projects aimed at providing CFD-based and thermody-
namic equilibrium computer models that can be used to 
optimize entrained flow gasifiers of all types, slagging, 
and non-slagging. The models reached a satisfying ma-
turity through the research in the program and can now 
be used to design and scale up the gasifier types that 
are of interest in the program. However, there are still 
some areas that can be improved but comparison with 
experiments have shown that the predictions are suffi-
ciently accurate for engineering design.

Another area of interest that was covered, is how to 
measure various quantities inside an entrained flow gas-
ifier and how to use this information for process control. 
The first two of these projects were dealing with optical 
methods to measure different quantities of interest. The 
third project was focused on how to apply this type of 
methods for practical process control and optimization 
of the process. All three projects have cooperated during 
experimental campaigns in the pilot scale EF gasifier at 
RISE-ETC, which is equipped with optical access through 
several windows at different positions. Another interest-
ing activity was the application of ideas from machine 
learning and AI to process optimization. All these results 
are described in more detail in the corresponding proj-
ect reports in Annex 1 and 2.

As mentioned above, the residence time at high tem-
perature is very short in an entrained flow gasifier. It is 
therefore important to understand the connection be-
tween different fuel properties (e.g., size, ash content, 
ash composition, moisture content, particle shape etc.) 
and the conversion rate and syngas composition. This 
was studied in a project, which was a combination of 
several PhD projects that had partial funding also from 
other sources. A very important finding was the impor-
tance of the alkali content in the ash that can catalyze 
the char gasification stage, which is the most time-con-
suming step in the fuel conversion. Detailed studies 
of several fuels that have naturally high alkali content 
(black liquor, bark) and fuels that have been doped in 
different ways with alkali have elucidated both the ef-
ficiency of alkali-catalyzed gasification and the detailed 
mechanisms for this. One surprising and practically im-
portant finding was that alkali had a very positive ef-
fect on the reaction rate even when the alkali and the 
biomass were added individually, without wet-impreg-
nation or other measures to achieve a close contact be-
tween the components.

Four of the projects had clear scientific objectives de-
spite their applied nature while to generate more value 
for the industrial partners, while a fifth project driven 

32  Landälv, I, Gebart R et al., ”Two years experience of the BioDME project – A complete wood-to-wheel concept”, Environmental Progress & Sustainable Energy, vol 
33, p744-750, 2014
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by practical problems in real gasifiers was defined. This 
project consisted of several smaller sub-projects that 
were defined continuously during the whole program 
period. Examples of questions that were addressed are:

•  Can the syngas from a biomass gasifier be used 
to replace LPG in drying applications in the paper 
industry? Smells that might transfer to the paper 
tissue was the main concern.

•  Can tar and water from the gas cleaning stage be 
separated using a decanter centrifuge?

•  Can a gas centrifuge be used for removal of partic-
ulates in the syngas?

•  Can sedimentation be used for separation of tar 
and particulates in process water?

These and other sub projects are described in the sec-
tion about project 5 below.

In addition to the interaction with the other two research 
nodes in SFC, Bio4G have had an active exchange with 
the German research program HVIGastech led by Karl-
sruhe Institute of Technology (Professor Thomas Kolb), 

33  Schneider, C, Walker, S, Phounglamcheik, A, Umeki, K, Kolb, T. 2021. Effect of calcium dispersion 
and graphitization during high-temperature pyrolysis of beech wood char on the gasification rate 
with CO2, Fuel 283, 118826.

34  Kreitzberg, T., Phounglamcheik, A., Haugen, N.E.L., Kneer, R., Umeki, K. A short cut method to 
predict particle size changes during char combustion and gasification under regime II conditions, 
Combustion Science and Technology, in print (2019).

which is dealing with the bioliq® process for renewable 
gasoline from agricultural residues. This process is also 
based on an entrained flow gasifier, and they also have 
access to a large gasifier that is linked to a syngas con-
version unit. During the last ten years this has result-
ed in three workshops that have alternated between 
Sweden and Germany, several organized research vis-
its in both directions and publication of joint research 
papers33,34. During the last few years, the collaboration, 
which already includes several German universities and 
institutes, has been extended to also include TU Vienna 
(Professor Hofbauer). The next workshop, which will be 
web-based, is planned for 29 November 2021. 

One part of the collaboration is that a “Network of 
Young Scientists” (NYS) has been initiated, which is a 
self-organized collaboration between the PhD students 
in Sweden, Germany, and Austria. The NYS has taken 
off nicely and we see an increasing activity over time. 
The hope is that the network will continue to operate 
also after the students graduate and we already see that 
the alumni have an interest in this.



38



39

Appendix 1. 
Summaries of research  projects, 

SFC phase 3, 2017-2021
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SFC - Bio4Gasification 

• Development of laser diagnostics for gasification environment

• Application of laser diagnostics in pilot gasifiers

• Process control and optimization of entrained flow gasifiers

• Ash formation and transport

• Slag properties and material interactions

• Slag build-up and containment protection

• CFD modeling of entrained flow gasifiers

• CFD modeling of raw syngas combustion

• Fuel conversion in entrained flow gasifiers

• Verification and optimization of industrial and pilot scale gasification systems

SFC - Centre for Indirect Gasification 

• Commercialization, node management and administration

• Process optimization and methods development based on experimental activities in industrial scale

• Fluid dynamics and fuel conversion

• Mass transfer phenomena connected to fuel conversion and gas cleaning

• Organic chemistry and fuel conversion

• Inorganic chemistry and fuel conversion

SFC - Cleansyngas

• Bed materials for high pressure fluidized bed gasification

• Fluidized bed gasification at high pressures

• Kinetics of biomass char gasification

• Iso-conversional analysis of biomass pyrolysis

• Pyrolysis in a rotary drum pyrolizer

• Tar decomposition in a secondary reactor

• Catalytic conversion processes

• Partial oxidation (POX)

• Modelling of the alkali transformation along a gas cleaning process

• Removal of impurities at high temperatures
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Project leader: Per-Erik Bengtsson, Combustion Physics, Physics department, Lund University

PhD student(s): Johan Simonsson, Manu Mannazhi

Other people: Mehri Sanati, Henrik Bladh, Jian Wu

Budget: 650 – 800 kSEK per year

Duration: Phase 2 (2013-2017), Phase 3 (2017-2021)

Measurable targets of the project: PhD equivalents: 2, Peer-reviewed publications: 8

Development of laser diagnostics  
for gasification environment

Background and motivation
Laser diagnostic techniques have unique potential to 
non-intrusively probe various parameters in reactive 
systems at high temperatures, i.e., to interact with the 
reacting environment without perturbing chemistry and 
fluid flow. Research within laser diagnostics has been a 
strong field at Lund University for more than 30 years, 
where a continuous progress has been seen in develop-
ment of new techniques and successively applying them 
to real-world environments. Focus has been on improv-
ing spatial and temporal resolution, increasing sensitivity 
and accuracy as well as applicability. Through the unique 
characteristics of lasers, unique instantaneous and high-
ly spatially resolved data can be extracted from reacting 
flows. One such application field is gasification.

Project objectives
The goal of this project was to develop and apply laser 
diagnostic techniques to gain increased understanding 
about fuel conversion and soot formation processes in 
biofuel combustion. The main techniques were extinc-
tion, elastic light scattering (ELS), laser-induced fluores-
cence (LIF) and laser-induced incandescence (LII). A sys-
tem for estimating soot concentrations from extinction 
measurements was developed and also applied to a real 
entrained flow gasifier Laser-induced incandescence 
was developed for quantitative image measurements 
of soot concentrations and applied to various gasifi-
cation/combustion systems. Lab-scale measurements 
were used to study the influence of alkali salt addition, 
especially potassium, on PAH and soot formation. The 
fuel conversion process of biomass particles was studied 
using a combination of various optical/laser techniques.

Methods
Various laser-based laser techniques were developed 
and applied to gasification and combustion systems. As 
the methods are well described in the papers, we refer 

to the individual papers (Publications 1-9) for detailed 
description of the experiments. Hence this report focus-
es on the results and the conclusions of the project. 

Most important results
In this part we will highlight the main result from the 
project divided into four main sections; 1) technique de-
velopment, 2) fundamental phenomenological studies, 
3) fuel conversion studies, and 4) applied measurements 
in entrained flow gasifiers.

Technique development

An important technique development was made to im-
prove quantitative soot volume fraction measurements 
in two-dimensional (2D) imaging using laser-induced 
incandescence (LII) [1]. 2D LII measurements usually in-
volve the use of a cylindrical lens to illuminate the planar 
region of interest. This creates a varying laser fluence 
and sheet width in the imaged flame region which 
could lead to large uncertainties in the quantification of 
the 2D LII signals into soot volume fraction distributions. 
To investigate these effects, 2D LII measurements using 
a wide range of laser pulse energies were performed on 
a premixed flat ethylene–air flame, while employing a 
cylindrical lens to focus the laser sheet [14]. Using short-
er focal length of the focusing lens resulted in larger 
variation of the LII signal profiles across the flame, as 
shown in Fig. 1. A heat–and–mass–transfer-based LII 
model was also used to simulate the measurements and 
good agreement was found. The ratio between focal 
length (FL) and image length (IL) was introduced as a 
useful parameter for estimating the bias in estimated 
soot volume fractions across the flame. The general rec-
ommendation is to maximize this FL/IL ratio in an ex-
periment, which in practice means the use of a long 
focal length lens. Furthermore, the best choices of laser 
fluence and detection gate width were discussed based 
on results from these simulations.

 

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021

1 Mannazhi M., Bengtsson P.-E., Appl. Phys. B 126: 194



42

Fundamental phenomenological studies

Extensive work was done to study the influence of alkali 
metals on PAH and soot formation [2,3,4]. By combining 
2D-LII and elastic light scattering (ELS), two-dimension-
al information could be obtained on soot properties in 
the studied flames, see experimental setup in Fig. 2. For 
these studies, seven metal salts were dissolved in water 
and aspirated into a premixed ethylene/air flame, and 
their effect on the soot production was studied at dif-
ferent additive concentrations using LII and ELS. At high-
er heights, in the soot growth region, the soot volume 
fractions were lowered for the addition of potassium, 
calcium and sodium chloride, in order of significance. 
Main focus in our study was on the addition of potas-
sium chloride for which several parameters were inves-
tigated. For example, soot primary particle sizes were 
evaluated using combined LII and ELS, showing decreas-
ing particle sizes for increasing concentrations of potas-
sium, in reasonable agreement with particle sizes eval-
uated using transmission electron microscopy. Figure 3 
shows that addition of KCl, specifically, leads to both 
lower LII signal and ELS, which from data interpretation 
gave the result of both lower soot volume fraction and 
soot particle size.

   

Fuel conversion studies

A study was devoted to investigating the potential of 
using 2D optical diagnostic techniques to follow the 
transfer from biofuel powder to final products. Torre-
fied pine powder (in the size range 44-125 m) were 
injected using a TOPAS SAG 410 particle disperser to 
the central plug of a flat flame burner with a central 
pipe, see Fig. 4. A slightly rich methane flame was used 
as base flame. Four different biomass particle concen-
trations were used, and an example of a powder-fed 
flame is shown in the photo to the left in Fig. 5.  Vari-
ous optical diagnostics were used: Elastic light scattering 
(ELS) at wavelength 532 nm to detect biomass parti-
cles. Laser-induced incandescence (LII) at wavelength 
532 nm to measure soot volume fractions. Extinction 
measurements was used to calibrate LII signals in abso-
lute soot volume fractions. OH chemiluminescence was 

Fig. 1. 2D LII signal intensity distributions using lenses with 
focal lengths (a) 2000 mm and (b) 500 mm.. The colour bar 
represents LII signal intensity (a.u.). Corresponding LII signal 
intensity profiles at 14  mm HAB at various gate widths are 
shown in (c) and (d), respectively. 

Fig. 3. LII and ELS signals normalized against the reference 
flame  [3,4].
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Fig. 2. (a) Sketch of the experimental setup used during the 
experiments and (b) an image of the reference flame with 
an overlapped mm-grid and (c) a photo of the burner head 
[3,4].

2  Mannazhi M., Bergqvist S., Bengtsson P.-E., submitted to Combustion and Flame 2021
3 Simonsson J., Olofsson N.-E., Bladh H., Sanati M., Bengtsson P.-E., 2018, Combustion and Flame 190, 188-200
4 Simonsson J., Olofsson N.-E., Bladh H., Sanati M., Bengtsson P.-E., 2017, PCI 36 (1) 853-860. 
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detected to observe the reaction zone position. Laser-in-
duced fluorescence (LIF) excited at wavelength 266 nm 
monitored the volatiles from the biomass fuel conver-
sion. Pyrometry on blackbody emissions was detected 
and transferred to particle temperatures. An example of 
two-dimensional data is shown in the right part of Fig. 
6, showing the strong PAH fluorescence having maxi-
mum intensity at around 45 mm height above burner. 

In Fig. 6 axial profiles of various diagnostics in the same 
flame are displayed, where all signals have been normal-
ized to 1. Initially there is strong elastic scattering from 
the biofuel powder particles (red curve), which during 
particle devolatilization and burning towards increasing 
heights drops dramatically until 70 mm height above 
burner. The devolatilization products, among which 
polycyclic hydrocarbons constitute a large fraction, flu-
oresce strongly and gives a fluorescence peak at around 
45 mm (black curve), as already mentioned. As the PAH 
concentration drops, the LII signal starts to increase, i.e., 
the soot formation increases. The OH chemilumines-
cence profile (magenta) shows where the major energy 
release is located. It occurs at slightly higher axial posi-
tion than the peak of the maximum PAH concentration 
and shows the spatial location for the main combustion 
of particles and hydrocarbons.

Applied measurements in entrained flow gasifiers

Soot concentration measurements were performed using 
diode-laser extinction in an atmospheric air-blown en-
trained flow gasifier at SP-ETC at two vertical levels [5]. 
The gasifier, shown in Fig. 7, was operated at different 
air-fuel equivalence ratios and with variations in fuel 
and burner configurations. Two fuels were investigat-
ed: wood powder and peat powder. These were burned 
using two burner configurations, one giving a rotating 
flow inside the gasifier (swirl), and one where the fuel 
and air were injected parallel with the gasifier axis (jet). 
The diode-laser measurements were performed at the 
wavelength 808 nm from which the soot concentra-
tions were estimated, and additionally at 450 nm to 
gain insight into the spectral dependence of the extinc-
tion to estimate measurement quality. The results show 
that wood powder produces higher soot concentrations 
than peat powder, see Fig. 8. Generally, the burner con-
figuration had much less impact than the choice of fuel 
on the soot concentration.
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Fig. 6. Various profiles as function of height above burner 
for the flame shown in Fig. 5. PAH-LIF shows the variation 
of PAH concentrations which are devolatilization products, 
ELS represents scattering from biofuel powder which drops 
fast after injection, LII represents the soot volume fraction 
that forms from the devolatilization products, and the OH 
chemi-luminsecence profile shows the position for maximum 
heat release from the combustion. 

Fig. 5. (left) Photo of the flame with injection of biofuel 
powder particles, (right) Fluorescence from PAHs and other 
organics released during devolatilization of the biofuel.

5 Simonsson J., Bladh H., Gullberg M., Pettersson E., Sepman A., Ögren Y., Wiinikka H., Bengtsson P.-E., 2016, Energy & Fuels 30, 2174−2186.

Fig.4. Experimental setup for the optical diagnostics studies 
of fuel conversion of torrefied pine powder.
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Fig. 8. Soot volume fraction as function of air-fuel equivalence 
ratio, levels and burners.

Fig. 7. Experimental setup of the diode-laser setup applied to 
the entrained flow gasifier [5].

Main conclusions
In this project a variety of laser techniques have been de-
veloped and applied to improve understanding of prob-
lems related to entrained flow gasification. The focus 
has been towards fuel conversion and the formation of 
polycyclic hydrocarbons and soot. Some main conclu-
sions can be drawn:

•  Several improvements were made in the use of opti-
cal/laser techniques to study soot formation. The un-
certainty in 2D-LII measurements for quantitative soot 
concentration measurements were quantified. It was 
also shown that combinations of various techniques 
could be used to retrieve additional information about 
characteristic properties of soot, such as optical prop-
erties.

•  It was demonstrated that soot particles change their 
optical properties during soot formation processes 
from initially being “brown” and less absorbing to be-
come much blacker and mature within a time range of 
tens of milliseconds at flame temperatures.

•  The impact on alkali metals, specifically potassium, 
on PAH and soot formation was studied in laboratory 
flames. It was found that potassium addition did not 
influence formation of smaller PAH but decreased the 
formation of larger PAHs and soot. It was also shown 
that soot particles had smaller sizes after potassium 
addition. Sodium addition had marginal effect in com-
parison with addition of potassium.

•  Laser extinction measurement were performed in an 
atmospheric entrained flow gasifier to measure soot 
volume fractions with variations in burner configura-
tion, fuel, and equivalence ratio. The results show that 
wood powder produces higher soot concentrations 
than peat powder, and that the burner configuration 
had much less impact than the choice of fuel on the 
soot concentration.

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021
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Reflections from the project leader
The sub-project has been very successful and led to 
many publications in addition to the two PhD examina-
tions. It has been very unlucky that there was such a 
big impact from the corona pandemic on the project 
essentially leading to the cancellation of all meetings for 
exchange of ideas and results.

It should be noted that there still is unpublished mate-
rial on the fuel conversion studies and the impact on 
alkali on PAH and soot formation. We expect two more 
papers to be submitted from this project before it ends 
in the end of 2021. In the first we demonstrate that 
the negative ion in some salts that has been added to 
flames (Cl-, SO4, OH-) has negligible impact on the PAH 
and soot formation process. In the second we demon-
strate that the soot particles formed in a sooting flame 
with salt addition are much more transparent than with-
out salt addition.

Examinations
1.  Simonsson, Johan. 2018. Laser Diagnostics for Soot 

in Small-Scale and Practical Systems. Doctoral thesis, 
Combustion Physics, Department of Physics, Lund 
University

2.  Mannazhi, Manu. 2021. Laser-based diagnostics for 
investigating soot formation in combustion process-
es. Doctoral thesis, Combustion Physics, Department 
of Physics, Lund University

Publications 
1.  Mannazhi M., Bergqvist S., Bengtsson P.-E., Influence 

of potassium chloride on PAH concentration during 
soot formation studied using laser-induced fluores-
cence, submitted to Combustion and Flame 2021

2.  Mannazhi M., Török S. Gao J., Bengtsson P.-E., 2021, 
Soot maturity studies in methane-air diffusion flames 
at elevated pressures using laser-induced incandes-
cence, PCI 38 (2021) 1217–1224

3.  Mannazhi M., Bengtsson P.-E., Two-dimensional la-
ser-induced incandescence for soot volume fraction 
measurements: issues in quantification due to laser 
beam focusing, 2020, Appl. Phys. B 126: 194

4.  Simonsson J., Gunnarsson A., Mannazhi M., Bäck-
ström D., Andersson K., Bengtsson P.-E., 2019, In-situ 
soot characterization of propane flames and influ-
ence of additives in a 100 kW oxy-fuel furnace using 
two-dimensional laser-induced incandescence, Proc. 
Comb. Inst. 37, 833-840

5.  Simonsson J., Olofsson N.-E., Bladh H., Sanati M., 
Bengtsson P.-E., 2018, Influence of potassium and 
other metal salts on soot formation using imaging 
LII/ELS, and TEM techniques, Combustion and Flame 
190, 188-200

6.  Simonsson J., Olofsson N.-E., Bladh H., Sanati M., 
Bengtsson P.-E., 2017, Influence of potassium and 
iron chloride on the early stages of soot formation 
using imaging LII/ELS and TEM techniques, PCI 36 (1) 
853-860. 
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Background and motivation
Selective, fast, and accurate quantitative measurements 
of gasification parameters and products at an early 
stage of the process using laser-based in situ techniques 
will enhance the understanding of fuel conversion and 
contribute to improved efficiency and fuel-flexibility, 
while minimizing operational problems and emissions.

Project objectives
The main objective of the project is to develop optical 
sensors, mainly based on tuneable diode laser spectros-
copy (TDLAS) and photofragmentation spectroscopy, 
for real-time in situ detection of key parameters (tem-
perature, gas-phase species) in biomass gasification, 
and to apply the sensors in reactor cores and close to 
fuel particles on various process scales. Specific research 
questions include:

•  What are the actual absolute concentrations of 
potassium compounds in biomass gasification pro-
cesses?

•  Potassium release behaviour and gas-phase kinetics 
in the vicinity of biomass particles.

•  How can we best validate in situ data from reac-
tors?

•  Agreement between experiments, numerical mod-
els CFD simulations and thermodynamic equilibri-
um?

•  Feasibility of real-time data analysis for immediate 
process control?

Methods
The following main experimental equipment and facili-
ties are used during the project:

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021

•  Portable laser-based instruments developed at UmU 
and RISE ETC. This includes TDLAS sensors for gas 
temperature, water vapour (H2O), carbon monox-
ide (CO), carbon dioxide (CO2), methane (CH4) and 
soot volume fraction. In addition, a novel device 
was developed that combines TDLAS with UV pho-
tofragmentation spectroscopy to enable simultane-
ous measurements of atomic potassium (K), potas-
sium hydroxide (KOH) and potassium chloride (KCl) 
in biomass gasification.

•  A flat flame burner and a single-pellet reactor at 
Umeå University.

•  A 2 m long, atmospheric, electrically heated drop 
tube reactor at Umeå University.

•  A 4 m long, atmospheric, air-blown entrained-flow 
reactor (VAFF, 0.1 MWth) at RISE ETC Piteå.

Most important results
The following main studies have been performed 2017-
2020, partly in collaboration with other B4G projects. 
Firstly, TDLAS sensors were employed to simultaneous-
ly measure gas temperature, H2O and K(g) in the UmU 
drop tube reactor during combustion of softwood and 
miscanthus6. The TDLAS data was compared to thermo-
couple and FTIR measurements, 2D CFD simulations and 
thermodynamic equilibrium calculations. In general, the 
data agreed very well. The measured atomic potassium 
concentrations were in excellent agreement with equi-
librium at the end of the reactor/conversion, but not in 
the upper part, where they were significantly lower. This 
points to inorganic ash-transformation reactions occur-
ring faster than organic reactions. This has also partly 
been observed in a previous (the first) VAFF campaign7 .

      

Application of laser diagnostics in pilot gasifiers
Project leader: Florian Schmidt (UmU) 

PhD student(s): Emil Thorin (UmU)

Other people: Alexey Sepman (RISE ETC)

Budget: 1.202 kSEK per year, including 461 kSEK/year in own co-founding

Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 0, Peer-reviewed publications: 9

6  QU, Z. et al. 2018. Distribution of temperature, H2O and atomic potassium during entrained flow biomass combustion – Coupling in situ TDLAS with modeling 
approaches and ash chemistry. Combustion and Flame, 188, 488-497.

7  Sepman, A. et al. 2017. Real-time in situ multi-parameter TDLAS sensing in the reactor core of an entrained-flow biomass gasifier. Proceedings of the Combustion 
Institute, 36, 4541-4548.
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A second VAFF campaign was conducted to investigate 
softwood conversion at the interface between com-
bustion and gasification (around stoichiometric condi-
tions) using a jet and a swirl burner and different levels 
of oxygen-enrichment (Fig. 1a)8. Measurements were 
conducted in the reactor core of the VAFF and at the 
exhaust. High levels of K(g) were found during gasifi-
cation, as predicted by equilibrium calculations. Large 
fluctuations in local lambda and thus also in other pa-
rameters, such as K(g) and CO, were observed (Fig. 1b).

A novel sensor for quantitative in situ detection of the 
gaseous K species K(g), KOH and KCl based on photof-
ragmentation TDLAS (PF-TDLAS) has been constructed 
(Figs. 2-3)9. The device was validated for KOH by con-
verting solid KOH in a laboratory flat flame4, and for KCl 
by generating saturated KCl vapour in a tube furnace.         

      

Detailed measurements of the three K species have 
been conducted above solid KOH/KCl samples (Fig. 3) 
and biomass particles (Fig. 4a-b) converted in the labo-
ratory flat flame, both as a function of equivalence ra-
tio and axial direction (Fig. 3c)4. The experimental data 
were compared to numerical 1D and 2D simulations 
carried out in the group of Dr. Damir Valiev (Centre for 
Combustion Energy, Tsinghua University, Beijing, China) 
to investigate the distribution and fate of potassium 
species in such flames (to be submitted to Optics Ex-
press). During high-temperature single-particle conver-
sion KOH is dominant in fuel-lean and K(g) is dominant 
in fuel-rich conditions. The current K reaction mecha-
nism under-predicts K(g) and over-predicts KOH in gas-
ification.

         

Figure 1. Panels a-b left to right. (a) Diagram of the VAFF 
reactor core and TDLAS setup installed at optical ports. (b) 
Real-time data from Port 1 during softwood combustion with 
air (21 % O2) at a global lambda of 1.05 using a Swirl burner.

Figure 2. Panels a-b left to right. (a) Schematic of the ex-
perimental PF-TDLAS setup. (b) K(g) line shapes measured 
with TDLAS during fuel-lean and fuel-rich conditions. The 
low-bandwidth PF-signal following UV-induced fragmentation 
of KOH in K(g) and OH is visible for the fuel-lean case close to 
the K(g) line centre.

8  Sepman, A. et al. 2019. Tuneable Diode Laser Absorption Spectroscopy Diagnostics of Potassium, Carbon Monoxide, and Soot in Oxygen-Enriched Biomass Combus-
tion Close to Stoichiometry. Energy & Fuels, 33, 11795-11803.

9  Thorin, E. and Schmidt, F. M. 2020. TDLAS-based photofragmentation spectroscopy for detection of K and KOH in flames under optically thick conditions. Optics 
Letters, 45, 5230-5233.
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A third VAFF campaign was conducted in May 2020, 
where, for the first time, all three gaseous K species, 
K(g), KOH and KCl were measured in situ inside a bio-
mass gasifier reactor core. Two different fuel blends, 
100% forest residues and 80% forest residues with 
20% wheat straw were used. Preliminary results indi-
cate concentrations around 50 ppm K(g), 100-150 ppm 
KCL and 200-300 ppm KOH, like what was observed 
with the same fuels in another study using the drop 
tube reactor at Umeå University. Further results are still 
evaluated, and publications are in preparation. 
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Figure 3. Panels a-c left to right. (a) K(g) decays curves due to 
recombination following UV pulse-induced KOH and KCl frag-
mentation, measured with a fast detector at φ = 0.8 and φ = 
1.3. (b) Time series of K(g), KOH and KCl release measured 15 
mm above solid KCl converted in the CH4/air flame at φ = 1.3. 
(c) Axial KCl (up) and KOH (down) concentrations (markers) in 
the flame during conversion of solid KCl at φ = 1.3 compared 
to predicted thermodynamic equilibrium (blue dashed dotted 
line) and 2D numerical simulations of the flame with K species 
(red line). Figure 4. Panels a-c left to right. K species released from wheat 

straw particles converted in a fuel-lean (a) and a fuel-rich (b) 
CH4/air flame. Upper graph shows devolatilization, lower graph 
entire conversion. (c) Strongly correlated, fast fluctuations of 
CH4 and soot in the VAFF biomass gasifier reactor core.
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During the third VAFF campaign, high concentrations of 
CH4 (1-3 %) were found in the lower part of the reac-
tor core, which correlated strongly with the soot volume 
fractions (Fig. 4c). Experimental results together with 
0D-reaction kinetic simulations suggest rapid CH4 de-
composition conversion at T>1500 K and “frozen” CH4 
reaction pathways at T<1500 K, leading to CH4 accumu-
lation (manuscript submitted to Combustion & Flame).

Other activities during the project include a small-scale 
burner study, where different techniques for detection 
of temperature and soot in flames were compared, and 
the suitability of the optical methods for online gasifi-
cation diagnostics was scrutinized10. An improved nu-
merical particle model developed at Lund University was 
validated by conducting TDLAS measurements in the 
vicinity of biomass pellets converted in a single-pellet 
reactor11. In collaboration with researchers at the De-
partment of Physics at UmU, optical frequency comb 
spectroscopy was employed for combustion diagnos-
tics12,13,14. 

Main conclusions
The development of advanced laser spectroscopic tech-
niques and the application of the optical sensors in 
gasification processes has progressed well. Some of the 
main conclusions are:

1.  Optical diagnostics is very well suited for fast and 
accurate measurements of major and trace species 
in gasification processes and the reactor core of bio-
mass gasifiers. This was shown for H2O, CO2, CO, 
CH4, K(g), KOH, KCl, soot and gas temperature on 
various process scales.

2.  Using TDLAS, we confirmed that there are significant 
fluctuations in local lambda (and other parameters) 
during the operation of entrained-flow reactors run 
on pulverized biomass, mainly due to the fuel feed-
ing.

3.  Significant concentrations of CH4 were found in the 
reactor core of a pilot-scale biomass gasifier when 
gas temperatures fell below 1500 K and the released/
produced CH4 was no longer decomposed.

4.  The novel combination of TDLAS with photofragmen-
tation spectroscopy (PF-TDLAS) is generally well suit-
ed for gasification processes, because the three main 

K species can be measured even at high background 
K(g) concentrations (optically thick conditions). How-
ever, in larger reactors, such as the VAFF, the very high 
product of path length, K(g) line strength and con-
centration, complicates detection even with PF-TD-
LAS.

5.  During biomass gasification, K(g) concentrations in 
the reactor core can be very high, on the order of 
or higher than the concentrations of KOH and KCl. 
Laboratory studies showed that actual K(g) concen-
trations are significantly higher than those predicted 
by thermodynamic equilibrium and 2D kinetics sim-
ulations, while actual KOH concentrations are lower 
than predicted. This indicates a problem with the ex-
isting mechanism for K species under fuel-rich con-
ditions. 

6.  Due to its reactive nature, it is difficult to generate 
stable, known KOH concentrations for sensor valida-
tion. We present a unique validation method, by con-
verting solid KOH in a flat flame and closing the mass 
balance for a conversion time series, which is also 
suitable to study the conversion of biomass particles.

Reflections from the project leader
Future work could include:

•  Further refinement of the PF-TDLAS sensor system. 
Improve theory describing the decay curves to ac-
count for “extreme” conditions. Determine process 
parameters based on the observed decay times, i.e., 
gas temperature and O2 concentration (on which the 
fragment re-combination mainly depends).

•  Detailed fuel conversion (and material corrosion) stud-
ies in lab-scale burners, single-pellet reactors, both 
during combustion and gasification, using simultane-
ous real-time in situ detection of K(g), KOH and KCl. 

•  Implementation of imaging techniques for gaseous K 
compounds based on absorption spectroscopy.

•  Development of optical techniques to measure other 
important inorganic species, such as nitrogen (N) and 
phosphorus (P) species.

Examinations 
None

10  Ögren, Y. et al. 2017. Comparison of Measurement Techniques for Temperature and Soot Concentration in Premixed, Small-Scale Burner Flames. Energy & Fuels, 
31, 11328-11336.

11  Fatehi, H. et al. 2018. Gas phase combustion in the vicinity of a biomass particle during devolatilization – Model development and experimental verification. Com-
bustion and Flame, 196, 351-363.

12 Rutkowski, L. et al. 2017. Detection of OH in an atmospheric flame at 1.5 um using optical frequency comb spectroscopy. Photonics Letters of Poland, 8, 110-112.
13  Rutkowski, L. et al. 2018. An experimental water line list at 1950 K in the 6250–6670 cm−1 region. Journal of Quantitative Spectroscopy and Radiative Transfer, 

205, 213-219.
14 Lu, C. et al. 2019. Time-resolved continuous-filtering Vernier spectroscopy of H 2 O and OH radical in a flame. Optics Express, 27, 29521-29533.
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Process control and optimization of  
entrained flow gasifiers
Project leader: Henrik Wiinikka, RISE ETC

PhD student(s):  Yngve Ögren

Other people: Alexey Sepman, Pal Toth, Mattias Mases, Ehsan Fooladgar, Vishnu Hari

Budget: 1249 kSEK per year

Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 1, Peer-reviewed publications: 4

Background and motivation
Fast response of a gasifier process control system is an 
important factor, since dangerous operation conditions 
may occur suddenly. A measurement system that moni-
tors the gasification process should therefore be fast, so 
that the operator can get instantaneous data and make 
appropriate changes to the process. Furthermore, the 
measurement system should give information, so it is 
possible to optimize the performance of the gasifier. The 
measurement system should operate 24×7 (24 hours a 
day, 7 days a week) with minimal attention by operators 
without technical background. The system should also 
be relatively inexpensive.

Project objectives
The aim of this project was to develop inexpensive and 
reliable non-intrusive sensor-based systems (e.g., small 
cameras, diode-laser) for in situ monitoring of practi-
cal gasification process. These sensor-systems could be 
used to control the process, and to improve the efficien-
cy of the gasifier and to provide information for safe 
operation of the gasifier.   

To accomplish this, information on how different sen-
sor signals is coupled to different important gasification 
parameters such as temperatures, gas composition, 
and particle concentration is needed. Therefore, sen-
sor-based measurements of different types of flames 
(laboratory, pilot and industrial), together with tradi-
tional characterization were performed. Furthermore, 
industrial gasification processes are characterised (tem-
perature, gas composition (main and trace), particulate 
matter and energy efficiency) to know the optimal op-
eration condition of the gasifier with respect to different 
applications of the produced gas. Evaluations of novel 
characterisation methods such as aberration-corrected 
electron optics were also performed to study the poten-
tial of the technique to get useful and relevant informa-
tion for gasification research.  

Most important results
The following main activities were performed under the 
project, often in collaboration with other project with-
in B4G or other project where B4G partners also were 
involved.

The PhD thesis by Yngve Ögren (Ögren, 2019) summa-
rizes the research in this subproject related to process 
control and optimization of gasifiers. Here we demon-
strate the application of laser based and optical tech-
niques for accurate and fast in-situ diagnostics of the 
harsh gasification and combustion environments. It was 
demonstrated (Sepman et al, 2017a) that temperature, 
species concentration and soot concentration in the 
reactor core could simultaneously be measured in re-
al-time using Tunable Diode Laser Absorption Spectros-
copy (TDLAS). Flame emissions were measured using a 
home built two-colour pyrometer (Ögren et al, 2017) 
from which temperature and soot volume fractions were 
derived. The pyrometer measured similar temperatures 
as the TDLAS in both fuel-rich laboratory flames and 
inside the reactor core of the gasifier. Both techniques 
have good potential for monitoring the process. Pyrom-
etry offers simpler installation and 2D imaging, whereas 
TDLAS provides better robustness, lower temperatures 
measurements, and is calibration free. Images of fu-
el-rich flat flames and wood powder gasification flames 
were processed using two different image processing 
techniques together with two regression methods, 
Gaussian Process Regression (GPR) and Artificial Neural 
Networks (ANN) (Ögren et al, 2018b). It was shown that 
fuel equivalence ratio and gas concentrations for the 
gasifier could be predicted with reasonable accuracy for 
process control. In addition, to improve the efficiency of 
the gasifier, 5 gasification burners were designed, built 
and tested at two different equivalence ratios (Ögren et 
al, 2018a). It was shown that the near burner region is 
important for the syngas composition and changing the 
direction of the oxidizer streams on the burner tip can 
result in cold gas efficiency variations in excess of 20 %. 
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Beside the burner optimization, the fluctuations in fuel 
feeding were measured using laser extinction and cor-
related to the formed pollutants, equivalence ratio, and 
water concentration under combustion (Sepman et al, 
2017b). It was shown that the fluctuations in fuel feed-
ing can cause pollutant production in combustion and 
reduce gasification efficiency by 5-10 %. After Yngves 
PhD thesis the work has been extended and a TDLAS 
based sensor for fast detection of the oxygen equiva-
lence ratio close to stochiometric operation has been 
further developed (Sepman et al, 2019). Information 
from the sensor can be used to avoid dangerous oper-
ation condition of suspension fired reactors. The TDLAS 
sensors has also been used to characterize the gasifi-
cation process in the oxygen blown fixed-bed gasifier 
(Weiland et al, 2021). Ongoing work fucus on develop-
ing an AI based process control system where we at the 
current state of the project (June 2021) has developed a 
sensor that can measure the fuel fed fluctuation online 
based on movies of the fuel flow. 

The evaluation of the in deep investigation of metal 
infused soot particles produce during gasification of 
wood powder (Wiinikka et al, 2018) in the PEBG re-
actor has continue. Here, soot particles from different 
process temperatures of the gasifier have been char-
acterized with an aberration-corrected scanning trans-
mission electron microscopy (STEM) equipped with 
electron energy loss spectroscopy (EELS) allowing for 
both sub-ångström optical and chemical resolution with 
the possibility of single atom sensitivity for well-defined 
nano structures (Wiinikka et al, 2021). The dedicated 
aberration-corrected STEM-EELS instrument (Nion Ul-
traSTEM 100) was operated at low acceleration voltage 
of 60 kV, in so-called  “gentle” STEM conditions, i.e. 
acceleration voltages below the knock-on-damage of 
carbon based material (<80 kV) and ultra-high vacuum 
conditions to prevent chemical etching of the samples.  
Spatially resolved elemental composition, together with 
information on the predominant chemical compounds, 
was given at nanoscale resolution, which is a significant 
improvement over traditional HRTEM-EDS investigation 
(Wiinikka et al, 2018). Using this technique, we showed 
that all spherical soot particles have an Si and O rich lay-
er at the surface of the particle. Furthermore, we show 
how Ca affect the graphitic structure of non-spherical 
soot particle leading to the formation of different func-
tional groups and carbonates in the metal infused soot 
particles at the highest process temperatures of the gas-
ifier. Furthermore, soot particles from different sources 
were burned inside an aberration corrected ETEM in the 
same time as the oxidation process was video recorded 
at a magnification of 1 million times (Toth et al, 2019). 
Sub-ångström resolution for the reacting soot particles 
was proven under the challenging experimental condi-

tions inside the microscope (600-900°C, 1-10 Pa O2) 
since individual carbon atoms was seen for certain soot 
particles. The transition of individual soot particles was 
followed through from initiation to complete conver-
sion and the observation clearly showed the existence 
of different soot burning modes speculated from the 
ex-situ images of soot particles from the PEBG reactor. 
Furthermore, transition between the burning modes af-
fected by the temperature and O2 partial pressure was 
unambiguously observed, explaining previous observa-
tions regarding structural depending- and time varying 
oxidation rates

Reflections from the project leader
The academic progress in this project is good with 11 
journal articles and the PhD thesis by Yngve Ögren. Most 
of the technical goal of the project has been reached, 
i.e., development of cheap sensors and the coupling 
of sensor signals to gasification parameters. Assuming 
that “large pilot gasifiers” (e.g., PEBG and VAFF) are 
representing for “industrial gasifiers” the goal related 
to optimisation of “industrial gasifier” are also reached. 
Since there is no large “industrial entrained flow gas-
ifier” available for us it will be hard to totally reach the 
project goals. Left is to reach the final goal of the project 
and that is to use the developed sensors for automatic 
process control and optimisation of the performance of 
a gasifier.  This task is of course very challenging, how-
ever under the lead of Dr. Yngve Ögren, we have cho-
sen apply AI based technique to tackle the problem and 
preliminary positive has been achieved. These results will 
probably be published after end of SFC.  Our approach 
to use aberration-corrected corrected in-situ TEM and 
STEM-EELS to characterize nanoparticles from gasifica-
tion has been verey successfully and novel results with a 
previous unseen resolution both in time and space has 
been reached generating new knowledge in the field of 
nanoparticle formation.

One of the things that I’m as project leader is most sat-
isfied with is that the knowledge and technologies, we 
have developed in this SFC project has been implement-
ed in other research project with other funding sources 
then SFC and in industrial client projects. This progress 
and knowledge transfer are of course extremely import-
ant, especially in the situation when the commercializa-
tion of industrial gasification technologies have stalled. 
Some examples, in the highly public HYBRIT project 
(www.hybritdevelopment.com) for fossil free iron and 
steel production our sensors has been used to charac-
terize the combustion process of renewable fuels in pilot 
equipment relevant for the iron ore induration machines. 
Furthermore, together with Luleå University of Technol-
ogy (Dr. Per Gren) and Lund University (prof. Per-Erik 
Bengtsson) we have applied our technologies (TDLAS, 
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CCD camera, and two-colour pyrometry) to characterize 
spray combustion of pyrolysis oil. Moreover, in a unique 
industrial client project performed under 2019, RISE ETC 
implement a MV and ML sensor system that can mea-
sure ash deposits in the extreme harsh environment of 
a full-scale iron ore induration machine at LKAB. Here 
we manage to prove the usefulness of camera-based 
sensors and AI in the process industry which in the end 
resulted in an increase of the plant availability with sev-
eral percent. Recently the Swedish research council (VR) 
approved a 4-year project for advanced electron optics 
investigation of soot particles. Furthermore, the knowl-
edge soot formation has been used to produce it bulk 
chemical product counterpart “carbon black” using 
renewable feedstocks. This activity continues also with 
several project founded by Formas and Swedish Energy 
Agency. 

Examinations
Ögren Y. (2019) Improving the efficiency of entrained 
flow gasifiers by real-time in-situ diagnostics and burn-
er design. Doctoral Thesis, Division of Energy Science, 
Department of Engineering Science and Mathematics, 
Luleå University of Technology, Luleå, Sweden

Ögren Y. (2018) Camera and laser-based diagnostics 
relevant for entrained flow gasifiers. Licentiate Thesis, 
Division of Energy Science, Department of Engineering 
Science and Mathematics, Luleå University of Technolo-
gy, Luleå, Sweden
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Ash formation and transport
Project leader: Markus Broström, UmU

PhD student(s): Per Holmgren (-2018), Karin Sandström

Other participants: Rainer Backman (UmU), Per Holmgren (UmU), David Wagner (UmU), Zechau Qu (UmU), Charlie 
Ma (UmU), Florian Schmidt (UmU).

Budget: 478 kSEK per year, including 230 kSEK/year in own co-funding

Duration: 2017 - 2021

Measurable targets for the project: PhD equivalents: 1, Peer-reviewed papers: 4

Background and motivation
To complete the description of mass transport of par-
ticulate, molten, or condensing ash to the walls of en-
trained flow gasifiers, there still is a need for descrip-
tions of volatilization and fractionation of inorganic ash 
forming elements during fuel conversion, as well as of 
the deposition phenomena. Some fundamental models 
are available, but they lack quantitative predictive abil-
ities for the conditions in the specific environment and 
geometry of an entrained flow gasifier. 

Project objectives
•  Study ash formation reactions and slag formation 

during rapid conversion of biomass particles, using 
relevant fuels and the conditions of the entrained 
flow gasifier. 

•  Formulating multiphase flow sub models for ash 
transport to the reactor walls.

Method(s)
During SFC second phase (2013-2017), a reactor setup 
(Fig. 1) was commissioned allowing for detailed studies 
of fuel conversion in powder flames. The entrained flow 
reactor with app. 1 kW fuel throughput was equipped 
with ceramic lining and optical access used for particle 
transformation studies, and for initial efforts to track the 
ash formation. The access ports have also been used 
for a newly designed slag probe for in situ studies of 
slag flow, for extractive particle and gas sampling, and 
for in-situ monitoring of gas components. A detailed 
characterization of the system was published15. An ad-
vanced setup for monitoring of potassium in the gas 
phase, together with water vapor and temperature, was 
also employed in order to monitor the reactions in de-
tail. That setup was used in this reactor to enable unique 
insights in volatilization and reactions involving potassi-
um. The instrumental development is described in SFC/
B4G subproject, Application of laser diagnostics in pilot 
gasifiers.

 

To assess ash fractionation, and thereby supporting the 
corrosion projects, a method was developed for deter-
mining ash intrusion and reactions with solid porous 
materials. Ash was prepared by ashing of the fuels in 
a muffle furnace, heated at a ramp rate of 10 °C/min 
to 550 °C, kept for 60 min and further heated to 815 
°C, and kept for 4–7 h, until no further mass change 
was detected. This was followed by milling for 2 min to 
a fine powder in a ball mill. Stone samples of approx-
imately 10 × 12 × 7 mm and with a weight of 2.2 ± 
0.21 g were cut in a precision cutter equipped with a 
diamond blade. Ash was put on top of the stones and 
the combination was heated in a tube furnace purged 
with high concentrations of CO2 to simulate relevant 
conditions. The experimental setup is shown in Fig. 2. 

 

Figure 1. The UmU entrained flow reactor. Reactor tube (a), 
slag probe (b), and the complete setup with high-speed cam-
era and slag probe in use (c).

15  Wagner et.al, 2018. Design and validation of an advanced entrained flow reactor system for studies of rapid solid biomass fuel particle conversion and ash formation 
reactions. Review of Scientific Instruments, 96
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Figure 2. Experimental setup for ash fractionation, intrusion, 
and reactions with solid porous materials16.

Most important results
With the aim of understanding mechanisms and prac-
tical implications of the slag formation, experiments in 
entrained flow geometry have been performed. Silicate 
forming fuels were tested with varying amounts of al-
kali added. The slag probe under and after exposure is 
shown in Figure 3.  The results showed efficient (quan-
tified) reactions between additive and the fuel ash, and 
suitable operational ranges were estimated. Fundamen-
tal melting aspects of that system is visualized in Fig 4. 

 

 

The same alkali additive was also tested together with 
a calcium rich bark fuel, aiming at experimental evalua-
tion of a possible carbonate formation regime, as sug-
gested from earlier studies17. Preliminary results were 
first presented in 201718,19, published in 201820, refined 
in a PhD thesis21 and complementary experiments led 
to another publication in 202022. The results describe 
critical temperature windows for liquid silicates and car-
bonates, depending on ash chemistry and operational 
conditions. Detailed insights in ash formation and frac-
tionation were achieved in a study using DTLAS moni-
toring in the same setup (Qu 2018). 

A methodology for using a combination of multicompo-
nent chemical equilibrium calculations and experimen-
tally analyzing ash fractionation, intrusion and reactions 
with solid porous materials was developed within this 
project, and it was demonstrated for coal ash intrusion 
and reaction with limestone samples in a recent pub-
lication. The method was proven useful and is being 
used in ongoing studies with biomass-ash to determine 
fractionation of ash constituents, and in studies on cor-
rosion of refractory materials, to be reported in the B4G 
subproject Slag build-up and containment protection.

Figure 3. Photos of the slag collection probe inside the reactor 
(left) and cooling collected slag (right)

Figure 4. Operational range of potassium-silicon dominated 
system, illustrated in the corresponding binary phase diagram. 
Experimental settings illustrated by the dashed lines, and sam-
ples by the colored dots. Detailed interpretation in Holmgren 
et.al., 2018a. 

16 Sandström et.al, 2021. Coal ash and limestone interactions in quicklime production. Fuel, 300
17  Ma, C. 2017. Aspects of Ash Transformations in Pressurised Entrained-Flow Gasification of Woody Biomass: Pilot-scale studies. Doctoral thesis. Luleå University of 

Technology.
18  Holmgren et.al. 2017b. Slag formation during entrained flow gasification. Part 1: Calcium rich bark fuel. Nordic Flame Days 2017, Stockholm, Sweden, October 

10-11, 2017. Stockholm, Sweden
19  Holmgren et.al. 2017b. Slag formation during entrained flow gasification. Part 1: Calcium rich bark fuel. Nordic Flame Days 2017, Stockholm, Sweden, October 

10-11, 2017. Stockholm, Sweden
20 Holmgren et.al. 2018a. Slag Formation during Entrained Flow Gasification: Silicon Rich Grass Fuel with KHCO3 Additive. Energy & Fuels. 32
21 Holmgren. 2018b. Entrained flow studies on biomass fuel powder conversion and ash formation. PhD Thesis. Umeå University.
22 Holmgren et.al., 2020, Slag Formation during Entrained Flow Gasification: Calcium-Rich Bark Fuel with KHCO3 Additive. Energy & Fuels. 34  
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Main conclusions
•  A reactor system for entrained flow studies was suc-

cessfully constructed, combining back-light-based 
optical monitoring with a deposit probe enabled in 
situ studies of slag formation. 

•  Experimental results indicated that ash forming re-
actions tracked fuel conversion well and reached 
equilibrium fast, but that variations in conversion 
rates caused fluctuations and ash fractionation.

•  In studies aiming at investigating interactions be-
tween fuel ash and potassium in the gas phase, 
it was found that potassium is reactive enough to 
efficiently interact with ash-forming elements in en-
trained particles as well as with ash deposited on 
wall surfaces, even when the origin of the potassi-
um is external from the fuel, in this case from dry 
mixed additive. 

•  How the resulting ash and slag interacted with wall 
surfaces during impacts was found to be highly de-
pendent on both melt fraction and viscosity, where 
many experimental settings produced a partial melt 
with high viscosity leading to substantial deposit 
buildup rates. 

•  For silicon-rich reed canary grass fuel, it was found 
that a flowing slag was created at 1,200 °C when 
5 %wt KHCO3 additive, dry-mixed in the fuel, was 
used. This demonstrated a possible operating com-
position and temperature widow for an otherwise 
difficult-to-use fuel. 

•  For the calcium and phosphorous rich bark fuel 
tested, the initial formation of phosphorous rich 
particles was observed, and possible formation 
paths presented. How phosphorous interacts with 
potassium in calcium rich rapidly reacting environ-
ments requires additional studies and understand-
ing the role of short-lived carbonates in the same 
system could provide key insights on the apparent 
stickiness propensity of otherwise dry deposits on 
reactor surfaces. 

•  Using 5 %wt KHCO3 additive with bark showed lit-
tle influence at higher temperatures, but at 900 °C  
large amounts of carbonates were formed as ex-
pected. The low viscosity of the carbonate melt 
was not enough to produce a flowing ash at the 
prevailing temperature, likely due to it being in a 
mixed solid/liquid area of the dominating K/Ca-CO3 
system. 

•  The KHCO3 additive could represent a feasible 
fluxing agent, but similar effects can probably be 
achieved also by well selected fuel mixing. 

•  A laboratory methodology developed was proven 
useful for analyzing ash interactions with porous 
materials and is being expanded to other fuel ashes 
and various refractory materials in ongoing studies. 

•  These results have direct relevance for determining 
suitable fuels or fuel mixtures to be used for further 
testing in slagging entrained flow gasifiers and pro-
vide relevant fundamental information for future 
studies on ash melting and fuel mixing.

Reflections from the project leader
Studies on ash deposition performed early during the 
program showed important effects of fuel composition, 
as described above. They also gave strong indications 
that i) the slag flow is very sensitive to operational pa-
rameters and thus even more difficult than expected to 
model only based on prima principles, and that ii) it is 
important to know the actual conditions within the gas-
ifier; Conditions, besides the flow and temperature pro-
file, also with respect to gas composition (most import-
ant in this case ash forming elements in the gas phase), 
and the physical properties of the deposited material. 
Altogether, this motivated a shifted focus during the 
latter part of SFC third phase towards B4G-subproject 
Application of laser diagnostics in pilot gasifiers where 
advanced laser based diagnostic tools for measuring 
important gas phase species have been developed and 
tested, and to B4G-subproject Slag properties and ma-
terial interactions where MD simulations have been 
introduced as a tool to increase the understanding of 
slag properties. Funding allocations were redistributed 
accordingly. The only task remaining in this sub-project 
is to collect slag composition data from all experiments 
done, in all B4G sub-projects, and summarize the obser-
vations related to ash fractionation. Future studies in the 
area of ash formation and transport should include also 
char/ash particle properties, and they should be closely 
linked to CFD simulations since it was apparent from the 
studies within this program that the slag layer formation 
due to particle impact is very different from that report-
ed from earlier studies on gasification of coal fuels or 
black liquor in that biomass char particles are generally 
of much lower density, and therefore the conversion de-
gree and melt fraction has a large influence on inertia 
and probability for deviating from the gas flow and at-
taching to a sticky surface. 

Examinations 
Holmgren, Per. 2018. Entrained flow studies on biomass 
fuel powder conversion and ash formation. PhD Thesis. 
Umeå University.
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R., Wiinikka, H., Umeki, K. & Broström, M. 2017. Effects 
of pyrolysis conditions and ash formation on gasification 
rates of biomass char. Energy & Fuels. 31

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021



58

Slag properties and material interactions
Project leader: Rainer Backman (UmU)

PhD student(s): Markus Carlborg (until 2018, UmU)

Other participants: Markus Broström (UmU), Charlie Ma (UmU), Rainer Backman (UmU), Karin Sandström (UmU)

Budget: 708 kSEK per year, including 461 kSEK/year in own co-funding

Duration: 2017 - 2021

Measurable targets for the project: PhD equivalents: 1, Peer-reviewed papers: 4
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Background and motivation
The chemical reactions in pressurized gasification are to 
a great extent governed by thermo-chemistry, i.e. chem-
ical phase equilibria and thermal properties like melting 
temperatures, viscosity and surface tension. Particularly 
ash-related issues and reactions between reactor walls 
and ash are critical. Chemical phases formed are not yet 
well described and new information is still needed, both 
on an experimental and a theoretical level. A consistent 
thermodynamic database and reliable viscosity models 
combined with process tools based on sound scientific 
principles would make it possible to avoid costly exper-
iments in large prototype gasifiers regarding develop-
ment, operation and process integration in full scale. 

Project objectives
The first objective was to develop thermochemical and 
thermo-mechanical databases and sub-models, which 
can be subsequently used in various process models, 
both for pilot scale equipment and full-scale plants. The 
second objective was to theoretically and experimental-
ly determine slag properties (melting points and viscosi-
ties), of model slags and samples from pilot scale gasifi-
cation experiments. 

Method(s)
Methods employed include:

The tool used for multicomponent chemical equilibri-
um calculations has been the program FactSage™, 23, 
developed from ChemSage24, and two process related 
development of these two programs, ChemApp25, and 
ChemSheet26. As a supplementary tool, HSC Chemis-
try®27 has been used. 

Molecular dynamics simulations. Structures and atom-
ic motions that reflect in changes in slag viscosity were 
studied in the K-Ca-Si-O system using LAMMPS (Ver-
sion 8 Feb 2019) MD simulation tool with the potential 
function:

Most important results

23 Bale, C. et al. 2016. FactSage thermochemical software and databases, 2010–2016, Calphad 54.
24 Eriksson, G. et.al. 1990. ChemSage - A Computer-Program for the calculation of complex chemical-equilibria. Met. Trans. B 21.
25 Petersen, S. et.al. 2007. The thermochemistry library ChemApp and its application. Int. J. Mater. Res. 98
26 Pajarre, R. et.al. 2016. Constrained and extended free energy minimisation for modelling of processes and materials. Chem. Eng. Sci. 146
27 Roine, A. HSC Chemistry®, Outotec 2020.
28  Yazhenskikh et al. 2011. Critical thermodynamic evaluation of oxide systems relevant to fuel ashes and slags, Part 5: Potassium oxide-alumina-silica – Part 1 – 5. Calphad 

2006-2011.
29  Lindberg, D. et.al. 2013. Towards a comprehensive thermodynamic database for ash-forming elements in biomass and waste combustion — Current situation and future 

developments. Fuel Processing Technology 105
30 SGTE, Scientific Group Thermodata Europe
31 Stanicić, I. et.al. 2019. Combined manganese oxides as oxygen carriers for biomass combustion — Ash interactions. Chem. Eng. Res. and Des. 149
32 Sandström, K. et.al. 2021. Coal ash and limestone interactions in quicklime production. Fuel. 300

A set of thermodynamic data has been compiled based 
on combination of data from three commercially avail-
able data bases and own data. As a basis the FactSage 
database version 7.3 was adopted. By critical compari-
son and evaluation with the database GTOX28 a set of 
consistent data was put together for the system CHON-
S-Cl-P-Ca-K-Na-Mg-Si-Al-Fe, which covers all ash com-
positions for biomass mixtures for both combustion and 
gasification conditions at atmospheric and increased to-
tal pressure. In addition, the data have been combined 
with recent evaluations of the (Ca, K, Na, Mg)(CO3, Cl, 
SO4, S)29. As reference for the GTOX database the SGPS 
pure substance database30 has also been implemented.

The new knowledge gained about the complex phase 
chemistry in ash systems has been utilized in several re-
search works at the TEC-Lab laboratory the most recent 
ones for ash interactions in chemical looping systems31, 
and coal and limestone interaction32.

Three new features are characteristic for the new devel-
opment, (i) the possibilities to incorporate carbonate in 
a slag melt, (ii) quantification of crystals suspended in 
a melt, and (ii) the estimation of presence of two melt 
simultaneously. Gasification at elevated pressure (up 
to 50 bar) increases the stability range of solid/molten 
calcium carbonate to above 1000oC which is a typical 
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temperature of the outer surface of a wall deposit in en-
trained flow gasification reactors. Thus, the rheological 
quality of the deposit is changed, and the growth and 
flow are affected. The quantitative impact of carbonate 
solubility in slag melts is not fully understood. In this 
work no experimental studies were performed, but the 
foundation was made for modeling the viscosity of car-
bonate rich slags.
Presence of solid material in a melt affects the effective 
viscosity of a molten phase. Utilizing the new data, it is 
possible to estimate the portion and speciation of solid 
material in equilibrium with a melt as a function of tem-
perature. Based on the results specific volumes for the 
solids can be estimated, which is the quantity needed 
for accurate determination of the viscosity of solid-liquid 
suspensions. The model also gives information of which 
solid phases are expected to crystallize during cooling 
thus providing a possibility to control the viscosity by 
means of e.g., additives. Data on nucleation kinetics 
must be taken from other sources.
In the project it was found that the local conditions in an 
entrained flow gasifier could give rise to two liquids si-
multaneous, i.e., a high-viscous slag melt and a low-vis-
cous salt melt. This phenomenon has not been detected 
in practical situations but may have considerable impact 
on the wall deposition if it occurs. The new thermody-
namic data can quantitatively predict the portion of two 
molten phases in reducing conditions as demonstrated 
in Figure 1, which shows the mass distribution between 
solids, a salt liquid, and a slag liquid.  Both liquids are 
present in the temperature range 820 to 970oC, a typ-
ical range for wall deposits in entrained flow biomass 
gasifiers. In this range the liquid mixture goes from en-
tire salt liquid at low temperature to entire slag liquid at 
high temperature. Because the model also determines 
the composition of both liquids as well as of the solids, 
the viscosity for both liquids can be estimated. Some 
models for estimation of apparent viscosity of mixed 
systems are available and have been tested.

 

The experimental slag viscosity measurements are 
closely related to the sub-projects “Ash formation and 
transport” and “Slag build-up and containment protec-
tion”. The TEC-Lab facilities have been completed with 
a high-temperature viscometer33, and C. Ma has also es-
tablished a new activity in molecular dynamics modeling 
of relevant systems34,35.

The molecular dynamics simulations were used in two 
studies to investigate the structures and atomic motions 
that reflect in changes in slag viscosity. The first study 
was focused on attaining structural characteristics like 
local ordering (e.g., Si-O bond lengths and angles) and 
medium-range ordering (degree of polymerization) to 
observe their relationships with viscosity. This was facili-
tated with multivariate analyses. Figure 2 gives an exam-
ple of how such characteristics can be correlated with 
viscosity.

 

Figure 1. Calculated portions of two liquids and solids as a 
function of temperature for a typical biomass ash in gasifica-
tion conditions.

33 Ma, C. 2019. Oral presentation at the 2019 SFC conference
34  Ma, C. et.al. 2020. Viscosity of molten CaO-K2O-SiO2 woody biomass ash slags in relation to structural characteristics from molecular dynamics simulation. Chemical 

Engineering Science. 215
35 Ma, C. et.al. 2021. Structures and diffusion motions of K and Ca in biomass ash slags from molecular dynamics simulations. Fuel, 2021, Volume 302, 121072

The theoretical aspect to such observations were dis-
cussed, and in the above example, the weakening of 
Si-O bonds that is associated with decreasing viscosity 
occurs with a reduction in the Si-O-Si angle due to geo-
metric constraints. 

In the second study, the focus was placed on the motion 
of the basic cations (K and Ca) in the silicate network 
melt. It was found that such cations tend to cluster with 
one another (Figure 3), and that the diffusion of K can 
occur via percolation channels.

   

Figure 2. Structural characteristics (Si-O-Si angle) based on 
MD simulations with correlations to viscosity12.
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This has implications on the integrity of the underlying 
silicate network, which ultimately dictates the behavior 
of bulk physical properties including viscosity. The local 
structures of the basic cations were also studied. It was 
found that Ca can integrate better to the silicate net-
work than K, which likely creates differences in their 
impact on viscosity.  

Main conclusions
Multicomponent chemical equilibrium calculations and 
evaluations:

•  Thermodynamic data to estimate the complex ash 
and deposition chemistry is available and several 
databases have been critically evaluated for con-
sistency and practical use. Available databases are 
continuously improving and regular updating of 
the present database is important to retain the ex-
pertise gained in the future.

•  Thermodynamic modeling is shown to be a use-
ful tool both for global and local considerations 
regarding ash reactions and deposition in biomass 
conversion systems. The modeling is required for 
further flow dynamic or process flow modeling and 
provide data for estimation of physical properties 
as viscosity, heat conductivity and surface energy.

•  A useful equilibrium modeling requires combination 
of data and knowledge of several different chem-
ical systems, including oxides, silicates, carbon-
ate-sulfate-chlorides, and phosphates. The present 
database is a comprehensive compilation of best 
available data. Still, uncertainties are considerable.

•  The need of thermodynamically sound descriptions 
of the present molten phases and their relations to 
solid solutions has been recognized. Viscosity mod-
els often require extended information about asso-
ciate species. The development in this direction is 
emerging, both regarding new experimental tech-
niques and molecular modeling.

MD simulations:

•  Si and O atoms tend to form stable SiO4 silicate 
tetrahedral units, where the average Si-O-Si link 
angle varies between approximately 143–150. This 
average Si-O-Si angle correlates positively with re-
ported viscosity values between approximately 0.1–
6500 Pa.s, while Si-O bridging bonds are negatively 
correlated to viscosity and polymerization. 

•  Qualitatively, Si and O atoms form relatively rigid 
tetrahedral units that diffuse together while form-
ing a network with relatively flexible bridging O 
atom bridges. Ca and K act as network modifying 
species by depolymerizing this network via the for-
mation of non-bridging O atoms at the expense of 
bridging O atoms. 

•  Ca was shown to have stronger coordination with 
O atoms in the silicate network compared to K, 
which likely contributes to the higher viscosity in 
slags with lower K2O/(CaO + K2O) ratios at constant 
SiO2 fractions. 

•  K and Ca cations exhibited hopping migration 
through the silicate network. K diffusivity also 
showed dependency on the composition, whereby 
higher Ca contents reduced diffusivity by occupy-
ing regions where K could otherwise have migrated 
through via percolation channels. 

Figure 3. Clustering of K and Ca as depicted by atoms colored according to the number of neighbors of the same species that lie 
within 4 Å: blue = 0, green = 1, red ≥ 2.
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•  The formations of larger ring structures due to sili-
cate network depolymerization was shown to occur 
with increasing diffusivity and lower viscosity, but 
small rings prevailed in the slags due to clusters of 
silicate tetrahedra that formed cohesive structures. 

Reflections from the project leader
This subproject was a part of a broader development 
where the goal was increased competence in calcu-
lating complex multi-component systems and develop 
methods to incorporate equilibrium modules into pro-
cess models. The availability of commercial software 
which are fairly easy to use has motivated a critical ap-
proach, partly to avoid publications containing directly 
wrong results due to lack of expertise. The work was 
also inherently connected to several experimental work 
packages.

The initial plans included experimental studies using a 
high temperature viscometer. It turned out that the in-
strument had some severe limitations foreseen neither 
by us nor the supplier. Thus, it would not have been 
beneficial to complete the experimental plan. While the 

experimental viscosity studies were down prioritized, 
more resources could be put into the MD simulations 
that have proven useful for fundamental understanding 
of slag behavior. Experimental analysis of slag properties 
had overlaps with the B4G subproject “Ash formation 
and transport”, and the main results are presented in 
that section.

Examinations 
Carlborg, Markus. 2018. Refractory corrosion in bio-
mass gasification. Doctoral thesis, Umeå University.

Publications 
Ma, C., Skoglund, N., Carlborg, M., Broström, M. 2021. 
Structures and diffusion motions of K and Ca in biomass 
ash slags from molecular dynamics simulations. Fuel, 
Volume 302, 121072

Ma, C., Skoglund, N., Carlborg, M., Broström, M. 2020. 
Viscosity of molten CaO-K2O-SiO2 woody biomass ash 
slags in relation to structural characteristics from molec-
ular dynamics simulation. Chemical Engineering Science 
215
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Background and motivation
The very reactive ash produced during biomass gasifica-
tion causes material problems and has been identified 
as one of the critical problems to solve. The high tem-
peratures in entrained flow reactors and pressures up to 
30 bar introduce new challenges for material choices. 
Experience gained from coal gasification is of only limit-
ed value due to fundamental differences in ash chemis-
try between coal and biomass. Experimental evaluations 
are needed to identify feasible refractory wall materials 
that fulfil the demands of both high durability and af-
fordable costs. In addition, development of predicting 
models for the attack phenomena is essential in order 
to minimize the number of costly experiments and gain 
a better understanding of how different operational pa-
rameters affect slag build-up and corrosion. 

Project objectives
The overall objective of the project was to provide the 
knowledge needed for choice or design of ceramic ma-
terials able to withstand the harsh environment in an 
entrained flow biomass gasifier. Detailed objectives in-
cluded: i) providing a description of transport and re-
actions of ash forming elements in porous refractories, 
ii) classify commercially available refractory materials by 
means of their resistance against chemical attack from 
slag interaction, iii) determine suitable fuel additives 
for protection of refractory materials, and iv) provide 
science-based guidelines for the selection of refractory 
materials in gasification conditions. 

Method(s)

Lab scale experiments

The influence of time and temperature on the slag infil-
tration depth in three commercially available magnesia 
refractories was investigated in a lab-scale experiment. 
Pellets of potassium dominated ash (forming salt/oxide 
melt) and silicon dominated ash (forming silicate-based 
slag) were placed on top refractory samples and ex-

Slag build-up and containment protection
Project leader: Markus Carlborg (UmU)

PhD student(s): Markus Carlborg (UmU, until 2018), Emil Thorin (UmU), Naresh Warghi (UmU)

Other participants: Rainer Backman (UmU), Markus Broström (UmU), Charlie Ma (UmU), Florian Schmidt (UmU), 
Henrik Wiinikka (RISE-ETC), Alexey Sepman (RISE-ETC) together with RISE ETC technical staff involved in the pilot 
scale experiments.

Budget: 938 kSEK per year, including 691 kSEK/year in own cofunding

Duration: 2017 – 2021

Measurable targets for the project: PhD equivalents: 1, Peer-reviewed papers: 4

posed in a tube furnace at different temperatures and 
with an atmosphere of approximately 1 bar of CO2.  A 
cross section of an exposed sample is shown in Fig. 1. 

 

The formation of new crystalline compounds from  
the lining candidates corundum (Al2O3) and hibonite 
(CaAl12O19) together with ash from forest residues, 
wheat straw, and a mixture of these were investigat-
ed in a lab-scale study. In a refractory material a small 
amount of binding phase is commonly present together 
with the main phase, and in the case of these two ma-
terials the binding phase being Ca-aluminates resulting 
in a near identical elemental composition of the two re-
fractories. Powdered refractory and ashes were mixed in 
a 1:1 mass ratio and pressed to pellets. These were then 
inserted in a tube furnace at 550°C, and ramped with 
3°C/minute to 1250°C and held for 1, respectively 10 
hours. The exposed material was photographed every 
20th second during the whole experiment to monitor 
swelling/shrinking. After the exposure, part of the pellet 
was crushed and prepared for investigation with X-ray 
diffraction, and part was saved for investigation of mor-
phology and elemental distribution with SEM-EDS.

Figure 1. SEM cross section of a refractory sample exposed 
to olive pomace ash for 15 minutes at 1400°C. Remnants of 
the ash pellet is visible as a bright part on top of the sample. 
Infiltrated matrix part of the material is visible as a bright color 
in between the large grains in the upper half of the refractory.
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Pilot scale experiments
Refractory materials have been exposed to the hot cor-
rosive environment inside pilot scale gasifiers under 
well-defined conditions. Test pieces of material were in-
serted on probes, allowing exposure inside the reactor 
without influence of any slag flow on the reactor wall. 
Positions were chosen to represent average conditions 
inside the gasifier. Materials were carefully selected to 
represent different compositions considered interesting 
or potentially beneficial in the specific atmosphere, and 
considering what materials were commercially available, 
and what materials could be further developed for the 
application. Probe positions and photos of exposed 
probes are shown in Fig. 2. Samples were analyzed with 
SEM-EDX for morphology and elemental composition 
and XRD for phase composition. 

  

 

Analysis of spent refractory from black liquor gas-
ification (DP1)

Spinel (MgAl2O4) has emerged as a suitable refractory 
in entrained flow gasification of black liquor, and more 
specifically the fused cast type of rather than sintered 
bricks. Refractories from a demonstration plant for black 
liquor gasification was extracted and investigated after 
being in service for up to 15 000 hours. Microstructure, 
chemical composition and distribution, and crystalline 
composition was characterized.

Most important results
The work is both theoretical and experimental using 
thermodynamic high-temperature melting models, and 
high temperature exposure of several combinations of 
ceramic material and ash composition. Long-term ex-
posure experiments have been made with synthetic 
mixtures representing realistic biomass compositions. 
Several types of high temperature refractory lining ma-
terials have been tested, both standard fireproof bricks 
and more advanced materials, like chromite. In addition, 
exposure experiments with different lining materials and 
fuels have been performed in pilot scale gasifiers and 
complemented with lab scale studies. 

DP1: Sodium aluminate (NaAlO2) forms from spinel 
(MgAl2O4) bricks exposed to black liquor gasification. In 
fused cast materials, a surface layer forms at the refrac-
tory/melt interface but the reaction product can also be 
found in areas rich in pores in the material interior. In 
sintered type of materials, a great amount of formation 
product is found throughout the material, gradually de-
clining with distance from the hot face. Following the 
formation of sodium aluminate from spinel comes a 
great increase in volume and thereby the risk of material 
failure due to spallation. A lack of MgO, both original-
ly present in the fused cast materials, and what should 
have been present from the reaction of spinel was ob-
served in the affected parts of the materials, believed 
to be dissolved in the melt. This material loss mitigates 
the overall volume expansion, leaving some room for 
the formation product. A slight surplus of MgO in the 
refractory can in theory create enough space for the cor-
rosion product to expand into so that the overall differ-
ence in volume of reacted/unreacted material is so small 
that failure can be delayed. These results are summa-
rized and discussed in a PhD thesis36.

 

Figure 2. Corrosion probes from the RISE-ETC gasifier.

36 Carlborg, M. 2018. Refractory corrosion in biomass gasification. Doctoral thesis, Umeå University.
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Pilot scale atmospheric entrained flow gasifier 1.

The chemical attack on 8 different refractory materials 
exposed to gasification environment was evaluated and 
published37. In the pilot-scale materials exposure tests, all 
eight materials showed signs of wear after 6 and 27 h ex-
posure. Fused cast spinel seemed least affected in terms 
of slag intrusion and formation of new phases. The slag 
on refractory probes all had higher Al concentrations 
than ash slag collected on a graphite probe, indicating 
that Al is being dissolved from all materials. Mainly peri-
clase but also spinel was dissolved from the fused cast 
spinel. Castables with high Si content showed less intru-
sion than those with low Si content. This is attributed to 
the altered slag composition followed by changes in vis-

cosity. The zircon brick showed signs of failure by disso-
lution of the binding mullite phase which led to removal 
of zircon grains from the material surface. These grains 
also dissociated into a silicate melt and zirconia parti-
cles, which was in contradiction to the thermochemical 
equilibrium calculations. Anorthite was formed in the 
corundum castable, mullite castable, and SiC-corundum 
castable. Spinel was the only new phase detected in the 
hibonite castable even though TECs predicted mainly an-
orthite and Ca-Mg-aluminate, with only minor levels of 
spinel. The most important material property identified 
here was the impermeability of the fused cast type, pro-
hibiting deep infiltration and thereby extensive reactions 
at an otherwise early stage. The seemingly slow reaction 
rate of hibonite compared to corundum presents an al-
ternative material worthy of further investigation. These 
results were summarized in a PhD thesis1. 

Pilot scale atmospheric entrained flow gasifier 2.

During a follow up pilot scale study, 6 different mate-
rials were exposed. This time with a refined selection 
of materials based on the results of the previous tests. 
The properties of structure (sintered versus fused cast) 
and chemistry (spinel and alumina-zirconia-silica) were 
isolated in this study. Hibonite was exposed to further 
investigate its seemingly slow-reacting nature, and a sin-
tered type of high MgO brick was used to complement 
the spinel material. Detailed chemical analysis and re-
porting is still ongoing. 

Laboratory scale exposure study 1

To further investigate the differences of hibonite and 
corundum to form new crystalline compounds, a ded-
icated lab-scale study was initiated. Mixtures of pow-
dered refractory materials and ash from bark, wheat 
straw and a mixture of these were heated to 1250°C 
(average probe) and held for 1 respectively 10 hours. 
Differences in swelling and shrinking behaviours have 
been documented (Figure 5); detailed chemical analysis 
to be reported and published in late 2021 is ongoing. 

 

Figure 3: SEM image and Elemental maps of the interface re-
gion between sodium aluminate and spinel-periclase refractory. 

37  Carlborg, M. et.al. 2018. Exposure of refractory materials during high-temperature gasification of a woody biomass and peat mixture. Journal of the European 
Ceramic Society. 38.

Figure 4. Change in linear expansion during formation of NaA-
lO2 from spinel and spinel+periclase. 1) the total mass is pre-
served, 2) MgO is removed as NaAlO2 forms from MgAl2O4, 
and 3) MgO is removed from an equimolar amount of spinel 
and periclase during formation of sodium aluminate.

Figure 5. Pulverized refractory and ash mixture (forest residues 
+ wheat straw) pellets heated from 550°C to 1250 and held 
for 10 hours.
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Laboratory scale exposure study 2

From the lab exposure of periclase bricks exposed to a 
silica rich, and a silica lean ash, temperature appeared to 
be the most important factor for slag infiltration for the 
investigated variable range. The silica lean ash (Figure 
6) intruded the furthest and preliminary results is indi-
cating that capillary action dictates the distribution of 
the liquid phase within the material. The silica rich slag 
did not infiltrate the material to the same extent but 
filled all accessible voids between the surface and fur-
thest infiltration depth. In contrast to the silica lean ash, 
this slag seems to be more strongly restricted by melt 
viscosity, not showing as strong effects of distribution 
by capillary action. Predictive models for the depth of 
slag intrusion within the variable ranges for each mate-
rial/ash combination were constructed from the results. 
The first paper within the scope of this this subject is 
planned be submitted for publication in late 2021.

Main conclusions
A completely inert material has, as expected, not been 
identified. The best alternative seems to be controlled 
and predictable corrosion, where measures is taken 
to minimize both the rate and the effects. In terms of 
microstructure, a non-permeable material such as the 
fused cast type limits the contact surface to the hot face 
rather than a material volume, as is the case with sin-
tered materials. Capillary action is responsible for infil-
tration and concentrates ash forming elements to fine 
structures in the material when a low-viscosity melt is 
present. This effect is weakened when the melt is rich 
in silica and more viscous. Regarding the chemistry of 
materials, it is not yet clear what the best option is, as it 
depends very much on the ash composition, i.e., what 
feedstock and possible additives are used. Zirconina 
(ZrO2), and hibonite (CaAl12O19) did however form little 
or no new crystalline phases in contact with the tested 
combinations of ash and refractory. Spinel (MgAl2O4) 
has shown similar properties when exposed to forest 
residues. Materials composed of a mixture of alumina 
and silica extensively forms ternary phases when ex-
posed to gasification environments and the risk of spall-

ation is therefore very high; a mechanism responsible 
for severe problems due to high material removal rates 
if allowed to happen. Lack of new crystalline phases is 
however no guarantee against material dissolution, and 
partial dissolution have been observed in all studied cas-
es. Fuel mixtures to saturate the slag in major or key 
refractory elements is a possible solution that should be 
considered in future studies, but that route is limited by 
1) availability to suitable fuels/additives, and 2) the fact 
that slag viscosity is a property that must be prioritized 
to ensure removal for the process to be working at all. 
However, if kept at a moderate rate, dissolution is usual-
ly a less severe failure mechanism than spallation.

Reflections from the project leader
The project has combined pilot scale studies, inherent-
ly difficult to control in detail, with dedicated lab scale 
investigations, in order to increase both fundamental 
and applied knowledge useful for the development of 
entrained flow biomass gasifiers. The tasks described 
above have a clear progression where the latter studies 
were planned based on recent findings. Future studies 
should include: i) A detailed investigation of the materi-
als tested in Pilot scale atmospheric entrained flow gas-
ifier 2 since our preliminary results indicate interesting 
properties, but also uncertainties related to the parame-
ters difficult to control in a pilot scale setup. ii) Dedicated 
studies to quantify spallation. iii) Dedicated studies aim-
ing at forming a less corrosive slag by matching fuel and 
refractory compositions. 

Examinations 
Carlborg, Markus. 2018. Refractory corrosion in bio-
mass gasification. Doctoral thesis, Umeå University.

Publications 

Carlborg, M., Weiland, F., Ma, C., Backman, R., Landälv, 
I. & Wiinikka, H. 2018. Exposure of refractory materials 
during high-temperature gasification of a woody bio-
mass and peat mixture. Journal of the European Ceram-
ic Society, 38

Figure 6. Electron image and elemental maps for main refractory component Mg, and main infiltrating ash forming element K. 
Image height is approximately 750 µm. Potassium is seemingly confined to the finer parts of the microstructure rather than the 
coarser parts. 
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Background and motivation
Cyclone gasification is a robust gasification process that 
can work with a variety of low-grade fuels and that has 
the potential to be profitable in relatively small scale (1 
– 20 MW). At the same time, the varying fuel properties 
and the range of scales present a challenge to the pro-
cess designer. A validated process simulation tool that is 
based on sound scientific principles would make it pos-
sible to meet this challenge without having to resort to 
costly experiments in large prototype gasifiers.

Project objectives

The goal of this project was to improve a process model 
based on a detailed CFD model that accounts for multi-
phase flow with turbulent heat transfer and chemical re-
actions. The model should be able to predict, with high 
accuracy, cold gas efficiency, the amount of unconvert-
ed char from the gasifier, carry-over of small particles in 
the syngas and the detailed composition of the syngas.

Method(s) and work plan
•  Experiments for validation of the models were done in 

the MEVA Energy commercial gasifier at Hortlax (ex-
periments were carried out in other projects).

•  The CFD-model was implemented in the ANSYS-CFX 
code and based on a Lagrangian-Eulerian multi-phase 
flow approach. Turbulence was modelled both with 
a Reynolds Averaged Navier Stokes (RANS) approach 
and with Large Eddy Simulation (LES). The turbulence 
modeling in the RANS approach was done with both 
eddy viscosity type models and Reynolds Stress Trans-
port models.

Most important results
•  Assessment of advanced turbulence models by com-

parison with detailed single-phase flow experiments 
in a cyclone 

•  Assessment of advanced turbulent multi-phase flow 
models by comparison to detailed multi-phase flow 
experiments in a cyclone 

•  Estimation of the combined effect on numerical errors 
from the gas phase and solid phase model in strongly 
swirling flows

•  Modeling of particle-laden cold flow in a cyclone gas-
ifier

•  Effect of process parameters on the performance of 
an air-blown entrained flow cyclone gasifier

Main conclusions
•  Addition of the heterogeneous and homogeneous 

reaction scheme to a multi-phase flow model and as-
sessment against existing experimental data

•  Revision of the particle conversion sub-model in the 
CFD model

•  Revision of the gas phase sub-model with respect to 
methane conversion

•  Careful assessment of mass, energy and element con-
servation in the improved CFD model

•  Addition of an improved solid particle conversion 
model to the reacting flow model.

•  Adjustment of the multiphase flow treatment to in-
clude the effects of the “rocket force” from ejection 
of pyrolysis gas.

•  Development of scaling laws and approximate rules of 
thumb for the design of cyclone gasifiers

Reflections from the project leader
The gasification model that has been developed in this 
project is based on a model that was developed for 
black liquor gasification in the period 2004-2010. The 
model has been further developed with respect to the 
fuel particle conversion, which is significantly different 
to that of black liquor. A significant effort has also been 
made to improve the turbulence model to make it bet-
ter able to describe the flow inside a cyclone gasifier. 
Overall, the development has been a success, which is 
demonstrated by the good agreement with experiments 
using different fuels and different process settings. The 

CFD modeling of entrained flow gasifiers
Project leader: Gunnar Hellström (LTU), (Rikard Gebart until 2018)

PhD student(s):  Pantea Hadi Jafari (LTU)

Other people: Rikard Gebart (LTU), Mikael Risberg (LTU), Kentaro Umeki (LTU), Muhammad Aqib Chishty (LTU),  
Anders Wingren (Meva Energy), Niclas Davidsson (Meva Energy), Daniel Eriksson (Pite Energi)

Budget: 900 kSEK per year

Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 0.5, Peer-reviewed publications: 5
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good collaboration with the company Meva Energy 
has also made it possible to validate the model against 
industrial scale experiments and to use the model for 
process optimisation that was later implemented in the 
Meva gasifier in Hortlax. For the students and postdocs 
that have been involved in the project, the collaboration 
with a commercial company has led to a much better 
understanding about the drivers and limitations for in-
dustrial R&D. 

Another important collaboration has been with the 
sub-project Fuel conversion in entrained flow gasifiers, 
in which detailed experiments with high-speed video 
has made it possible to resolve and track the behaviour 
of fuel particles in entrained flow gasifiers. It is clear 
from these experiments that there is more work to be 
done on the modelling before we can claim that we 
have included all significant phenomena. In particular, 
it has become clear that the multiphase flow modelling 
will need to include the effect of the so-called rocket 
effect that comes from directional release of high-speed 
pyrolysis gas. However, at the same time one may con-
clude that the existing model is good enough to be 
used for engineering design optimisation in combina-
tion with additional experiments to verify the resulting 
optimal design.

Examinations 
Hadi Jafari, Pantea. 2018. Numerical modeling of cy-
clone gasification. Licentiate thesis, Luleå University of 
Technology

Publications 
Chishty, M. A., Umeki, K., Risberg, M., Wingren, A., & 
Gebart, R. (2021). Numerical simulation of a biomass cy-
clone gasifier: Effects of operating conditions on gasifier 
performance. Fuel Processing Technology, 218. https://
doi.org/10.1016/j.fuproc.2021.106861

Jafari, P.H., Wingren, A., Hellström, J.G.I. and Gebart, 
R. (2020). Effect of process parameters on the perfor-
mance of an air-blown entrained flow cyclone gasifier. 
International Journal of Sustainable Energy, Vol. 39, No. 
1, pp. 21-40.

Jafari, P.H., Risberg, M., Hellström, J.G.I. and Gebart, R. 
(2020). Numerical Simulation of Biomass Gasification in 
an Entrained Flow Cyclone Gasifier. Energy & Fuels, Vol. 
34, No. 2, pp. 1870-1882.

Jafari, P.H., Misiulia, D., Hellström, J.G.I. and Gebart, R. 
(2018). Modeling of Particle-Laden Cold Flow in a Cy-
clone Gasifier. Journal of Fluids Engineering, Vol. 141, 
No. 2. 

Jafari, P.H. (2018). Numerical Modeling of Cyclone Gas-
ification. Licentiate thesis, Luleå University of Technol-
ogy. 

Jafari, P., Hellström, J.G.I. and Gebart, R. (2017). Turbu-
lence Modelling of a Single-Phase Flow Cyclone Gasifier. 
Engineering, 9, pp. 779-799
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Background and motivation
Gas turbines integrated with biomass gasification in a 
combined cycle power plant (Bio-IGCC) provides a path 
to power production with very high efficiency. Over 
60% fuel-to-power efficiency has been demonstrated 
with natural gas. The fast ramp and relatively low cost 
make Bio-IGCC via gas turbines the ideal complement 
to intermittent power from wind turbines and PV cells.

However, gas turbines are optimized for fossil fuels (nat-
ural gas, propane, kerosene etc.) that differ significantly 
from syngas. The main difference from a combustion 
point of syngas fuels is that the heating value is low-
er, and the flame speed is higher than for natural gas. 
The syngas can also contain contaminants (e.g., tar 
and aerosols) that are potentially harmful to the gas 
turbine, hence they need to be removed. In particular, 
gas turbines are notoriously sensitive to impurities in the 
flue gas since they can create deposits on blades and 
other internal surfaces that might lead to catastrophic 
failure of the gas turbine. Current commercial gas tur-
bines need to be validated with syngas as fuel before 
the manufacturers can give guarantees for the perfor-
mance. Most likely there will be a need for modifications 
of the combustion chambers. Depending on the heat-
ing value of the gas there might be a need for redesign 
of the compressor and turbine stages in the engine as 
well. The cost for this work will be significantly reduced 
if some or all the work can be done theoretically using 
computational fluid dynamics.

 

Project objectives
The goal of this project was to develop a CFD-based 
combustion model that can predict important engineer-
ing design parameters for combustion of real syngas 
under gas turbine conditions (high pressure, premixed 
combustion). The final purpose of the model was to en-
able engineering optimization of combustion chambers 
for synthesis gas, including flame stability and key ther-
modynamic parameters.

Method(s)
Experimental/modelling methods

Experiments for validation of the CFD-model were done 
in the Siemens gas turbine laboratory in Finspång and 
in the CECOST burner in the Combustion Physics labo-
ratory, Lund. There were also collaborations with other 
experimental sub projects within Bio4Gasification. 

The CFD model was developed using the Star-CCM+ 
code. Initially, the Flamelet Generated Manifold (FGM) 
and Eddy Break Up (EBU) models were used in combi-
nation with a Reynolds Averaged Navier-Stokes (RANS) 
turbulence model. The next step was to use a more so-
phisticated model for turbulent combustion based on 
Large Eddy Simulation (LES). Both types of models have 
advantages and drawbacks. The main differences are 
that the LES model is much more demanding on com-
puter resources and that the RANS approach is unable 
to predict some features that the LES can predict, e.g., 
flashback and flame lift-off. Both RANS and LES will be 
used in parallel for many years into the future.

CFD modeling of raw syngas combustion
Project leader: Rikard Gebart (LTU)

PhD student(s): Nikolaos Papafilippou (LTU)

Other people: Kentaro Umeki (LTU), Muhammad Aqib Chishty (LTU), Daniel Lörstad (Siemens),  
Jenny Larfeldt (Siemens)

Budget: 900 kSEK per year

Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 0.5, Peer-reviewed publications: 2

Figure 1. Siemens industrial gas turbine (left) and simulation results with two different fuels for the TECFLAM idealised gas 
turbine burner (methane to the left and a clean syngas from Black Liquor to the right).
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Most important results
A first model based on the FGM approach was devel-
oped, using the TECFLAM idealised geometry as a test 
case. Example results are shown in Figure 1, and they 
have been published at the Flow Turbulence and Com-
bustion journal (2021). The conclusion from this work 
is that the FGM model is superior to the EBU model. 
The main advantage is that the FGM model makes it 
possible to account for complex chemistry, e.g., by us-
ing the GRI-MECH chemical kinetics mechanism, which 
uses more than three hundred reactions. The agreement 
between the model and the TECFLAM experiments is 
encouraging but the diffusion seems to be weaker in 
the model than in the experiments. This is surprising 
since usually turbulence models tend to overestimate 
diffusion. It is also clear from the comparison to experi-
ments that radiation must be accounted for. In addition, 
the laminar flame speed is directly related to the flame 
shape when using the Coherent Flame Model (CFM) 
for flame propagation in the FGM framework. Results 
showing this for different fuels are shown in Figure 2.

Figure 2. Superimposed flame shapes for four different fuels. 
The flame shapes are illustrated by iso-surfaces for the con-
centration of the hydroxyl radical. The laminar flame speeds 
SL for all fuels are also shown.

It can be seen from Figure 2 that the flame front bends 
towards the inlet, based on the magnitude of the lam-
inar flame speed. The larger the SL the more the flame 
front bends away from the axial direction. From this 
study it was also shown that the flame shape is not 
affected by the gas heating value but more from the 
laminar flame speed. That stems from the fact that fuels 
with similar flame speed, but different heating values 
exhibited almost identical flame fronts. Furthermore, 
due to the much higher axial velocities experienced by 
the syngas fuels, the Inner Recirculation Zone that is cre-
ated in such flows was much weaker compared to that 
with methane. However, the Outer Recirculation Zone 
was unaffected by this. 

The next task was to simulate the CECOST burner, which 
is an idealised gas turbine burner that has been de-
signed by Lund University. Validation experiments were 
carried out in collaboration with Professor Bai's group 
at Lund University. The gas mixtures that were used in 
the CECOST experiments were based on experimental 
data from black liquor gasification. The validation ex-
periments were characterised with non-intrusive optical 
methods and were aimed at determining the limits for 
flame stability. 

The CECOST simulations are at the time of this writing 
still in progress and have started using the model that 
was developed for the TECFLAM case. Initial simulations 
have also been performed using LES. The main difficulty 
that has been experienced so far is that it is difficult to 
generate a high-quality mesh in the vicinity of the swirl 
guide vanes (see Figure 3). The meshing needs addition-
al optimisation, but it has been possible to obtain com-
pletely converged solutions by tweaking the numerical 
control parameters and using a large number of itera-
tions.
 

Figure 3. Geometry of the CECOST burner. The left side shows 
the whole geometry while the right side shows a close-up of 
the swirl register where it is difficult to avoid control volumes 
with poor quality.

A current approach to the CECOST burner that is being 
investigated is to sub divide the geometry in two parts 
and to solve them sequentially. The truncation is done 
midway between the swirler and the combustion cham-
ber. The upstream geometry (lower part in the figure) 
with the geometrically complex swirler is solved first, us-
ing a simple Neumann boundary condition (zero normal 
derivatives for all variables except pressure) at the down-
stream side. The result from a cross section a short dis-
tance before the outlet boundary is stored and used as 
boundary condition for the solution of the downstream 
region with the combustion chamber. The advantage 
with this approach is that the total computational time 
is reduced with one order of magnitude compared to 
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solving the complete geometry with the same grid reso-
lution. Another way of expressing this is that a solution 
of the full geometry will require a state-of-the-art super-
computer while the truncated geometry approach only 
requires an engineering workstation (state-of-the-art 
personal computer). As seen from Figure 4, the mesh-
ing of the swirler is extremely fine, difficult to produce 
and slows down simulation time due to the added cells 
and complexity.

It was found that the truncated cases over-predicted 
peak values of velocity components and recirculation 
zone intensity, but that the general trends were cap-
tured accurately. This comparison is made with the full 
geometry that includes the swirler. The relative errors 
associated with the truncation cases were estimated 
with Richardson extrapolation and were found to be 
less than 5% compared to the full geometry. The results 
with the two truncated cases agreed well with each oth-
er and it is therefore concluded that the simpler of the 
two cases can be used without loss of accuracy.

Main conclusions
•  The flame shape of the fuel seems to be directly relat-

ed to the laminar flame speed when using the CFM 
flame propagation model in the FGM framework. 

•  Fuels with higher propagation velocity experience 
shorter flame fronts that are bended towards the inlet 
of the burner (Figure 2).

•  Fuels with different heating values but similar laminar 
flame speeds produced identical flame fronts.

•  Truncation of complex geometry can be a valid solu-
tion when delivery of CFD results is critical, however 
loss of accuracy should be expected. Work is still on-
going for this issue and a generalized percentage for 
accuracy loss cannot be provided at this point.

Reflections from the project leader
This project was started to support the on-going devel-
opment of fuel flexible gas turbines that can be used 
with biomass syngas containing high concentrations of 
CO and H2. The project started from scratch with a new 
student, which meant that it took some time to produce 
the first results. Despite this, progress has been steady, 
and we have made significant progress with RANS-
based modelling. However, the interest from the indus-
try lies primarily in LES-based modelling since this is the 
only way to be able to capture the important phenome-
na of flash-back and thermo-acoustic instabilities. In the 
project, we are only at the beginning of this develop-
ment, but we intend to continue in the same direction, 
with other funding, after the end of the SFC-program.

Thanks to the collaboration with our industrial partner 
Siemens Industrial Turbines, we have also started a col-
laboration with Lund University (Professor Bai’s group) 
and through them we have obtained experimental data 
for combustion in a generic gas turbine combustor. 
The syngas that they used was defined by us based on 
previous experimental results from the DP1 and PEBG 

Figure 4. Swirler mesh of the CECOST burner.

For this study two truncation approaches were investi-
gated, first running the full geometry as a benchmark 
case, and then using the result at the corresponding 
cross-section as boundary condition for the truncation 
case. Special care was needed to interpolate the results 
to the nodal positions of the mesh in the truncated case, 
which differed from those of the full geometry case. An 
alternative approach was to simulate only the upstream 
geometry (before the combustion chamber) and then 
using the result close to the outlet as boundary condi-
tion for the downstream truncated geometry. Again, a 
careful interpolation was done to the nodal positions of 
the downstream grid. Figure 5 shows how the trunca-
tions and transfer of data were done for the two alter-
natives.

Figure 5. Left: full geometry and boundary condition transfer 
to the first truncated case. Right: upstream geometry simulat-
ed and boundary condition transfer to truncation case 2.
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gasifiers in Piteå. The pandemic has slowed down the 
experimental development, but we hope to get the re-
sults from a second round of experiments in Lund early 
next year. These data will become important for the val-
idation of the new LES model that we are developing. 
The aim with this development is primarily to be able to 
predict flashback but long term we also hope to be able 
to use it for thermoacoustic feedback predictions.

Future work may include

•  Addition of the heterogeneous and homogeneous 
reaction scheme to a multi-phase flow model and as-
sessment against existing experimental data

•  Revision of the particle conversion sub-model in the 
CFD model

•  Revision of the gas phase sub-model with respect to 
methane conversion

•  Careful assessment of mass, energy and element con-
servation in the improved CFD model

•  Addition of an improved solid particle conversion 
model to the reacting flow model.

•  Adjustment of the multiphase flow treatment to in-
clude the effects of the “rocket force” from ejection 
of pyrolysis gas.

•  Development of scaling laws and approximate rules of 
thumb for the design of cyclone gasifiers

Examinations 
Papafilippou, Nikolaos. March 2022. Title pending. Li-
centiate thesis, Luleå University of Technology

Publications 
Papafilippou, N., Chishty, M.A. & Gebart, R. On the 
Flame Shape in a Premixed Swirl Stabilised Burner and 
its Dependence on the Laminar Flame Speed. Flow 
Turbulence Combust (2021). https://doi.org/10.1007/
s10494-021-00279-6

Papafilippou, N., Gebart, R., Chishty, M.A., Simulation 
of premixed syngas combustion in gas turbines, Nordic 
Flame Days, Åbo, 2019
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Fuel conversion in entrained flow gasifiers
Project leader: Kentaro Umeki

PhD student(s):  Albert Bach Oller (2017-2018), Angel David Garcia Llamas, Thamali Rajika Jayawickrama, Aekju-
thon Phonglamcheik, LTU

Other people: Albert Bach Oller (2019-2020), Rikard Gebart, LTU; Markus Broström, UmU

Budget: 1500 kSEK per year

Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 2, Peer-reviewed publications: 8

Background and motivation
Successful industrialization of gasification processes de-
pends not only on the conversion efficiency but also on 
its reliable operation. One of the major causes of inter-
ruption in the gasification process operation is a trace 
of unconverted carbon in syngas in the form of char, 
tar, and soot. As the residence time of fuel particles in 
entrained flow gasifiers is short (i.e., a few seconds), the 
degree of fuel conversion is significantly affected by the 
details of gas-solid mixing, flow fields, and mass and 
heat transfer, among others. 

It is essential to elucidate fuel conversion in extreme 
conditions that appears near burner zones (e.g., high 
heating rate above 105 K/s, a timescale of a few ms), in-
cluding the effect of transport phenomena (heat, mass, 
and momentum) to improve the process reliability of 
entrained flow gasification processes. Improved under-
standing of the fundamental fuel conversion processes 
can be used to suggest primary measures to promote 
fuel conversion and improve the reliability of the pro-
cess. Two such examples are process intensification 
(flow manipulation technique) and alkali catalyst.

Modern process optimization of gasification processes is 
often carried out through an extensive parameter study 
by reactor-scale CFD simulation. The accuracy of such 
CFD simulation relies on the accurate description of fuel 
conversion sub-models. An improved understanding of 
physical and chemical processes from this project can 
also contribute to developing and refining sub-models 
used in such simulations.

Project objectives
The overall aim of this project was to improve fuel con-
version, i.e., reducing unconverted carbon in the form 
of char, tar, and soot in syngas. Specifically, the objec-
tives of this project were to:

(1)  elucidate the catalytic activity of alkali species fur-
ther, including the interaction with other inorgan-
ic species and the alkali enrichment methods to 
generalize the observation.

(2)  provide detailed velocity data of particle-laden jet 
flow and additional information of reactions such 
as gas composition and particle temperature; and

(3)  refine currently available sub-models for fuel con-
version.

Methods
Modeling work was carried out by particle-resolved flow 
simulation using the OpenFOAM platform. Fuel conver-
sion and surrounding gas flow of either one or several 
static particle(s) are resolved and calculated numerically. 
Experiments were carried out in various experimental 
apparatus specialized for extracting various aspects of 
fuel conversion, as shown in Fig. 1. The summary of 
each experimental apparatus is listed below.

•  Drop tube reactor (DTR): Biomass can be fed to con-
trolled reaction conditions of max. T=1400 °C and 
various reaction agents (O2-CO2-H2O). The DTR is 
suitable for parametric studies and kinetic studies.

•  Single-particle converter (SPC): Single biomass 
particles with particle size relevant for entrained 
flow gasifiers can be inserted into the hot reactive 
gas flow (ca. 1200 °C, O2-CO2-H2O-CO-H2). The 
change in temperature and particle size during fuel 
conversion can be estimated by filming particles 
during reactions.

•  Flat flame pulverized burner (FFPB): Pulverized 
biomass entrained to the gas jet is exposed to a 
reactive gas environment by going through a flat 
flame. This reactor is useful for measuring how par-
ticle interactions affect the ignition and burnout of 
particles.

Figure 1. Various experimental apparatus used in this project. 
From left to right: drop tube reactor (DTR); single-particle con-
verter (SPC); and flat flame pulverized burner (FFPB).
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Most important results
We have investigated the catalytic activity of alkali salts 
(e.g., K2CO3) on the yield of unconverted carbon, espe-
cially focusing on the effect of impregnation methods 
and the interaction with other ash-forming elements. 
As shown in Fig. 2, significant catalytic effects were ob-
served even without direct physical contact between al-
kali salts and fuels. It is because there is a transfer mech-
anism of alkali metals via evaporation in the gas phase. 
Meanwhile, Si-rich fuels showed less effect from alkali 
salts due to encapsulation of carbon matrix in silicate 
melts.  The results also showed that alkali salts also have 
effects to suppress tar and soot formation by inhibiting 
the growth of aromatic ring clusters in tar.

   

directions. Interestingly, the particle size had effects on 
its response to the vortex rings. Smaller particles (i.e., less 
inertia) tend to disperse radially and upward along with 
the vortex rings. On the other hand, the largest particle 
fraction did not respond to vortex rings. In other sets of 
experiments with a time-resolved imaging technique, a 
significant rocket-like force from the sudden release of 
volatiles was observed, significantly altering the particle 
velocity significantly, as shown in Fig. 3. However, the 
increase in the drag-to-gravity ratio, due to density loss, 
was more statistically significant for the bulk particle ve-
locity. In the light of this observation, a new shortcut 
model for the change in size and density during char 
gasification was developed using a prescribed correla-
tion between reaction kinetics and mass diffusion rates.

 

Figure 2. left: Effect of alkali impregnation methods and orig-
inal biomass types (bark: high Ca forest residue; straw: for 
high Si agricultural residue) on char yield from DTR at 1000 
°C; right: in-situ observation of char morphology during char 
gasification with CO2 in a hot-stage microscope.

Following successful trials of soot suppression with 
acoustic excitation in a laboratory-scale jet burner, quan-
titative velocity field measurement of biomass parti-
cle-laden jet flow was carried out. While pulverized pine 
particles tend to form agglomerates in natural jet flow 
without acoustic excitation, a large vortex ring formed 
by acoustic excitation helped disperse particles in radial 

Figure 3. Particle exhibiting jet effect. Particles in black, grey 
areas are dispersed incandescent matter, and arrows represent 
velocity vectors.

The effect of Stefan flow (outgoing gas flow due to 
chemical reactions) and neighbor particles on fuel con-
version were investigated with highly resolved numerical 
simulation (PR-DNS or particle resolved direct numerical 
simulation). Simple models that describe the decreases 
in drag coefficient and Nusselt number (heat transfer 
coefficient) were developed based on the observation 
of boundary layer expansion and the change in average 
boundary layer temperature. Unlike the previous models 
with many fitting parameters, the developed model pre-
dicted the change in drag coefficient for both negative 
and positive Stefan flow (see Fig. 4). When more than 
two particles exist in proximity, the Stefan flows from 
one particle affected the other neighboring particles. 
In a most extreme case, Stefan flows could propel the 
neighboring particles.
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Figure 4. left: Velocity magnitude map with contour lines sur-
rounding the sphere at Re = 13.96. Upper half without Stefan 
flow and lower half with Stefan flow; right: Drag coefficient as 
a function of the Resf, for different Re.

Main conclusions
Two methods that had been proposed, namely alka-
li-catalyzed gasification and flow manipulation tech-
niques, proved to be quite efficient to improve fuel con-
version in entrained flow gasifiers. 

The experimental results revealed two new pathways of 
alkali salts to affect fuel conversion. First, alkali metal 
atoms can migrate from salts to char matrix via RedOx 
cycles, including gas-phase elements. Second, it showed 
a strong effect to inhibit the growth of aromatic ring 
clusters in tar, mainly by destroying C2 hydrocarbon. 
Meanwhile, understanding the interaction of alkali met-
als with other ash-forming elements, such as Si, was 
critical to exploit the role of alkali salts to promote fuel 
conversion.

Time-resolved in-situ observation of fuel conversion 
resulted in the detailed quantification of fuel particle 
morphology and velocity fields. For the first time, it 
demonstrated the importance of reaction-induced flows 
to predict particle flow fields. Newly observed details of 
fuel conversion are not reflected even in the state-of-
the-art CFD models, and the future development of the 
CFD model should consider these uncertainties. Some 
of these issues have already been addressed within 
this project, for example, the effect of Stefan flow on 
gas-solid interaction models and a realistic description 
of the size and density changes due to fuel conversion. 

Reflections from the project leader
Despite a long list of literature related to fuel conver-
sion during biomass gasification, we still discovered sev-
eral important physical and chemical phenomena. It is 
mainly thanks to the continuous improvement of exper-
imental methods, which can shed light on phenomena 
that could not be observable previously. Fundamental 
investigations of fuel conversion have often resulted in 
the proposal of new operation strategies or gasification 
concepts. Therefore, a fundamental understanding of 
fuel conversion should have a central role in developing 
robust, high-efficient biomass gasification technologies 
even in the future. Here, it should be emphasized that 
mimicking and replicating the industrially relevant con-
ditions in the laboratory is of extreme importance when 
designing fundamental fuel conversion experiments.

Examinations
Phounglamcheik, Aekjuthon. 2021. Bio-coal for the 
sustainable industry: A scientific approach to optimizing 
production, storage, and usages, Doctoral thesis, Luleå 
University of Technology 

Jayawickrama, Thamali Rajika. 2020. Particle-fluid inter-
actions under heterogeneous reactions, licentiate thesis, 
Luleå University of Technology

Garcia Llamas, Angel David. 2019. Fast devolatilization 
of biomass: An experimental study using high-speed 
imaging, relevant for suspension firing technologies, Li-
centiate thesis, Luleå University of Technology

Bach Oller, Albert. 2018. Alkali-enhanced gasification of 
biomass: laboratory-scale experimental studies, Doctor-
al thesis, Luleå University of Technology

Phounglamcheik, Aekjuthon. 2018. Biocarbon for fossil 
coal replacement, Licentiate thesis, Luleå University of 
Technology
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Verification and optimization of industrial  
and pilot scale gasification systems

Project leader: Fredrik Weiland (RISE ETC)

PhD student(s):  -

Other people: Different people depending on subproject. Mostly involved were Esbjörn Pettersson, Roger Molinder, 
Henry Hedman, Alexey Sepman & Jonas Wennebro (RISE ETC), Aqib Chishty & Rikard Gebart (LTU), Anders Wingren, 
Niklas Strandberg, Huong Nguyen, Mattias Kindstrand & Karin Dellien (Meva Energy).

Budget: 1000 kSEK per year

Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 0, Peer-reviewed publications: 1.

Background and motivation
Gasification of biomass is identified as an interesting 
technology route for future sustainable production of 
liquid motor fuels, chemicals, power and heat. This 
project work package is aimed at helping the industrial 
partners develop their technology, and thereby facilitate 
a faster market introduction. Projects within this work 
package are, therefore, generally very applied.

Project objectives
The objective with this problem-oriented project is to 
help the industrial partners with their specific research 
questions in regard to gasification. Specific projects are 
discussed in close collaboration together with the indus-
trial partners. A steering committee, thereafter, decides 
which project proposals that are granted.

Method(s)
The following main experimental facilities and experi-
mental equipment’s have been used during the projects:

•  The MEVA Energy´s full-scale gasification plant in 
Hortlax, Piteå, was used in most subprojects de-
fined under this WP. 

•  A 0.1 MWth atmospheric air blown Horizontal In-
dustrial Combustion Kiln (HICK) was used in one of 
the subprojects. The kiln was equipped with drying 
section (a six-meter-long stainless pipe connected 
to the exit of the combustion chamber) and WTS 
- multi fuel burner. The burner was modified by to 
allow the combustion of propane and MEVA gas as 
well as co-combustion of these gases.

•  Decanter centrifuges in different scales were used 
on process water from the Meva plant.

•  A gas centrifuge was tested as an alternative gas 
cleaning method at the Meva plant.

•  A laboratory entrained flow drop tube furnace was 
used in another of the subprojects.

•  Conventional (TESTO, ELPI, LPI, FTIR, Micro-GC, GC, 
Karl-Fischer, etc.) and laser-based (TDLAS) diagnos-
tic equipment was used in most of the subprojects.

Most important results and main conclusions 
for each subproject
The following main activities have been performed since 
2017 in this project. The year within parenthesis rep-
resents the year when the project was started.

•  (2017) The combustion characteristics of 9 differ-
ent synthesis gases produced by the MEVA gas-
ification system were studied and compared with 
those of LPG during a two-week period campaign. 
The combustion tests were performed in RISE ETC 
HICK furnace which was temporarily installed at 
MEVA Energy´s full-scale gasification plant in Hort-
lax. The gases had different content of moisture, 
particulates, and the composition of major species 
in accordance with the extent of gas cleaning and 
of the syngas temperature before combustion. The 
diagnostics of the combustion (using conventional 
and laser-based equipment) revealed that the sta-
bility of the combustion for eight synthetic gases 
was comparable with that of LPG. The somewhat 
larger variation of the measured parameters for 9th 
synthetic gas (with the largest moisture content) 
seems to come from sudden bursts of the liquid 
water (condensed in the syngas line) into the com-
bustion oven. The NOx emission was in general 
lower for synthetic gases, usually below 100 ppm, 
than for the combustion of LPG.

•  (2017) The combustion products of the MEVA En-
ergy´s nine synthetic gases were used for drying 
of tissue paper. The drying was performed by in-
troduction of moist paper into the exhaust pipe of 
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the kiln. Recirculation of exhaust gases was used to 
enable drying at temperatures between 350°C and 
550°C. Drying of tissue paper in hot exhaust gases 
produced during even and complete combustion of 
MEVA Energy syngas did not cause visual imperfec-
tions or noticeable odor on the paper. Odor was 
however detected from paper(s) exposed to the 
combustion products originating from the unstable 
combustion of syngas 9. This syngas was subjected 
to the smallest extent of gas cleaning and had the 
largest content of moisture among the studied syn-
gases. The intention of the test campaign was to 
determine the minimum level of gas cleaning need-
ed to achieve tissue drying without odor mark or vi-
sual damage. This minimum level is represented by 
syngas 8. However, the quality issues resulting from 
combustion of syngas 9 were most likely associated 
with the unwanted introduction of condensation 
water into the burner rather than with the quality 
of syngas 9 itself. 

•  (2017) A new methodology based on fast on-line 
laser based (TDLAS) measurements of the H2O and 
CO2 concentrations in the hot fuel lean combustion 
products was developed for evaluation of the mois-
ture content in MEVA Energy syngas and the equiv-
alence ratio of the syngas combustion. The derived 
moisture in the studied fuel gases varied from 4 to 
36 %; an overall accuracy of measurements was 
better than 2% (absolute). The measurements were 
performed in the exhaust pipe of the kiln. The TDL 
diagnostics can be readily applied in practical com-
bustion facilities for determination of the moisture 
in various fuels (biomass, waste, fuel gas) and for 
diagnostics of variations in the equivalence ratio. 

•  (2018) The gas cleaning system of the MEVA gas-
ifier generates a foul water containing both tars 
and particles. To recycle the process water in the 
system, it must be purified to essentially tar and 
particle free. For that purpose, the performance of 
a decanter centrifuge was tested and evaluated to-
gether with the B4G researchers. The results show 
that the decanter centrifuge gave a sufficiently pure 
water. In addition, the rejected particle/tar stream 
had a high enough dry content to be recycled back 
directly to the gasifier. 

•  (2018) At the MEVA plant in Hortlax, the syngas 
is currently cooled and purified in several consecu-
tive process steps: an evaporative quench, a venturi 
scrubber, a packed bed scrubber and finally a wet 
electrostatic precipitator (WESP). In the WESP any 
tiny particles and tar droplets remaining after the 
scrubber are separated from the syngas. However, 
the WESP is a capital-intensive process step with a 

significant footprint. Therefore, a gas centrifuge 
adapted for syngas production has been tested as 
an alternative to, or in combination with, the exist-
ing gas cleaning process. The aim was to evaluate 
if the gas centrifuge can be used as a replacement 
for the WESP. Preliminary results indicate that the 
gas centrifuge separates water droplets in the gas 
efficiently, but still may give a high remaining soot 
concentration in the syngas.

•  (2019) There is room for improvement of the ef-
ficiency of the MEVA gasifier. The gasifier suffers 
from poor conversion to non-condensable gases. 
A significant fraction of the fuel is converted to 
by-products such as charcoal, soot and tars. Thus, 
a specific project was granted within WP5, with 
the purpose to increase the understanding of what 
products that forms under different operating con-
ditions of the gasifier. The project aim is to estimate 
the C, H and O mass balances over the gasifier to 
improve the understanding on how to optimize the 
performance. For this purpose, a syngas sampling 
system has been manufactured, capable of sam-
pling permanent gases, tars, and particulate matter. 
Helium trace was used as a method to estimate the 
syngas production and process yields. Gas analysis 
on permanent gases, as well as tar measurements 
with SPA have been performed simultaneously as 
the amount of char from the bottom of the gasifier 
was estimated. Sampling of particulate matter was 
also conducted.

•  (2019) During 2019, continued efforts were made 
analyzing the foul waters generated by the Meva 
plant. Sedimentation tank system was compared 
to the pilot decanter centrifuge system. The con-
clusion was that the decanter centrifuge showed 
promising results in terms of performance. Because 
of that, a larger decanter centrifuge, capable of 
handling the total amount of effluent water, was 
installed in the plant during spring 2020. Experi-
mental work was performed to evaluate the full-
scale performance.

•  (2019) In relation to the mass- and energy balance 
project, the fate of N-containing species after the 
gasifier and gas engine has been investigated. The 
concentrations of HCN and NH3 was measured 
after the gasifier, whereas the species NOx, N2O 
and NH3 was measured after the gas engine. This 
is particularly important if the Meva gasifier will 
be operated on other feedstocks, such as MDF or 
other wood residues, which contains higher con-
centrations of nitrogen compared to normal stem 
wood fuel.
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•  (2020) Numerical simulations can be an efficient 
way of investigating how a process respond to 
different operating conditions. LTU previously de-
veloped a CFD model of the Meva gasifier. This 
model was validated against experimental mea-
surements in the 4.4 MW Meva gasifier in Hortlax, 
Piteå36. Conclusions were that the predictions were 
in good agreement with the experimental data and 
the model provided detailed information about the 
gas composition, cold gas efficiency and tempera-
ture field of the gasifier. The model also allowed 
different operating scenarios to be examined. For 
example, the fuel to air velocity difference and fuel 
moisture content. This may be used to understand 
the importance of geometry modification, feed-
stock contents and make it possible to simulate up-
scaling of the process for future applications.

•  (2020) During normal operation in the Meva plant 
in Hortlax, a small bleed-off is required to avoid 
accumulation of water in the system. The quanti-
ty of excess water depends on several parameters, 
i.e., moisture content of fuel feedstock, operating 
conditions of the gasifier, and the gas temperatures 
during gas cooling. This excess process water must 
be treated before being disposed. In this specific 
subproject, charcoal, a byproduct from the Meva 
process, was evaluated and adsorption capaci-
ty compared with a commercial activated carbon 
adsorption agent. The char adsorbed dissolved or-
ganic carbons (DOC) from the process water and 
reduced the total nitrogen content. Nevertheless, 
the results indicated that adsorption capacity of the 
Meva char was low, and the char was quickly sat-
urated. Adsorption capacity was increased some-
what by activation of the char. However, it was con-
cluded that commercial activated carbon would be 
the preferred option over internally produced char.

•  (2020) The last subproject was related to entrained 
flow gasification of plastic waste. The residence 
time in entrained flow gasifiers is short, in the 
order of a few seconds. Therefore, the feedstock 
must be dispersed into small particles or droplets 
to ensure full conversion inside the reactor. Plastic 
wastes are difficult, not to say impossible, to mill to 
fine powders. An alternative to overcome this is to 
pretreat the plastic waste using pyrolysis, producing 
a pyrolysis oil that can be pumped to the burner 
nozzle of any entrained flow gasifier. Pyrolysis oil 
produced from polypropylene (PP) was used as a 
model feedstock in this subproject. Syngas yields, 
cold gas efficiency and H2/CO ratio was measured 
during gasification of the PP-oil at different stoichi-
ometry (λ) in a drop tube furnace operated at both 
1200 °C and 1300 °C. The highest measured cold 
gas efficiency was around 70 % and H2/CO ratio 
was just over 1 at λ = 0.35. Higher λ reduced both 
performance indicators. However, due to the indi-
cation of soot formation at low λ, it was concluded 
that an entrained flow gasifier operating on plas-
tic waste, for example in the chemical industry, still 
could benefit from operation at slightly higher λ to 
avoid soot problems.

Reflections from the project leader
Consistency in the personnel involved in the work great-
ly facilitates the ongoing discussions between research-
ers and industry partners. The work performed within 
the framework of B4G has helped the industrial partners 
answer some important research questions required to 
bring the technology closer to commercialization.

Publications 
Chishty, M.A.; Umeki, K.; Risberg, M.; Wingren, A.; 
Gebart, R. 2021. Numerical simulation of a biomass cy-
clone gasifier: Effects of operating conditions on gasifier 
performance. Fuel Processing Technology, 106861.

36  Chishty, M.A. etal, 2021. Numerical simulation of a biomass cyclone gasifier: Effects of operating conditions on gasifier performance. Fuel Processing Technology, 
106861.
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Direct Fluidized Bed Gasification
Bed materials for high pressure fluidized bed gasification

Background and motivation
Pressurized fluidized bed (FB) gasification processes have 
an advantage in integrated systems if gas streams with 
high pressure are needed in the downstream systems, 
such as Fischer-Tropsch Synthesis (FTS), integrated gas-
ification combined cycle (IGCC), etc1. A feasible method 
to reduce the risks of agglomeration is to use mineral 
based bed materials. Well-known examples are Mg- or 
Ca-based bed materials, including magnesite and dolo-
mite, and olivine2,3,4,5. Dolomite has previously shown a 
good ability to decrease the risks of agglomeration and 
is also regarded as an attractive material for catalytic tar 
cracking in pressurized FB gasifiers5,6.

Naturally occurring mineral based bed materials are nat-
urally occurring minerals with a variety of properties, 
related to the source, for similar materials. There is an 
interest to establish knowledge in characterization of 
bed materials for properties relevant for FB gasification, 
i.e., chemical stability, abrasion resistance, potential for 
interaction with ash constituents and catalytic proper-
ties. These properties are generally not predictable with 
accuracy from data provided by suppliers, and therefore 
there is a need to develop methods specifically address-
ing bed materials characterization and their properties 
during use as a bed material. The project focused on 
assessing different bed material, such as dolomite and 
ilmenite, with a specific aim at developing knowledge of 
the use and selection of dolomite material in pressurized 
steam FB gasification.

Objectives
The specific objectives of the project were as follows:

•  Increased the understanding of the kinetics of 
steam blown pressurized gasification.

•  Develop methodology for determining mechanical 
stability of bed materials as well as catalytic proper-
ties of dolomite/ilmenite bed materials.

Figure CS 1 Schematics of the pressurised FB rig at KTH.

Method(s)
The experimental methods used in the project included 
mainly the pilot scale pressurized FB test rig, schemati-
cally shown in Figure CS 1, an atmospheric thermograv-
imetric analyzer (TGA) and a pressurized TGA, as shown 
in Figure CS 2. 

The FB setup enables operation using different opera-
tional conditions, such as, bed materials, oxidizing envi-
ronment (steam, oxygen, air, inert), fuel-to-steam ratios, 
pressure (<30 bar), and temperature (< 975 °C). In the 
present study, the gasifier was generally operated be-
tween a pressure and temperature of 5-15 bar and 800-
950 °C, respectively, using dolomite (amorphous Sala 
and crystalline Glanshammar), magnesite, ilmenite and 
silica sand (reference) as bed materials.  

 

1 Bridgwater, A.V. (2003) Renewable fuels and chemicals by thermal processing of biomass, Chem. Eng. J., 91, 87–102.
2 Liliedahl, T., Sjöström, K., Engvall, K. and Rosén, C. (2011). Defluidisation off luidized beds during gasification of biomass, Biomass Bioenergy, 35, S63–S70.
3  Siedlecki, M., et al. (2009). Effect of magnesite as bed material in a 100 kWth steam–oxygen blown circulating fluidized-bed biomass gasifier on gas composition and 

tar formation, Energy Fuel, 23, 5643–5654.
4  Zevenhoven-Onderwater, M. et al., The ash chemistry in fluidised bed gasification of biomass fuels. Part II: ash behaviour prediction versus bench scale agglomeration 

tests, Fuel 80 (2001) 1503–1512.
5 Devi, L., et al. (2005). Catalytic decomposition of biomass tars: use of dolomite and untreated olivine, Renew. Energy, 30, 565–587.
6  Zhou, C., Rosén, C. & Engvall, K. (2016). Biomass oxygen/steam gasification in a pressurized bubbling fluidized bed: Agglomeration behaviour, Applied Energy, 172, 

230-250.
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Figure CS 2 a) Atmospheric thermogravimetric analyzer (TGA); 
b) Pressurized TGA 

In case of the TGA studies, aimed at evaluating the 
kinetics of calcination and fragmentation under con-
trolled conditions, both steam and CO2 gas conditions 
(pure and mixed) were performed. Pressures used were 
1 bar (atmospheric TGA Figure CS 2 a) and 10 bar (pres-
surized TGA atmospheric TGA Figure CS 2b) at end tem-
peratures ranging from 600 to 950°C. Two dolomite 
minerals where used; amorphous Sala and crystalline 
Glanshammar, in the studies.
Several techniques, such as XRD, BET7, and SEM, as well 
as particle sizing was used to characterize the bed parti-
cles and determining the size distribution of bed samples. 
Reaction mechanisms of dolomite calcination in the 
presence of high partial pressure of steam were evalu-
ated to identify reaction schemes for steam enhanced 
dolomite calcination at elevated temperature and pres-
sure. Mathematical models were built up for describing 
dolomite calcination in the presence of high PH2O and 
validated using experimental TGA results obtained at 
different conditions. By integrating the determined re-
action kinetics, model prediction of dolomite calcination 
at high PH2O for the estimation of the conversion time of 
dolomite calcination was conducted. Two models were 
used in the modelling, the uniform conversion model 
(UCM), based on the assumption that gaseous reactants 
can reach all reaction areas of the solid with negligible 
diffusion resistances and that the chemical reaction 
takes place homogeneously throughout the whole par-
ticle, and the shrinking core model (SCM), assuming the 
reaction initially taking place at the outer surface and 
moves towards the interior surface, resulting in a de-
crease of the unreacted core with time.

Most important results
Dolomite
The studies on different dolomite materials included dif-
ferent aspects related to optimizing the process condi-
tions in biomass FB steam gasification to enhance the 
understanding of bed agglomeration, bed material frag-

mentation and the kinetics of dolomite calcination. The 
study also defined some measures on how to select an 
appropriate dolomite mineral. The presentation of the 
most important results is grouped accordingly. A series of 
FB tests were performed, using Glanshammar and Sala 
dolomite, silica sand and magnesite, to investigate ag-
glomeration behaviors and the mechanism behind it. The 
results using dolomite show that the observed decreased 
risks of agglomeration using dolomite is most likely at-
tributed to reactions with silica from ash and the calcium 
in the dolomite, consuming a considerable part of silicon. 

Figure CS 3 A sample of Glanshammar dolomite bed material 
used at 8 bara. 

Proposed reactions are shown in shown in Reaction 
R(1) and R(2)+8,9,10. This is illustrated by the transition-
al increase of silicon content in analysis points 4, 3, 2, 
and 1, as shown in Figure CS 3 and Table CS 1, where 
the silicon content increased from 1.71% to 10.16%. It 
seems that the degree of reaction on the sharp edges of 
chip-shaped particles was more intensified than that of 
big particles. One possible explanation is that the sharp 
edges of the particles collide with the neighboring par-
ticles more frequently, including ash/char particles, com-
pared to other surface areas of the particles.

SiO2 + CaCO3 ➔ CaSiO3 + CO2   R(1)

SiO2 + 2CaCO3 ➔ Ca2SiO4 + 2CO2  R(2)

The observed results are not likely attributed to forma-
tion of alkali-containing compounds with higher melt-
ing points, but to reactions between dolomite and silica 
consuming a considerable part of the silicon in the ash. 

Extensive data from high pressure TGA experiments at 
atmospheric11 and 10 bar pressures12 in the presence 
of CO2 and/or steam was evaluated to understand the 

  7 Naderi. M. (2015) Surface area: Brunauer–emmett–teller (BET). In Progress in Filtration and Separation, chapter 14, pages 585–608. Academic Press.
  8 Steenari, B.M. and Lindqvist, O.(1998). Hight-temperature reactions of straw ash the anti- sintering additives kaolin and dolomite, Biomass Bioenergy, 14, 67–76.
  9 Dawson, M.R. and Brown, R.C. (1992). Bed material cohesion and loss of fluidization during fluidized bed combustion of midwestern coal, Fuel, 71, 585–92.
10  Zhao, M., Song, L. and Fan, X. (2009). The boundary theory of phase diagrams and its application, rules for phase diagram construction with phase regions and their 

boundaries. Berlin Heidelberg: Science Press Beijing and Springer-Verlag,. p. 177.
11  Zhou, C., Rosén, C. & Engvall, K. (2020). Fragmentation of dolomite bed material at elevated temperature in the presence of H2O & CO2: Implications for fluidized 

bed gasification, Fuel, 260, 116340
12   Zhou, C., Rosén, C. & Engvall, K. (2021). Fragmentation of dolomite bed material at pressurized conditions in the presence of H2O and CO2: Implications for pres-

surized fluidized bed gasification, Fuel, 285, 119061.



81

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021

fragmentation of dolomite at different conditions. Fur-
thermore, dolomite bed material samples collected from 
pressurized FB experiments were compared with the 
TGA studies to evaluate the significance in relation to 
conditions in a fluidized bed.

In case of an amorphous Sala dolomite, the fragmen-
tation slightly changes from low temperature to a full 
calcination temperature, independent of the gas condi-
tions, where only minor crystals are removed from the 
particles. Different proposed mechanisms for crystalline 
dolomite are shown in Figure CS 4 . At atmospheric 
conditions Figure CS 4 a, the most likely mechanisms of 
primary fragmentation in crystal dolomite particles is the 
induction of a structure instability, caused by a release of 
H2O trapped in crystal lattices (stage 1), and a trace level 
of CO2 at structure defects (stage 2) at low tempera-
tures of 380–650 °C. Stage 1 and 2 contribute to 10% 
and 55% of the frag- mentation, respectively. In stage 
3, further fragmentation occurs during full calcination 
of the dolomite, either in one step or a two-step calci-
nation mechanism. The presence of CO2 prevents the 
fragmentation occurring during the release of a trace 
level of CO2 at low temperature by possibly preventing 
CO2− dissociation at the defects in the dolomite. 

At pressurized conditions11, the fragmentation of the 
Sala dolomite is smaller compared to the Glansham-
mar dolomite, with no obvious effects due to pressure, 
heating rate, and gas conditions as for Glanshammar. 
The fragmentation behaviors of the dolomites are differ-
ent, attributed to their dissimilar crystalline/amorphous 
structure. In case crystalline Glanshammar dolomite, the 
absence of H2O, Figure CS 4 b, the fragmentation could 
be inhibited at the stage of H2O (stage 1) and CO2 re-
lease (stage 2), since the high pressure built up in the 
crystal lattices may be balanced by the high pressure in 
the atmosphere. In the presence of H2O and CO2 at high 
pressure, Figure CS 4 c, the fragmentation is mainly in-
hibited at the stage of H2O release (stage 1) at a low 
temperature below 650 °C, similarly as in the absence 
of H2O (Figure CS 4 b). However, the result points at less 
fragmentation when both H2O and CO2 is present, com-
pared to only CO2, indicating a possible interchange of 
CO2 with H2O during the decomposition of CaMg(CO3)2 
without causing any structure collapse. 

 

Table CS 1 SEM/EDS analysis of selected areas of Glanshammar particles shown in Figure CS 3  (atom.%)

Sample C O Na Mg Al Si K Ca Total Ca/Mg

1 - 59.34 - 15.94 3.48 10.16 1.30 9.77 100.00 0.61

2 5.99 59.05 - 18.81 - 2.20 - 13.96 100.00 0.74

3 5.65 55.76 - 20.58 - 1.72 - 16.29 100.0 0.79

4 5.41 57.70 - 10.11 - 1.71 - 16.07 100.0 0.84

Figure CS 4 Fragmentation mechanism of dolomite treated at 
different conditions: (a) atmospheric pressure, 0.5 bar CO2; (b) 
high pressure, 0.5 bar CO2; (d) high partial pressure of H2O. 

An important part of the research focused on estab-
lishing knowledge as a basis for a guideline selecting 
a proper dolomite mineral as a FB bed material related 
to its mechanical integrity. The study focused both on 
dolomite properties and operational conditions in the 
FB gasifier. Although only two dolomite materials were 
investigated it is still possible to propose a few guiding 
principles for the selection of a suitable dolomite bed 
material based on dolomite mineral properties13:

•  Crystallinity: A crystalline dolomite has most likely 
a better stability in regards of mechanical strength, 
compared to an amorphous dolomite. This was ex-
emplified for the crystalline Glanshammar dolomite 
with a pore structure, allowing a swifter release 
of gases produced during the calcination process, 
compared to the amorphous Sala dolomite.

•  Uniform chemical distribution of silica, contained in 
the dolomite: Enclosed Si rich separate phases in a 
dolomite may promote a peel off of the dolomite, 
as indicated by the friable structure at the interface 
around the Si phases for the Sala dolomite. 

•  Distribution of Mg and Ca in the fresh dolo-
mite: The Glanshammar dolomite has uniform 
distributions of Mg and Ca inside the particles; in 
case of the Sala dolomite, due to its amorphous 
and inhomogeneous structure, the calcium concen-
tration inside a single particle and between particles 
varies. Calcium may be present in form of CaCO3 
at parts depleted in Mg, rather than CaMg(CO3)2. 

13 Zhou, C., Rosén, C. & Engvall, K. (2017). Selection of dolomite bed material for pressurized biomass gasification in BFB, Fuel Processing Technology, 159, 460-473.
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Since CaCO3 is softer than CaMg(CO3)2, more fines 
would be produced during the use of a dolomite 
with a inhomogeneous distribution in Ca concen-
tration inside the bulk. 

•  Distribution of Mg and Ca for used dolomite: 
This cannot be known be- fore the material is used 
as a bed material, but it may be used as a confir-
mation of the performance. A clear segregation of 
clear MgO phases from CaO/CaCO3 may imply sta-
ble bed particles sustaining the repetitive calcina-
tion/carbonation cycles in a bubbling fluidized bed 
gasifier. 

Introduction of a fresh dolomite mineral into a FB gas-
ifier during pressurized steam gasification is crucial step 
potentially causing a lot of stress on the particle during 
the calcination process. The deeper understanding 
of both Glanshammar (crystalline structure) and Sala 
(amorphous structure) dolomite primary fragmentation 
enabled a formulation of measures to mitigate fragmen-
tation dolomite fragmentation, during the heating-up/
pressurization and gasification stages in a pressurized 
FB gasifier. Five identified measures are listed below and 
illustrated in Figure CS 5 .

1.  Increased mechanical integrity of dolomite parti-
cles may be achieved by controlling its calcination 
degree, operating the pressurized gasifier at a 
pressure above 10 bar to maintain a high enough 
pressure to balance the pressure built up due to 
H2O release and a to attain a high CO2 partial pres-
sure.

2.  As pointed out above, crystalline dolomite has a 
stronger mechanical strength compared to amor-
phous dolomite in sustaining secondary fragmen-
tation and attrition. However, the investigations 
show that Glanshammar fragments significantly at 
atmospheric pressure, and results in a much larger 
amount of fine production than Sala and thereby 
produced higher elutriated fines. 

3.  It is favorable to pretreat crystalline dolomite par-
ticles using high-pressure steam (high PH2O) at 750 
°C (can be fully calcined) to release all internal 
stresses and reduce mass loss due to a slight pri-
mary frag- mentation. Also, alternative solutions, 
such as pretreatment at isothermal or non-isother-
mal conditions using H2O and CO2, are better than 
direct injection. 

4.  A higher pressure of P1 at Tf in the fast pressure 
ramping curve is beneficial for preventing frag-
mentation, compared to P2 in the slow pressure 
ramping curve. This means that if a fresh crystalline 

dolomite as Glanshammar dolomite is used in the 
very beginning of gasification, an increase in the 
bed pressure to a high level, as early as possible 
even during heating-up stage is advantageous. In-
jection of CO2 and H2O is suggested. 

5.  In the presence of high CO2 partial pressure during 
high pressure gasification in FB, the fragmentation 
of dolomite injected during gasification operation 
behaves similar as to a dolomite calcined in the 
presence of CO2 in isothermal mode under high 
pressure, i.e. primary fragmentation is avoided.

The evaluation of the kinetics using experimental data 
from TGA experiments and UCM and SCM and mod-
elling provided with information about the governing 
factors influencing the dolomite calcination process, 
including heat transfer, mass transfer, and H2O-assisted 
reactions.14  The effects of these on dolomite calcination 
were determined and illustrated in a process window 
(Figure CS 6 ) in the temperature range of 500 -1000 °C 
and 1 - 20 bar PH2O.

The main factors influencing the conversion process 
during dolomite calcination are heat transfer, internal 
diffusion, and the kinetics of reactions R2, R6, and R12. 
Since the reaction constants of reactions R2 and R12 
can be very large at high temperatures, the overall re-
action rates are likely controlled by the heat and mass 
diffusion inside the bulk of dolomite particles and a 
single particle, respectively. The boundaries of the heat 
transfer (green lines) and internal mass diffusion (yellow 
line) control zones at high temperatures characterize 
the time required to overcome mass and heat diffusion 
resistances and the time calculated from the reaction 
kinetics of R2 and R12. The boundary lines have nega-
tive slopes, since the reaction constant of reaction R12 
increases significantly with the increase in H2O partial 
pressure, while the heat transfer and mass transfer are 
less affected. Depending on the particle size, heat trans-
fer mode in the bulk of dolomite particles, and H2O con-
centration in the bulk gas, the boundary lines can move 
in parallel. In the temperature range from 650 °C to 900 
°C, where the conversion is governed by R2 and R12, a 
boundary line (red solid line) where kR2 equals kR12 is de-
termined. Depending on the CO partial pressure in the 
bulk gas, the line can shift to the right (red dotted line), 
since the reaction rate of R12 decreases with increasing 
CO2 partial pressure. At low temperatures before the 
thermal calcination (R2) of dolomite begins, the dolo-
mite calcination process is controlled by reaction R6. At 
present, it is still unclear how significant R12 is in this 
temperature range in the presence of high H2O partial 
pressure. The boundary between reactions R6 and R12 
(blue line) is given as kR6 = kR12. 

14 Zhou, C., Yrjas, P. & K. Engvall, K. (2021). Reaction mechanisms for H2O-enhanced dolomite calcination at high pressure, Fuel Processing Technology, 217, 106830.
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Illmenite

 In case of the ilmenite study, the results indicate that ox-
idiser composition and material temperature history af-
fect the properties of ilmenite during gasification, which 
in turn affect the overall gasification performance. Il-
menite shows catalytic activity for tar reduction when 
compared to reference bed material (silica sand) Figure 
CS 7; however, the cold gas efficiency when using only 
air as gasification medium is relatively lower than ref-
erence run due to excessive soot formation because of 
polymerisation reactions on the iron surface. The intro-
duction of steam increases cold gas efficiency and fa-
vours migration of iron to the surface of the particle as 
well as its sintering, decreasing the surface area of the 
porous network that is developed when only air is used 
Figure CS 8. No activity loss is observed for the total time 
on stream (~3hrs). All the tests displayed high operat-
ing stability with robust temperature profiles and mini-
mal defluidization. The iron migration to the surface is 
affected by the total pressure and the oxidizing agent 
composition. As shown in Figure CS 9 , with increasing 
total gasification pressure, the iron rich layer becomes 
thinner (from 9 μm at 5 bar to approx. 4μm at 8 bar).

Figure CS 5 Measures for fragmentation reduction using dolo-
mite in pressurized FB gasifier.10

Figure CS 6 Process window of dolomite calcination in the 
presence of high-pressure steam10.

Figure CS 7 Relative tar production compared to reference 
case -silica sand 8 bar steam and O2.

Figure CS 8 Surface changes of ilmenite at different operating 
conditions
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The use of O2 as gasification agent resulted in lower de-
gree of oxidation of the surface iron (atomic Fe:O on 
the surface equaled to 1.33) of ilmenite which as result 
catalyzed polymerization reactions producing soot. This 
is evident when comparing the tar composition at differ-
ent operating conditions Figure CS 10. Three and four 
membered ring refractory tars account for 15 wt% of 
total tars produced. The addition of steam in the gasifi-
cation medium result in reduction of three and four ring 
tar compounds while pressure has a positive effect to-
wards condensation reactions. Pretreatment of ilmenite 
reduces the formation of heavy refractory tar (9.7 wt% 
of the total tar) due to higher oxidation state of surface 
iron (atomic Fe:O on the surface is 0.62 compared to 
0.88 for non-pretreated ilmenite).

Fe:O ~1.33   

Fe:O ~ 0.73   

Fe:O ~ 0.88   

Fe:O ~ 0,62   

Figure CS 9 SEM-EDS analysis of ilmenite particles; (from top to bottom) air gasification at 5 bar; air-steam gasification at 5 bar; 
air-steam gasification at 8 bar; air-steam gasification at 8 bar with pre-treated ilmenite
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Figure CS 10 Tar composition at different pressures using il-
menite as bed material

Main conclusions

Dolomite

Of particular significance is the result pointing at the 
possibility to select suitable dolomite bed materials for 
pressurized BFB gasifier, based on relatively simple labo-
ratory scale tests and characterization. A reaction model 
is proposed for dolomite calcination at elevated tem-
peratures in the presence of H2O and a process window 
for dolomite calcination is provided. Other important 
conclusions are the measures to mitigate fragmentation 
of dolomite in pressurized fluidized bed gasification is 
proposed. For instance, a pressurization to the operat-
ing pressure before the bed temperature reach the initial 

fragmentation temperature of dolomite (around 400 
°C) is a recommendation during the reactor heating-up 
stage. Also, both high operating pressure and high PH2O 
are beneficial for mitigating fragmentation during gas-
ification. 

Ilmenite

When it comes to ilmenite as bed material in autother-
mal pressurized gasification the following can be con-
cluded:

•  In general, Ilmenite provides process stability and 
exhibits good fluidisation characteristics with no 
signs of attrition.

•  Significant catalytic activity towards tar cracking. 
Reduction in tar content by approximately 30-35% 
can be achieved with no significant activity towards 
CH4 formation. catalytic activity towards CH4 con-
version

•  Introduction of steam reduces the heavy tertiary 
tars and increase the light fraction and at the same 
time promotes sintering of the iron on the surface 
of the bed material. 

•  Sintered material is still active after 3 hrs of oper-
ation whereas complete reduction to Fe should be 
avoided

•  Wustite (FeO) has been identified as the main mo-
bile phase of iron and Magnetite (Fe3O4) seems to 
be the desired iron phase to provide phase stability 
and reasonable catalytic activity.
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Background and motivation
Implementation of advanced power generation plants, 
based on high-pressure biomass gasification processes 
in combination with gas turbine technology, requires 
a development of a gasification process handling the 
large pressure (50-60 bar) in relation to feeding a low 
energy density biomass feedstock is needed. To enable 
feeding a low energy density fuel into a gasifier at such 
high-pressures, a feedstock pretreatment process step, 
such as torrefaction or pyrolysis to produce a solid car-
bon-rich feedstock is one alternative pursued. This in-
duces several issues to be addressed related to conver-
sion of the pretreated feedstock at very high-pressures 
in FB gasification.

Objectives
Pyrolysis and char gasification at high pressures (15 -70 
bar):

•  Understand the effects of alkali and other impuri-
ties on tar conversion and formation

•  Understand the effect of pressure on pyrolysis and 
gasification FB systems with different feedstocks

Method(s)
The high-pressure pyrolysis and gasification tests in flu-
idized bed are mainly carried out in the pilot scale pres-
surized test rig schematically shown in Figure CS 1. The 
operational process conditions and other parameters 
are specified in Table CS 2.

High pressure-TGA experiments (up to 40 bar), investi-
gating the gasification performance of forest residues 
(grot) at different conditions (pressure, temperatures, 
steam, etc) has been performed at University of Utah, 
US.

Most important results
The experimental FB tests at high pressure were per-
formed with process conditions as set by the limitation 
in the present setup at KTH. This means that the op-
eration of the gasifier was performed with a too high 
steam-to-biomass ratio (SBR) of about 1.5-2.6 Table CS 
2, compared to a desired SBR of 0.3-0.5. The reason for 
this is the size of the steam boiler, which was too large 
for the low fuel feeding rate selected. The initial selected 
fuel feeding rates selected was based on how much ash 
the bed could tolerate, using GROT as a fuel, before 
agglomeration initiates disrupting the bed fluidization. 
So far ten test attempts have been performed, nine at 
20 bar and one at 40 bar. Out of these tests only three, 
were successful in terms of feeding the fuel into the FB 
reactor. The remaining seven tests generally failed due 
to feeding issues but also bed agglomeration and failing 
equipment. 

A general result from the tests at 20 bar is that fuel 
feeding (gravity feeding) into the fluidized bed is a key 
issue and most challenging for a successful operation 
at high pressure. In the present case, the top fuel feed-
ing by means of gravity requires a protective N2 flow 
in the feeding pipe with a gas velocity slightly higher 
than the expected fuel particle free-fall velocity. This is 
more important at high pressures due to the gas density 
increase with pressure. In the experiment at 40 bar, the 
fluidization behavior at 40 bar displayed an inferior fuel 
mixing in the bed before the termination of the exper-
iment, suggesting a need for a more spouted bed type 
fluidization. The inlet to the bed has been changed to 
vary the degree of spouted bed during the experiments 
have been performed but note tested.  

Table CS 2 Summary of gasification results from tests with con-
tinuous operation (GROT=branches and tops)

In view of bed agglomeration, olivine is the superior 
bed material for gasification of the residual biomass fuel 
with higher content of ash components. Magnesite may 
also be a candidate, but is not feasible, since it is made 
from pretreated magnesium carbonate. 
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Higher carbon conversion efficiency (CCE) is positively 
correlated to pressure reaching 90% at 20 barg; while a 
negative pressure effect on cold gas efficiency (CGE) is 
observed (55% at 20 bar), compared to 60% for previ-
ous 8 bar. However, summing CGE and % of energy in 
the SPA tar gives a value of 70% for both the 20 bar and 
the previous 8 bar tests, clearly illustrating the higher 
contribution of tar to the available chemical energy at 
20 bar; while still providing the same amount of energy 
for combustion in a gas turbine. The preliminary trend 
is that the tar content increases with pressure (20 bar), 
compared to previous 8 bar tests, for both magnesite 
and olivine, as indicated in Table CS 3.

 

not in the 20 bar tests. To further complicate the picture, 
there are reports on a positive effect on tar reduction 
and a negative effect on in-bed catalytic properties with 
increased pressure.

Recent experimental campaigns at pressures 25-40 bar, 
during 2021 has shown that another major challenge is 
the heat transfer inside the gasifier, which is more ev-
ident at pressures of 30 bar and higher, causing risks 
for overheating of materials in the reactor, including the 
fuel feeding pipe and downstream piping. So far, ex-
periments at 25 and 30 bar has been performed, an 
example is shown in Figure CS 12. Results from these 
tests are at present under evaluation to be reported in 
the fall of 2021.

 

Table CS 3 Tar content at different pressures.

Figure CS 11 Yield of the main tar compounds (including ben-
zene) in the experimental case 190425 with magnesite and 
190412-1 and 2 with olivine.

The amount of major tar components (including ben-
zene) is similar for olivine and magnesite, as shown 
in Figure CS 1. In case of heavier tars, olivine shows a 
notably larger amounts of heavier tars, compared to 
magnesite. There are many factors that could influence 
the gas-tar-char distribution, mainly according to the Le 
Chatelier’s Principle, favoring condensation reactions 
at higher pressures, less tar cracking and reforming tar 
to permanent gases, as well as formation of secondary 
char from tar, as preliminary observed in the 40 bar, but 

Figure CS 12 Temperature profiles inside the bed (T5-T9) 
during FB gasification using olivine at 30 bar.

Main conclusions
Bubbling fluidized bed (BFB) gasification tests at 20 bar 
using bed materials, such as olivine, magnesite and silica 
sand, and the fuels GROT and birch were performed in 
the pressurized BFB pilot scale gasifier at KTH. Selected 
conclusions from the 20 bar tests are as follows:

•  Olivine is the superior candidate for gasification of 
feedstocks with a higher content of problematic 
ash components. 

•  In the present the tar content is higher compared 
to previous 8 bar tests. This was also true for test 
using magnesite as a bed material, even though the 
catalytic effect of magnesite possibly reduced the 
tar, compared to the tests with olivine. 

•  The amount of main tar components (including also 
benzene) is similar for the olivine and the magnesite 
bed material. In case of heavier tars, olivine shows 
a notably larger amounts of heavier tars compared 
to magnesite. 

•  No secondary char was found in any of the tests 
at 20 bar. Formation of secondary char should be 
addressed in future tests at 40 bar. 
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Reflections
A bright spot in the research activities is the assessment 
of dolomite as a bed material where renewed analysis of 
previous results in combination with new experiments 
and modeling has provided with new insights. The ex-
perimental work is finished and there is one more man-
uscript to submit before closing the activities.

The activities focusing on high pressure FB gasification 
tests at 40 bar are considerably delayed. A large part 
of the work during 2019 was devoted to performing 
the initial 20 bar tests in the LDU and to update the 
LDU unit to 50 bar. The work to update the LDU test 
rig to 50 bar was initiated during the second quarter 
of 2019 and intensified during the third quarter, after 
the initial 20 bar tests were performed. Unfortunately, 
the delivery and the installation of the steam boiler was 
heavily delayed due to design issues of the boiler, not 
meeting the specifications. Also, other parts of the gas 
supply system and instrumentation was also updated 
before a final approval of the system in the beginning of 
2020. During 2020, the new challenges for transpired 
in form of the pandemic, and the laboratory where the 
pilot unit is located was closed for more than 5 months 
May to October. The closedown caused further delays 
since a lot of maintenance related to the shutdown of 
the pilot had to be done. The R&D activities have been 
up and running during 2021 and the aim is to finish in 
the fall of 2021.
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Kinetics of Pyrolysis and Gasification Processes
Kinetics of biomass char gasification

Background and motivation
A solid biomass undergoes sequent of steps, such as 
drying, pyrolysis, oxidation of the residual char to a pro-
ducer gas, during gasification. As the rate-deter-min-
ing step, char gasification rate is of great importance 
in order to design and optimize the whole process.15 
The gasification rates of biomass chars at low tem-
peratures (typically below 1000°C) have been exten-
sively studied and reviewed16. The gasification of char 
is generally influenced by several different parameters 
such as temperature, particle size, char pore structure, 
and intrinsic char reactivity16. The particle temperature 
history of the char generation is also important for its 
reactivity17. Another important factor influencing the 
reactivity is the mineral content and composition in the 
char. Alkali and alkaline earth metals (AAEMs) such as 
potassium, sodium, calcium, and magnesium, act as 
catalysts and accelerate the char gasification process, 
favoring heterogeneous char-steam, char-O2, and char-
CO2 reactions16,18. Another problem for fluidized bed 
gasifiers is carbon loss caused by char comminution 
phenomena19, which may lead to a suspension of a 
substantial fraction of the char, formed during devol-
atilization of biomass fuel, into the producer gas20. In 
the present project, several aspects related to forma-
tion and conversion of biomass char, including kinetics 
of char conversion at medium to high temperature21,22 
effects of char porous development23, and effects of 
alkali species24,25, have been investigated.

Objectives
•  To develop and apply an aerosol-based method 

for online investigations of char reactivities in the 
high-temperature range.

•  Investigate the char reactivity (regarding the differ-
ent charring conditions, parental biomass) in dif-
ferent gas agents (air/oxygen, CO2, and steam) in 
a wide temperature range of 800–1300°C, which 
cannot be done using traditional thermogravimet-
ric analysis (TGA).

•  Understand and predict the effects of suspended 
char particles in downstream equipment, suspen-
sion and conversion of char, as well as the inter-
action between char, tar, soot and coke and alkali.

Method(s) 
Aerosol method for high temperature gasification 
kinetics21,22

An aerosol-based method (Figure CS 13) including the 
steps for generating, transporting, and oxidizing sus-
pended char particles (0.5–10 µm) was proposed and 
developed for investigation of char conversion kinetics 
at high temperatures. An aerodynamic particle sizer 
(APS) spectrometer and a scanning mobility particle siz-
er (SMPS) were used to measure the particle size dis-
tributions. A tapered element oscillating microbalance 
(TEOM) was used to measure the change of mass con-
centrations of particles in the carrier gas, before and af-
ter conversion. The intrinsic kinetics of various biomass 
(wood, straw, miscanthus) char particles have been ex-
perimentally established in a wide temperature range 
for both oxidation (in air/oxygen) and gasification (in 33 
vol. % CO2 or 33% vol. % steam), up to 800°C and 
1300°C, respectively, by combining the aerosol method 
with thermogravimetric analysis (TGA).

 
15 Ahmed, I.I. and Gupta, A.K. (2011). Kinetics of woodchips char gasification with steam and carbon dioxide, Appl. Energy, 88, 1613–1619
16 Di Blasi, C. (2009). Combustion and gasification rates of lignocellulosic chars, Prog. Energy Combust. Sci., 35, 121–140.
17  Guizani, C., Jeguirim, M., Valin, S., Limousy, L. and Salvador, S. (2017). Biomass Chars: The Effects of Pyrolysis Conditions on their Morphology, Structure, Chemical 

Properties and Reactivity, Energies, 10, 796.
18 Karlström, O., Dirbeba, M.J., Costa, M., Brink, A. and Hupa, M. (2018). Influence of K/C Ratio on Gasification Rate of Biomass Chars, Energy Fuels, 32, 10695–10700.
19  Miccio, F., Moersch, O., Spliethoff, H. and Hein, K.R.G. (1999). Generation and conversion of carbonaceous fine particles during bubbling fluidised bed gasification 

of a biomass fuel, Fuel, 79, 1473.
20  Gustafsson, E., Lin, L. and Strand, M. (2011). Characterization of particulate matter in the hot product gas from atmospheric fluidized bed biomass gasifiers, Biomass 

Bioenergy, 35(Suppl. 1), S71.
21 Lin, L. and Strand, M. (2013). Investigation of the intrinsic CO2 gasification kinetics of biomass char at medium to high temperatures, Applied Energy, 109, 220-228
22 Lin, L. and Strand, M. (2014). Online Investigation of Steam Gasification Kinetics of Biomass Chars up to High Temperatures, Energy Fuels, 28, 607−613
23  Ding, S., Kantarelis, E. and Engvall, K. (2020). Effects of Porous Structure Development and Ash on the Steam Gasification Reactivity of Biochar Residues from a 

Commercial Gasifier at Different Temperatures, Energies, 13, 5004.
24  Ge, Y., Ding, S., Kong, X., Kantarelis, E., Engvall, K. and Pettersson, J.B.C. (2021). Release of alkali metals during biomass chars CO2 gasification, manuscript to be 

submitted to Bioresource Technology.
25  Ding, S., Kantarelis, E. and Engvall, K. (2021). Quantifying the potassium induced catalytic phenomena during steam gasification of biomass-derived char, manuscript 

to be submitted to Energy Fuels.
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Figure CS 13 Scheme of the aerosol-based method

The oxidation of char particles in air/oxygen was investi-
gated by comparing the changes of the particle size dis-
tributions passing and bypassing the reactor, using only 
an APS. The system losses in the hot reactor were exper-
imentally established by using inert magnesite particles 
as reference. The magnesite was pre-treated in air under 
900°C for an hour to ensure its stability in the tempera-
ture range of 500°C–800°C. The char in the shaking 
device shown in Figure CS 13 was replaced by the mag-
nesite, and the particulate fragments were carried by air 
passing through either the oven or the bypass. The gas 
flow and the oven temperature were set as the same 
values as used for oxidizing the char particles. The differ-
ence between the bypass and oven-pass for magnesite 
particles was regarded as the system losses. 

For the gasification of char particles in CO2 and steam, 
no bypass was set. Instead, the suspended char particles 
that passed through the reactor in the pure N2 atmo-
sphere were regarded as unreacted and used for refer-
ence. When the atmosphere was switched from pure 
N2 to the oxidizing atmosphere (CO2 or steam) keeping 
total flow constant, char particles would be partially 
reacted, depending on the residence time and the re-
actor temperature. For the steam case, the supply line 
of steam would be heated, and the gas stream out of 
the reactor would be diluted before entering the instru-
ment, to avoid water condensation. The unreacted or 
reacted particles coming out of the reactor were contin-
uously collected and weighed by a TEOM. The particle 
mass measured by the TEOM was converted to an aver-
aged mass concentration of either unreacted or reacted 
particles based on the gas flow and sampling time. The 
mass concentration difference between the unreacted 
and reacted particles was used to calculate the conver-
sion of char particles. The data logging frequency of the 
TEOM was 0.2 s-1, and the averaged particle mass con-
centration was derived from at least 4 min continuous 
TEOM measurement for each condition. The stability of 
char particle distribution was monitored by APS. Particle 
losses in the pure N2 flow were assumed to be equal to 
losses in the gasification gas admixture, with the same 
flow rate under the same reactor temperature. The pos-
sible influence of the change of particle properties such 
as size and density during reaction was not considered.

Pore size and ash development  
during biomass gasification

Sample material used was unreacted biomass char, col-
lected at a demonstration scale entrained flow gasifi-
er, using pine wood with a maximum particle diameter 
of 0.1 mm, collected from the scrubber sedimentation 
tank, placed downstream of the gasifier. The biomass 
of collected char was gasified at temperatures rang-
ing between 900 and 1150 °C using air as gasification 
agent. Before use, the char residue was dried in at 105 
°C overnight. To remove any residual volatile matter, the 
samples were heated at 950 °C in N2 atmosphere for 
3h. To assess the effect of ash the char was immersed 
in a deionized water leaching procedure for 2 and 48 
hours and evaluated with the same procedure as with 
the original char.

The char steam gasification was investigated through 
thermogravimetric experiments using an analytical mi-
cro-TGA apparatus as illustrated in Figure CS 2 . Char 
samples in powder form with samples masses, approxi-
mately 30 ± 2 mg were loaded in a 3.4 mL ceramic cru-
cible and gasified at 700, 750, and 800 °C using steam 
(7.6 mol-%) in nitrogen. Prior to reaching the desired 
gasification temperature the sample was heated at a 
rate of 10 °C/min in N2 atmosphere (300 mL/min) and 
maintained for 5 min for temperature stabilization be-
fore gasification. 

Samples were analyzed regarding chemical composi-
tion, specific surface area and pore size distribution by 
N2 physisorption the BET6 method, and SEM for surface 
morphology.

Effects of ash on gasification of char24,25 

In a follow up of the previous study, focusing on pore 
size and ash development18, the experimental results 
were further evaluated in terms of instantaneous char 
gasification rates and effects of K/C ratios of the chars 
on the steam gasification process. Chars with different 
intrinsic K contents, but with a similar morphology were 
investigated to enhance the understanding of the ef-
fects of K on the steam gasification kinetics. Moreover, 
different kinetic models, i.e., pseudo-homogeneous 
model (HM), the shrinking core model (SCM), the ran-
dom pore model (RPM) and the modified random pore 
model (MRPM) were evaluated and discussed.

In a study to further enhance the understanding of the 
role of alkali during biomass gasification, different bio-
masses, such as Pine (P), Wood and Branches mixture 
(WB), Furniture Waste (FW), Straw (S) and two different 
chars were investigated24. A setup, shown in Figure CS 
14, including a surface ionization detector (SID) and a 
TGA (Figure CS 2 a), was used in the experiments. The 
SID technology is based the probability of an atom be-
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ing thermally desorbed in ionic form when touching a 
hot metal surface of e.g., Pt. The ionization probability 
(β) is negligible for most atoms due to the very low, β, 
but for K and Na with ionization probabilities of 0.99 
and 0.94, respectively, making SID suitable for selective-
ly detecting alkali metals. 

The TGA experiments were performed with a flow 320 
ml/min reaction gases with 0%, 15%, or 30% CO2 in 
N2. After the TGA outlet, a diluter is connected to dilute 
the gas ~2 times with extra N2 to the working flow of 
the SID. A sample of 10 mg of sample was heated up 
from room temperature to the gasification temperature 
(850 ˚C, 900 ˚C or 950 ˚C) with a constant heating rate 
of 20 ˚C /min in pure N2. Thereafter, followed a 10 mins 
of stabilizing of the conditions before the reaction gas 
with CO2 is injected. 

Samples were analyzed regarding chemical composi-
tion, specific surface area and pore size distribution by 
N2 physisorption the BET6 method, and SEM-EDX for 
surface morphology and surface chemical composition.

 

20 ml/ min of air and 0.5 g/h of steam were used in the 
case of steam/ air gasification tests. Samples of 50 mg 
was used in the test.

Most important results

Aerosol method for high temperature  
gasification kinetics21,22

As shown in Figure CS 15, the rates at 50% conversion 
achieved satisfactory linear combinations with the re-
sults from the aerosol method at high temperatures for 
all tested char samples. On the one hand, this indicates 
that the aerosol-based method can be used without 
mass transfer limitation up to at least 1300°C; that is, 
there is no indication that a maximum reaction rate is 
reached at a certain temperature. On the other hand, 
this indicates that careful extrapolation from TGA results 
obtained at low temperatures could be used for predict-
ing the high-temperature kinetics. However, comparing 
the three extrapolations plotted in Figure CS 16, based 
on the low temperature results from TGA experiments, 
shows that for wood 600-15 char and straw 600-15 
char, the extrapolated reactivity at 1300°C is in the or-
der of seven times lower than the reactivity measured by 
the aerosol-based method. The extrapolation predicted 
about four times higher reactivity for miscanthus 600-
15 char at 1300°C than measured by the aerosol-based 
method. For wood 800-15 char and miscanthus 800-
15 char, the extrapolated high-temperature reactivity 
approximately agreed with that established by experi-
ments. These results demonstrate that reactivity estima-
tion by extrapolation should be used with care when 
employed for process design and control, and that a 
method that allows reaction rates to be measured at 
high temperatures needs to be established.

Figure CS 14 Schematic view of the TGA-SID system

Reactivity of RDF char26

The collected RDF and landfill waste were pyrolyzed in 
a vertically oriented stainless tube reactor (ca 10 g each 
time) under a N2 atmosphere to produce the RDF char. 
The reactor was heated up from room temperature to 
900 C at an average heating rate of 25 °C/min and a 
nitrogen flow of 100 ml/min. After reaching 900°C the 
temperature was maintained for 60 min. The obtained 
char products were thereafter crushed and sieved to a 
particle size of less than 0.25 mm. The char steam gas-
ification was investigated through thermogravimetric 
experiments under isothermal conditions at 800, 850, 
and 900 °C using an analytical micro-TGA apparatus as 
illustrated in Figure CS 2 . The tests were initiated with 
a heating stage under nitrogen conditions up to the de-
sired temperature using a heating rate of 10 °C/min. 
After the desired temperature ca 1.0 g/h of steam was 
used in the case of steam gasification tests, while about 

26  Zaini, I. N., García López, C., Pretz, T., Yang, W. and Jönsson, P.G. (2019). Characterization of pyrolysis products of high-ash excavated-waste and its char gasification 
reactivity and kinetics under a steam atmosphere, Waste Management, 97, 149-163.

Figure CS 15 Comparison of gasification reaction rates of dif-
ferent types of chars in the CO2 (33%)-N2 admixture at 50% 
conversion. The grey area was magnified for a better view 17.
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Three char samples pyrolyzed from wood, straw, and 
miscanthus pellets at 800°C with retention time of 15 
minutes were investigated on the gasification in 33 
vol% steam by TGA and the aerosol method. Figure CS 
16 shows the conversion profiles of different chars from 
medium to high temperatures by combining the results 
from both TGA and the aerosol method. All the points 
represented the experimentally derived conversion, and 
lines were modeled by the random pore model (RPM). 
Wood char was fully reacted at a shorter time than mis-
canthus and straw chars at all tested temperatures. The 
RPM gave very satisfactory descriptions of carbon con-
version for different chars in the low temperature range 
of 800°C to 900°C, except for straw char gasified at 
800°C. The reason for this may be that the RPM ac-
counts for surface area variations during reaction, de-
pending on the initial structural properties. That is, the 
structure parameter, ψ value, is assumed constant for 
the same char sample during the reaction. The existence 
of major structural changes during reaction were not 
considered. Furthermore, the aerosol method seems not 
suffer from any potential diffusion limitation at current 
testing conditions.

Pore size and ash development during biomass 
gasification23

A summary of experiments performed and analyzed are 
shown in Table CS 4.

Figure CS 17 (left) shows the importance of the tem-
perature history of the particle on the reactivity of the 
derived char. The gasifier-derived char (OC) shows al-
most half of the reactivity of the TGA produced char 
and shows an increasing reactivity at the later stages of 
the conversion. From the results the total surface area of 
char exhibited a threefold increase, while the total pore 
volume increase ranges between 2.0 and 5.3 times, at 
all temperatures. Figure CS 17 (right) exemplifies the to-
tal volume change for during the conversion. Both the 
total surface area and the pore volume properties are 
directly proportional to the observed reactivity, especial-
ly at conversions up to 70-90% depending on the ash 
content such as potassium. After 70-90% conversion, 
the char reactivity increased to various degrees for all 
samples, due to an increase of ash concentration in rela-
tion to available carbon. The differences for the different 
samples are illustrated in Figure CS 18. The curves show 
that OC exhibits a constant reactivity up to conversions 
of approximately 70%, whereafter a significant increase 
is observed. The 2 h (2LC) leached sample shows a de-
clining reactivity up to ~80%, whereas the 48 h (48LC) 
leached sample displays a monotonic steep decline. This 
indicates that that the observed increase at the later 
stage of gasification can manly be ascribed to the min-
eral content in the char.

Figure CS 16 Conversion profiles obtained by TGA and aerosol 
method for different chars in H2O-N2 mixture: (a) wood 800-
15, (b) miscanthus 800-15, (c) straw 800-15.
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Table CS 4 Summary of experiments and analysis23.

Summarizing the observations, at conversions greater 
than 70%, the char reactivity is increased to various de-
grees for all samples, indicating a dependency on the 
mineral content. At all temperatures, the turning point 
of reactivity curves support a char conversion under ki-
netic controlled regime (negligible intraparticle diffusion 
limitations) to a certain point where possibly the super-
imposed phenomena of micropore structure develop-
ment and alkali catalyzed reactions are prevailing.

Figure CS 18 Gasification rate versus conversion for OC, 2LC, 
and 48LC at different temperatures.

Figure CS 17 Left: Reactivity of thermogravimetric analysis 
(TGA)-derived char as compared to the gasifier-derived char. 
Right: Textural properties of the OC at different temperatures 
with different conversion exemplifying the total pore volume 
change during conversion23.
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Effects of ash on gasification of char24,25

To further deepen the knowledge about potassium-in-
duced catalytic phenomena during biomass char gas-
ification, char samples with similar pore structure and 
different intrinsic potassium content were investigat-
ed. Detailed analysis of the conversion stages and a ki-
netic model, combining the changes in pore structure 
and effects of ash, especially K, on the char conversion 
were performed. Figure CS 19 (left) exemplifies the 
evolution of the gasification rate versus conversion for 
original char (OC), char leached for 2 hours (2LC), and 
char leached for 48 hours (48LC) at 750°C. The results 
show that the reactivity of early stage generally is sim-
ilar with minor differences irrespective of changes in 
amount of inorganics content, such as K and Ca. The 
later increase in gasification rate at higher degree of 
conversion is to a large extent dependent on catalytic 
effects of potassium, although minor effects of Ca spe-
cies cannot be completely ruled out. The variation in 
amount of Ca is less pronounced, compared to potas-
sium. Under steam conditions, Ca species will mainly 
be in form of CaO with potentially small amounts of 
CaCO3. Interaction of CaCO3 with potassium at tem-
peratures < 800 °C is not likely27. 

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021

Figure CS 19 Left: Gasification rate versus conversion for OC, 
2LC and 48LC at 750°C. Right: Instantaneous conversion rate 
R versus the atomic K/C ratios 0 to 0.2 (a) and 0 to 0.02 (b) 
at 700 °C.

Figure CS 19 (right) shows the instantaneous reaction 
rate, R, as a function of K/C for the different char sam-
ples at 700 °C. At K/C ratios larger than 4.8×10-3 (with 
the corresponding conversion being lower than 70%, 
there is a substantial monotonic increase of the reaction 
rate. This indicates that there is a critical value of char 
surface coverage (active site availability) for the conver-
sion above which it is greatly affected by the presence 
of potassium. 

Figure CS 20 exemplifies the results comparing the mod-
ified random pore model (MRPM) for the 2LC sample at 
three different temperatures. The MRPM expression is 
given below as, 

 

 

, dX
dt

=kr(1-X)#[1-ψln(1-X)](1+(cX)p). 

 where dX/dt is the gasification rate, kr is the rate con-
stant, ψ is known as structure parameter, related to the 
pore structure of the non-reacted sample, and X the de-
gree of conversion. Where c and p are dimensionless 
parameters used to describe the increase in the reaction 
rate due to the catalytic activity of the mineral content.

The results show that obtained different values of c pa-
rameter can be correlated to the different potassium 
content of the chars, providing that the structure of all 
the chars is similar with a slight difference on surface 
area, (and hence the ψ parameter effect is negligible). 
The p parameter is also strongly dependent on the po-
tassium content, but it also shows a small negative cor-
relation with temperature, and thus, further investiga-
tion is needed to reach solid conclusions.

 exemplifies results for the studies aimed at investigating 
the mass loss and alkali release during biochar CO2 gas-
ification by thermogravimetric analysis combined with 
on-line alkali detection using SID. The result shows that 
for woody chars (P, WB and FW) the instantaneous con-
version rate (R) and the alkali release drastically increase 
at the high conversion ratio (> 0.8). In contrast, during 
straw (S) char gasification, R does not change obviously, 
and the alkali decreases continuously.

 

Figure CS 20 Experimental reactivity and the MRPM fitting as 
a function of conversion for 2LC char.

27 Arnold, R. A.; Hill, J. M. (2019). Effect of calcium and barium on potassium-catalyzed gasification of ash-free carbon black, Fuel, 254, 115647
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Based on the analysis of the char gasification reactivity 
and alkali release rate, two mechanisms for the alka-
li catalytic effects on the char gasification process can 
be proposed, as illustrated in Figure CS 22. In case of 
woody biomass, the alkali content is high and saturated 
from the beginning and thus released from start of the 
gasification process. For woody biomass the mechanism 
is stepwise and alkali release is initiated when the char 
reaches saturation, and all the active sites are covered by 
alkali (after the third step in Figure CS 22b).

 

 

Reactivity of RDF char26

Residual Derived Fuel (RDF) and fine fractions recovered 
from the excavation of landfill waste has been per-
formed. The study emphasized on the characterization 
of the reactivity and kinetics of the char-steam gasifica-
tion. The results from the pyrolysis tests demonstrated 
that CO and CO2 are the main produced gases during 
the pyrolysis of the finer fraction of landfill waste. This 
might be caused by the accumulation of degraded or-
ganic materials. Example gas compositions are shown in 
Figure CS 23. 

   

Figure CS 21 TGA tests at 900°C in 15 % CO2. (a) Conver-
sion rates of biomass char gasification as a function of conver-
sion ratio; (b) Instantaneous conversion rates of biomass char 
gasification as a function of conversion ratio; (c) alkali release 
rates of biomass char gasification as a function of conversion 
ratio. Pine (P), Wood and Branches mixture (WB), Furniture 
Waste (FW), and Straw (S)

Figure CS 22 a) Mechanism of alkali release process during 
woody char gasification; (b) Mechanism of alkali release pro-
cess during straw char gasification.

 Figure CS 23 Left: The composition of gas produced from the 
slow pyrolysis of RDF and landfill waste fractions at maximum 
temperature of 900 °C. Right: The composition of minerals in 
the char produced pyrolysis of different landfill waste samples 
at maximum temperature of 900 °C.
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The oil products from the pyrolysis of landfill waste were 
dominated by the derivative products of plastics such as 
styrene, toluene, and ethylbenzene. The chars obtained 
from the pyrolysis process were gasified under steam 
and steam/air atmospheres at temperatures between 
800 and 900 °C by using thermogravimetry. The results 
from the gasification tests demonstrated that the char 
reactivity was mainly affected by the amount ratio be-
tween catalytic elements (K, Ca, Na, Mg, and Fe) over 
the inhibitor elements (Si, Al, and Cl), as well as the ash 
amount in the char. The results showed that char from 
the fine fraction of landfill waste has a higher reactivity 
than the RDF fraction, due to the high content of cata-
lytic metal elements. These results suggest the use of a 
smaller sieve opening size for landfill waste separation 
processes may produce waste fuels with a high reactivity 
during gasification. Further, based on the thermogravi-
metric data, the kinetic parameters of landfill waste char 
gasification were calculated to have activation energies 
ranging from 54 to 128 kJ/mol.

Main conclusions
Aerosol method for high temperature gasification 
kinetics21,22

In general, CO2 or steam gasification reactivity of chars 
from different biomass could be ranked as wood > mis-
canthus > straw. In CO2 or steam gasification, the re-
activity of char samples measured by the aerosol meth-
od at 1300°C would vary by a factor of 4-9 comparing 
with the extrapolated estimation from the TGA results 
at the low temperatures. This indicates that high-tem-
perature reactivity estimation by extrapolation should 
be used with care. Variations of the morphology and 
the effective density of char particles during conversion 
indicated that in the initial stage of char conversion (ei-
ther combustion or gasification), pore growth was dom-
inant up to a certain conversion, and shrinkage or fusing 
would occur in the later stage. The aerosol-based meth-
od presents a set of benefits which are advantageous 
compared to previously established techniques: no mass 
transfer limitation at high temperatures; the flexibility to 
switch to different gas agent combined with continuous 
feeding of char sample; and the on-line measurement 
of particle mass and size. The aerosol method is not ap-
plicable under the conditions where the reaction rate is 
slow, since longer residence time will increase the prob-
ability of particle losses. In addition to laboratory appli-
cations, the aerosol method has potentials for on-line 
monitoring of concentration and reactivity of suspend-
ed char fragments sampled directly from the product 
gas in different types of gasifiers. This has been proven 

later with several field measurement campaigns on 2-4 
MW indirect bubbling fluidized bed gasifier located at 
the Chalmers Technical University in Gothenburg28, and 
500 kW WoodRoll® gasifer in Köping operated by Cor-
tus Energy AB.

Pore size and ash development during biomass 
gasification23

During the conversion, the initially broad pore size distri-
bution, including both micro- and mesopores at a ~1:1 
volume ratio, new micropores are generated and exist-
ing micropores and mesopores are enlarged, indicating 
steam accessibility towards the whole particle volume. 
This indicates a kinetic control regime, supported by the 
declining reactivity with increasing conversion. The tem-
perature has a minor effect on char pore structure de-
velopment. At conversions below 70%, the conversion 
is proportional to the surface area of the char irrespec-
tive of the mineral content of the char. 

Furthermore, the results indicate a lower reactivity for 
char generated at high heating rate in an entrained 
flow gasifier compared to TGA generated char, possi-
bly attributed to the high preoxidation temperature in 
the entrained flow gasifier. After reaching 70& of con-
version, catalytic phenomena mainly due to potassium 
presence become dominant. It is evident that potassium 
is an important parameter to predict steam gasification 
reactivity at high degree of conversion.

Effects of ash on gasification of char,24,25

From the obtained results it can be concluded the there 
is a common critical potassium surface coverage (ex-
pressed as K/C ratio) after which the potassium-cata-
lyzed steam gasification of char is the prevailing mecha-
nism for char conversion. For low-ash chars, no surface 
saturation point is observed and therefore the concept 
of surface saturation is plausibly not applicable to low 
K-containing chars or to chars with fixed potassium con-
tent (i.e., low mobility active K/no K volatilization). This 
is confirmed by studies of the alkali release from various 
biomass chars with different ash content.

The modelling of the char conversion of the leached 
char samples shows that MRPM can predict the reac-
tivity of all samples accurately. Detailed investigation of 
the c and p parameters revealed that the c parameter 
is directly related to the potassium content and at the 
same time temperature independent, while for the sec-
ond parameter, p, a clear dependence on potassium 
content is also observed even though a simultaneous 
dependence on temperature is also plausible.

28  Morgalla, M., Lin, L., Seemann, M. and Strand, M. (2015). Characterization of particulate matter formed during wood pellet gasification in an indirect bubbling 
fluidized bed gasifier using aerosol measurement techniques, Fuel Processing Technology, 138, 578-587
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Reactivity of RDF char26

The RDF char reactivity was mainly affected by the in-
organic elements contained in the char. Char from fine 
fraction of landfill waste had the highest value of in-
organic index (42–52% higher than the other chars), 
which is defined as the amount of ash, multiplied by 
the ratio of catalytic inorganic elements (K, Ca, Na, Mg, 
and Fe) over the inhibitor elements (Si, Al, and Cl). As a 
result, the chars from the fine fraction of landfill waste 
had the highest reactivity than other chars which was 
showed by a 24–68% higher average value of reactiv-
ity. The results from the gasification test of the landfill 
waste char demonstrated the significance of the pro-
cess parameters during waste sorting processes on the 
thermal behavior of the waste fuel, especially during the 
gasification process. 
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Iso-conversional analysis of biomass pyrolysis

Background and motivation
The reactions and phase transformations taking place 
in the pyrolysis of biomass are highly complex and dif-
ficult to characterize. Developing a quantitative under-
standing of the kinetics of biomass pyrolysis therefore 
requires advanced modeling frameworks. Iso-conver-
sional analysis assumes that the macroscopic conversion 
of the feedstock proceeds through many simple con-
secutive reactions, each of which is characterized by its 
own activation energy and kinetic prefactor. Moreover, 
it is assumed that each of these reactions is responsi-
ble for increasing the feedstock conversion by a small 
but fixed increment. These assumptions lead to a simple 
model expression that relates the macroscopic conver-
sion rate to the temperature evolution experienced by 
the feedstock. The characteristics of the material enter 
this rate expression through the so-called kinetic triplet, 
that is the kinetic prefactor, the activation energy and 
the conversion function which, within the framework of 
iso-conversional analysis, all depend on the macroscopic 
conversion of the feedstock.

 

let obtained in this way not only provides an insight into 
the molecular mechanism that governs the feedstock 
conversion (the magnitude of the activation energy and 
the shape of the conversion function allow for drawing 
conclusions on the processes taking place on the molec-
ular scale) but it also provides a simple way of deriving 
an effective rate model for feedstock conversion. This 
latter aspect is of practical relevance for process model-
ing in the early stage of process development, i.e., the 
rate expression derived through iso-conversional analy-
sis can be used to estimate the feedstock conversion for 
a given reactor by simple considering the temperature 
evolution the feedstock would experience in that reac-
tor. Figure CS 24 illustrates this principle for the case of 
a rotary kiln pyrolizer. The feedstock is characterized by 
means of thermogravimetric analysis (TGA). Processing 
the TGA data through iso-conversional analysis results in 
a rate expression that can be used in a process model to 
simulate, e.g., a rotary kiln reactor.

Objectives

•  Show the validity of iso-conversional analysis for the 
characterization of slow pyrolysis of different bio-
mass feedstock.

•  SDerive the kinetic triplet for different biomass feed-
stock and draw conclusions on the kinetic mecha-
nisms.

•  SInvestigate the limitations of iso-conversional anal-
ysis by studying the pyrolysis of macroscopic bio-
mass particles.

•  SDevelop extended rate models that account for 
heat and mass transfer in macroscopic biomass par-
ticles.

Method(s)
For pursuing objective (1) and (2) three types of biomass 
feedstock were investigated, namely microcrystalline 
cellulose,30 Norway spruce31 and its individual constit-
uent’s cellulose, hemi-cellulose, and lignin.32 The latter 
were obtained from kraft pulping of Norway spruce. 
The pyrolysis of all feedstock materials was investigated 
through TGA experiments using an analytical micro-TGA 
apparatus as illustrated in Figure CS 2  a). Biomass sam-
ples in powder form with samples masses ranging from 
2 to 10 mg where pyrolyzed at heating rates ranging 

29  R. Sadegh-Vaziri and M.U. Babler, Modeling of slow pyrolysis of various biomass feedstock in a rotary drum using TGA data, Chemical Engineering and Processing 
– Process Intensification 129 (2018) 95-102.

30  Samuelsson, L.N., Moriana, R., Babler, M.U., Ek, M. and Engvall, K. (2015). Model-free rate expression for thermal decomposition processes: the case of microcrys-
talline cellulose pyrolysis, Fuel, 143, 438-447.

31  Samuelsson, L.N., Babler, M.U. and Moriana, R.  (2015). A single model-free rate expression describing both non-isothermal and isothermal pyrolysis of Norway 
Spruce, Fuel, 161, 59-67

32  Samuelsson, L.N., Babler, M.U., Brännvall, E. and Moriana, R. (2016). Pyrolysis of kraft pulp and black liquor precipitates derived from spruce: thermal and kinetic 
analysis, Fuel Processing Technology, 149, 275-284.

Figure CS 24  Illustration of iso-conversional analysis for the 
derivation of an effective rate expression for biomass pyrol-
ysis.29

Iso-conversional analysis provides the mathematical 
framework for determining the kinetic triplet from the 
conversion rate obtained from thermogravimetric ex-
periments run at different heating rates. The kinetic trip-
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from 2 to 100 K/min under a nitrogen atmosphere. For 
processing the TGA data a python code was written 
based on the principle of iso-conversional analysis. For 
the mathematical implementation of iso-conversional 
analysis both the differential method and the integral 
method were tested.23 Also, a detailed analysis of the 
error propagation was undertaken for improving the 
confidence of the estimated parameters.

For exploring the limitations of iso-conversional analy-
sis (objective 3) pyrolysis experiments under isothermal 
conditions were run using centimeter-sized wood chips 
of Norway spruce.  Wood chips with thickness ranging 
from 1 to 6 mm were pyrolyzed at 300 to 400°C in a 
nitrogen atmosphere. The experiments clearly showed 
the effect of particle size on the rate of the pyrolysis 
process which motivated the development of extended 
rate models that account for heat and mass transfer. 
The so-called particle model (objective 4) is formulated 
around differential heat and mass balance equations 
that describe the evolution of temperature and species 
concentration inside the particles as function of time 
and space. Mass and heat transport by diffusion and 
convection and the reactions enter these equations as 
individual terms. The present project focused on the de-
velopment of a robust numerical scheme for the simu-
lating the pyrolysis process on the particle scale.

Most important results
Iso-conversional analysis assumes that the solid conver-
sion of biomass, defined as α=(m1-m(t))/(m1-m∞), where 
m1 is the initial sample mass, m(t) is the sample mass at 
time t and m∞ is the sample mass at the end of the py-
rolysis process, is an intensive quantitative. This means 
that the conversion rate measured in a TGA experiments 
at a given heating rate is assumed to be independent of 
the sample mass. For testing this assumption, we run 
TGA experiments for microcrystalline cellulose at differ-
ent sample masses. Figure CS 25a) shows the evolution 
of the solid mass as a function of temperature for two 
different heating rates (β=3 and 15 K min-1). The differ-
ent curves refer to different sample masses (green=9.9 
mg, red=4.0 mg, blue=1.6 mg). As can be seen, the 
evolution of the conversion shows a dependency on 
the sample mass which likely is due to heat and mass 
transfer limitations inside the sample holder. However, 
we notice that the different curves shown in Figure CS 
25 a) converge to a single master curve as the sample 
mass is decreased. Moreover, it is observed that the final 
sample mass is independent on the heating rate. These 
two observations are in-line with the assumptions of 
iso-conversional analysis and justify its use for the analy-
sis of TGA experiments for slow pyrolysis.

The capability of iso-conversional analysis to derive a 
rate expression for slow pyrolysis of biomass is illustrat-
ed in Figure CS 25b) that shows the time evolution of 
the solid conversion of Norway spruce measured in a 
micro-TGA experiment. The four data sets refer to dif-
ferent temperature profiles, with solid lines showing the 
measured conversion and the dashed line showing the 
corresponding temperature evolution (the temperature 
values given in the figure indicate the plateau value tem-
perature). The symbols represent the calculated conver-
sion using the rate expression derived from iso-conver-
sional analysis. As can be seen, iso-conversional analysis 
provides a comprehensive and accurate rate expression 
that allows for describing the time evolution of the solid 
conversion at arbitrary temperature profiles.

 

 

Figure CS 25 Iso conversional analysis of thermogravimetric 
experiments of (a) microcrystalline cellulose and (b) spruce 
wood. Panel (a) shows the mass loss due to pyrolysis at con-
stant heating rate for three different samples mass (blue=1.6 
mg, red=4.0 mg, green=9.9 mg). Panel (b) shows the conver-
sion as a function of time for different temperature profiles, 
lines: TGA data, symbols: rate model from iso conversional 
analysis (Figures are from Ref.  and 23).

(b)

(a) 
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Figure CS 26 Mass loss of wood chips of different thickness 
undergoing isothermal pyrolysis at 400°C. Dotted line: thick-
ness= 1 mm, line: 1.5 mm, dashed line: 5.5 mm. The grey 
areas indicate the experimental uncertainty (Figure from Ref. 
25).

However, iso-conversional analysis reaches its limits 
when the pyrolysis process experiences strong heat and 
mass transfer limitations. This is explored in Figure CS 
25that shows the time evolution of the solid mass of 
macroscopic wood chips pyrolyzed at 400°C. The three 
data sets in Figure CS 26  refer to wood chips of dif-

ferent thickness. A clear dependency on the thickness 
of the wood chips is observed, as the thickness of the 
wood chip increases the apparent pyrolysis rate decreas-
es. Accounting for heat and mass transfer limitations 
requires refined models based on differential heat and 
mass balance equations that account for the transport 
phenomena that take place inside and outside of the 
wood chips. As part of this project, a comprehensive 
numerical scheme based on flux limited finite volume 
methods was developed for solving the differential heat 
and mass balance equations33. The scheme was tested 
extensively against limiting cases that admit fully or par-
tial analytical solutions.

Main conclusions
Iso-conversional analysis is applicable for the study of 
slow pyrolysis of biomass samples. The method provides 
the kinetic triplet based on which conclusions regard-
ing the pyrolysis mechanisms can be drawn. Moreover, 
it allows for deriving and effective rate expressions for 
solid conversion at a relatively small experimental effort. 
However, iso-conversional analysis becomes inaccurate 
in cases where the pyrolysis process is influenced by 
heat and mass transfer limitations, in which case refined 
models based on heat and mass balances need to be 
adopted.

33  R. Sadegh-Vaziri, H. Winberg-Wang and M.U. Babler, 1D Finite volume scheme for simulating gas–solid reactions in porous spherical particles with application to 
biomass pyrolysis. Ind. Eng. Chem. Res. 60 (2021) 10603-10614.
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Pyrolysis in a rotary drum pyrolizer

Background and motivation
Multistep gasification processes aim at conducting the 
different gasification steps (drying, pyrolysis and gas-
ification) in separate reactors. The WoodRoll® process 
developed by Cortus Energy AB shown in Figure CS 27 
is a three-step gasification process that employs rotary 
drums for drying and pyrolysis and an indirectly heated 
fluidized bed for gasification. Performing these steps in 
separate units allows for running each step under well 
controlled and optimized conditions, resulting in a pro-
ducer gas with low tar content and low levels of impu-
rities. However, to exploit the full potential of multistep 
gasification processes a deep understanding of each 
process step is required. This concerns the pyrolysis step 
which plays a central role in the multistep gasification 
process.

 

Figure CS 27 Schematic of the WoodRoll® multistep gasifica-
tion process developed by Cortus Energy AB.34

Figure CS 28 (a) Structure of the pyrolyser model and (b) 
scheme of the pyrolysis reaction.

Slow pyrolysis of biomass in a rotary drum reactor is a 
complicated process due to the complex interplay be-
tween various phenomena taking place on different 
length scales. Specifically, the pyrolysis reactions tak-
ing place on the molecular scale involve solid-solid, 
solid-gas and gas-gas transformations. These transfor-
mations are influenced by particle scale phenomena, 
namely the heat and mass transfer inside the biomass 
particles. These particle scale transport phenomena are 
itself controlled by the heat transfer and granular mixing 
inside the rotary drum. The complex interplay between 
these phenomena makes process design and scale-up 
calculations of rotary drums a delicate task and transfer 
of lab and pilot scale data to a full-scale plant difficult. 

To address these issues, the present project aimed at 
developing of a compact, scalable numerical model 
for describing slow pyrolysis in a rotary drum reactor to 
produce biochar. The model is validated against exper-
imental data obtained from a 500 kWthermal pilot of the 
WoodRoll® process built and operated by Cortus Ener-
gy AB in Köping.

34  M.U. Babler, A. Phounglamcheik, M. Amovic, R. Ljunggren, K. Engvall, Modeling and pilot plant runs of slow biomass pyrolysis in a rotary kiln. Applied Energy 207 
(2017) 123-133

Objectives
•  Develop a computationally efficient numerical 

model for a rotary drum pyrolyser.

•  Validate the model against pilot plant data obtained 
from the pyrolizer unit installed in the 500 kWthermal 
WoodRoll® pilot.

•  Investigate the influence of operation parameters 
and design parameters on the performance of the 
rotary drum pyrolizer.

Method(s)
The model is based on a set of one-dimensional heat 
and mass balance equations for the temperatures and 
the different material species in the reactor. The heat 
and mass balances incorporate sub-models for the py-
rolysis reaction, the granular flow, and the heat trans-
fer between the solids, the gas, and the reactor wall. 
Transport phenomena on the particle scale are lumped 
into the parameters of the reaction model and the heat 
transfer model.25 Figure CS 28(a) illustrates the struc-
ture of the rotary drum pyrolyser model. The backbone 
given by the heat and mass balance equations and the 
incorporation of individual sub-models for the different 
processes gives the model a modular character.

 

(b)
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The reaction model considers the solid biomass matrix 
as a pseudo-component that decomposes into an inter-
mediate solid and gas and tar as shown in Figure CS 28 
(b). The intermediate solid is a pre-cursor of biochar that 
is included into the model for resolving the slow pro-
cesses taking place in the late stage of biomass pyroly-
sis.35  The gas leaves the solid matrix without undergoing 
any further reactions while part of the tar is trapped in 
the solid matrix where it slowly converts to biochar. 

A crucial aspect for describing rotary drums for the pro-
cessing of granular materials concerns the granular flow 
of the solid particles. In the present work the semi-ana-
lytical model of Saeman is adopted.36 The latter describes 
the evolution of the bed height in the rotary drum using 
a single material parameter (the angle of repose). Al-
though crude, Saeman's model captures the main char-
acteristics of the granular flow in the rotary drum. The 
heat transfer model accounts for heat transfer between 
the gas, the granular material, and the reactor wall due 
to conduction, convection and radiation. The resulting 
model consists of a set of ordinary differential equations 
that are readily solved using standard software for nu-
merical calculations, such as Matlab or Python (in the 
present project we used Matlab). The model is easy to 
implement, robust and numerically efficient. 

Most important results
We first validated the model against experimental data 
obtained from the pyrolyser unit of the 500 kWthermal 

WoodRoll® pilot. Figure CS 29 shows the gas tempera-
ture at the pyrolyser outlet (panel a) together with the 
solid mass conversion (panel b) as function of the heat 
supplied to the reactor. The model is in reasonable agree-
ment with the experimental data. Major deviations were 
noticed for experiments at very high heat supply where 
the model overpredicts the gas outlet temperature. A 
reason for this deviation could be that the high amount 
of heat provided to the reactor leads to additional phase 
transformations (e.g. evaporation of heavy tars) that are 
not accounted for in the model.

35  W.C. Park, A. Atreya, H.R. Baum, Experimental and theoretical investigation 
of heat and mass transfer processes during wood pyrolysis. Combustion and 
Flame 157 (2010) 481-494.

36  W. Saeman, Passage of solids through rotary kilns: factors affecting time of 
passage, Chem. Eng. Progress 47 (1951) 508-514.

Figure CS 29 Gas temperature at the pyrolyser outlet (a) and 
solid mass conversion (b) for different feed rates as a function 
of the heat supplied to the reactor. Lines: Model, symbols: ex-
periments.47

Figure CS 30 Influence of the feed rate (left panels) and the 
rotation rate of the drum (right panels) on the mean residence 
time (top), the outlet temperature (middle) and the solid mass 
conversion (bottom).26
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The validated model was used to investigate the in-
fluence of various operation parameters on the rotary 
drum pyrolyser. Figure CS 30 shows the mean residence 
time (upper panels), the outlet temperatures (middle 
panels) and the solid conversion (bottom panels) as a 
function of the feed rate (left column) and the rotation 
rate of the rotary drum (right column). It is interesting to 
observe that the mean residence shows a weak depen-
dency on the feed rate while it exhibits a strong depen-
dency on the rotation rate. On the other hand, the solid 
conversion into gas, tar and char strongly depends on 
the feed rate while it is only weakly influenced by the 
rotation rate.

At a high feed rate, the heat transfer from the reac-
tor wall to the solid material inside the reactor becomes 
limiting, preventing the biomass to reach high enough 
temperatures to undergo pyrolysis. This explains the 
strong dependency on the feed rate observed in Figure 
CS 30 (bottom left). Increasing the rotation rate leads to 
a reduction in the mean residence time but at the same 
time to in improvement of the granular mixing such that 
in effect, the solid conversion is only little affected by the 
increase in the rotation rate as observed in Figure CS 30 
(bottom right).

Main conclusions
The central role of pyrolysis as part of a multistep gasifi-
cation process motivated us to investigate pyrolysis in a 
rotary drum reactor by means of numerical simulations 
and pilot plant experiments. A computationally efficient 
one-dimensional model for the pyrolyser was devel-
oped and validated against data obtained from a pilot 
scale pyrolyser. The model provides reasonable to good 
agreement with experimental data. The model reveals 
the complex interplay between the operation parame-
ters of the rotary drum and the solid conversion of bio-
mass. It is found that increasing the rotation rate reduc-
es the mean residence time in the reactor while at the 
same time improving the granular mixing of the solids.

Reflections
There have been a lot of research progress, especially, 
the last four years, with considerable amounts of ex-
perimental results produced. Worth to note is the joint 
efforts by KTH and GU to address the important subject 
char reactivity, using a novel approach combining tradi-
tional thermogravimetry and online alkali analysis using 
SID. Even though biomass char reactivity has been a top-
ic of research for a long time, there is still a need for a 
more detailed understanding of the role of alkali during 
the evolution of the char gasification, especially, in view 
of the diverse biomass properties. Interesting prospects 
for research are to use the methodology to also investi-
gate the char gasification in the presence of bed mate-
rials, which hopefully will clarify, e.g., the interaction of 
alkali with the bed material during the activation.

The publication of results is lagging in time and will spill-
over in 2022 with at least five-six manuscripts in differ-
ent stages of preparation. There are also three active 
students where at least two will defend their PhD thesis 
during next year.

Examinations
Zaini, Ilman Nuran. (2021) Enhancing the circular econ-
omy: Resource recovery through thermochemical con-
version processes of landfill waste and biomass. Doctor-
al thesis. KTH

Sadegh-Vaziri, Ramiar. (2019) Modeling in Biomass Har-
vesting, Biomass Pyrolysis and Producer Gas Cleaning. 
Doctoral thesis. KTH 

Norberg Samuelsson, Lina. (2016) Isoconversional anal-
ysis for the prediction of mass-loss rates during pyrolysis 
of biomass. Doctoral thesis. KTH

Morgalla, Mario. (2018) Doctoral thesis. Benzene-char 
conversion and particle-vapor characterization in bio-
mass gasification. Doctoral thesis. Linnaeus University.

Lin, Leteng. (2013) Char conversion and aerosol char-
acterization in biomass gasification. Doctoral thesis. Lin-
naeus University.
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Gas Cleaning Processes
Tar decomposition in a secondary reactor 
Biomass-derived might char have similar tar conversion 
potential as that of dolomite, fluid catalytic cracking, or 
Ni catalysts. In fluidized bed gasifiers high concentration 
of char particles might be suspended and transported 
out of the gasifier with the producer gas. These particles 
can be caught and retained in a bed or in a high tem-
perature filter mounted downstream gasifier. This might 
open for the possibility of a simple and cheap method 
for substantial reduction of tar concentration in the gas. 
Any char retained in a bed or filter at high temperature 
will eventually be consumed through gasification reac-
tions. Consequently, at a certain time a steady state will 
be reached where the feeding-deposition rate and con-
sumption of char is equal. Consequently, the maximum 
amount of char available in the bed at a certain feeding 
rate will depend on the char gasification rate.

Two main studies have been performed, one focusing 
on tar conversion in an internally heated packed fixed 
bed of char29, and the other tar decomposition in a sec-
ondary FB reactor30.

Objectives
The general objective was to evaluate the potential of 
using fine char particles for tar conversion downstream 
a FB gasifier. Specific objectives were to experimentally 
investigate benzene and model tar conversion and gas-
ification rate of char at different conditions. 

Method(s)
Tar conversion in an internally heated packed bed 
of char37

Figure CS 31 shows the typical experimental setup used 
for investigating of tar conversion in a heated alumina 
bed that was continuously loaded with char particles. 
The char supply was accomplished by means of the 
char aerosol generator. Char was crushed by mechani-
cal means and fine entrained char particles were carried 
into the reactor by nitrogen gas. Inside the reactor the 
char was collected in the alumina bed acting as a filter. 
The flow rates of benzene, steam, N2, and CO2) were 
controlled using a system with mass flow controllers and 
evaporators. Downstream the reactor steam, CO, CO2, 
benzene and H2 concentrations were measured using a 
Fourier transform infrared (FTIR) gas spectrometer and a 
micro gas chromatograph. As char was fed to the hot 
alumina bed a steady state would be established after a 
few minutes where the char feeding rate and the char 
gasification rate were equal. The steady-state amount 

of char in the bed will then depend on parameters such 
as char feeding rate, temperature, and gas composition. 
The amount of char was established by stopping the 
feed of carbon (char, benzene, and CO2) and then mea-
sure the total amount of CO and CO2 formed. There 
will be a certain benzene conversion in the reactor also 
when no char is present. The conversion of benzene 
presented here was based on the additional conversion 
after char feeding started, that is, with the initial conver-
sion as base line. Tar conversion in an internally heated 
packed bed of char

Tar decomposition in a secondary FB reactor38

The test rig used for the char and tar decomposition in a 

secondary reactor is shown Figure CS 32. The test rig is 
of FB/fixed bed type and operates at atmospheric tem-
perature and temperatures 800 - 1400 °C. Pre-heated 
steam/air and other gases may be used. The reactor was 
upgraded with a continuous screw feeder during 2019. 
The produced gases are measured using a µ-GC and tar 
by SPA sampling.

TGA and different surface characterization instruments 
such as SEM-EDX, BET and XRD are also used.

37 Ahmad, W., Lin, L. and Strand, M. (2021). Benzene conversion using a partial combustion approach in a packed bed reactor, accepted for publication in Energy.
38 Manuscript in preparation.

Figure CS 31 Schematic of the experimental setup



106

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021

Most important results
Tar conversion in an internally heated packed fixed 
bed of char37

Figure CS 33 shows the results from several experiments 
where the benzene conversion as a function of weight 
time was established. Weight time is here the ratio of the 
mass of the char in the bed to the gas volume flow rate 
at steady state. It is used here to give an indication of 
the conversion potential of the char that is independent 
of the flow rates of the reactor. The reactor tempera-
tures used in the experiments varied between 600-1050 
°C. Either 13,5 % steam or 13,5 % CO2 was used as 
gasification agent. Tree different chars were used; one 
standard wood char (0-char), the same char but doped 
with potassium (K-char), and one doped with iron (Fe-
char).  Additional to the steady state experiments data 
from non-steady state experiments were included and 
compiled to establish the fitted graphs for the 0-char 
shown in the figure.

The results clearly showed that conversion increased 
with increasing weight time, as well as with increasing 
temperature for all three chars. They also show that 
benzene conversion is generally higher using CO2 as 
gasification medium compared to steam. Doping the 
char seems to have no positive effect on the tar con-
version. 

Figure CS 34 shows the benzene conversions and the 
corresponding char concentrations at different char 
feeding rates ranging from about 5-50 g/Nm3. A sim-
ilar set of data was used as for the weight time results. 
As expected, the benzene conversion increased with 
higher char feeding rate. The fitted graphs indicate that 
conversion was only slightly higher at 1050°C than at 
950°C. The limited effect of higher temperature can be 
explained by the increased conversion of char at high-
er temperatures, which leaves less char in the bed at 
steady state. A similar effect can explain the relatively 
very low conversions for the doped chars. That is, dop-
ing of char can increase the char gasification rate, again 
leaving less char available for the benzene conversion.

 

Figure CS 33 Benzene conversion as a function of the weight 
time using the O-char, K-char and Fe-char using (a) 13,5% 
CO2 and (b) 13,5 % steam. The graphs represent the fitted 
benzene conversions based on an extended set of data.37

Figure CS 32 The atmospheric FB/fixed bed test rig at KTH.
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Figure CS 34 Benzene conversion as a function of the char 
feeding rate at different temperatures using a) 13.5 vol. % 
steam and b) 13.5 vol. % CO2.

37

Tar decomposition in a secondary FB reactor38

Experiments investigating the catalytic tar cracking 
properties for different char samples was performed us-
ing a lab-scale fixed/fluid bed reactor. This was carried 
out under inert atmosphere using a mixture of toluene/
naphthalene as a model tar compound. Figure CS 35 
(left) shows a preliminary result of the conversion of 
naphthalene in time at a bed temperature of 800 °C, 
displaying a rather complex behaviour of the model tar 
conversion with an initial peaked conversion followed 
by a decrease and a second peak for two very different 
char materials. The TPO diagram in Figure CS 35 (right) 
shows different types of carbon present for fresh and 
used of one of the char materials. Worth to note is the 
small peak present at around 32 min for the used char, 
which may be related to formation of volatile carbona-
ceous material. 

Main conclusions
Tar conversion in an internally heated packed fixed 
bed of char37

The results indicate that a suspended char particles that 
are collected in a bed downstream a full-scale gasifier 
might be used as a method for reducing the tar content 
of the gas. However, to reach high conversion very high 
concentrations of char particles will be required. The re-
sults also show that measures that increase the conver-
sion capacity of the char might be difficult to implement 
since the same measures might also enhance the char 
gasification reactions, leaving less char available for tar 
conversion in the bed. 

Figure CS 35 Left: Temperature-programmed oxidation pro-
files of fresh and used char material. Right: Evolution of naph-
thalene at 800 °C.38
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Catalytic conversion processes
Background and motivation
During biomass gasification and pyrolysis undesirable 
products such as tar, represent a major limitation to 
the use of the produced gas and for the process unit. 
Tar presence in the gas is responsible for several down-
stream problems and should be limited if not eliminat-
ed39. Its physical removal incurs energy penalty and car-
bon loss while thermal conversion to gas is associated 
with high energy requirements and higher carbon loss 
due to soot formation. Therefore, it is advantageous 
to use a catalytic reformer to convert tar components 
to syngas before the end-user application at similar to, 
or even lower than, the gasification temperatures. Al-
though Rh-, Ru-, Pd- and Pt-based reforming catalysts 
outperform Ni in terms of activity, due to its favorable 
cost-to-activity ratio Ni-based catalysts continue to be 
the most frequently studied materials for steam reform-
ing downstream of biomass gasifiers39. Ni catalysts have 
also been applied for many years commercially in a bio-
mass-fueled gasification plants in Skive, Denmark. 

All catalysts are to different degrees sensitive to deacti-
vation, which can be classified into chemical, mechan-
ical or thermal deactivation, depending on the nature 
of the deterioration40. Reduced reforming activity due 
to thermal sintering of Ni, S and K adsorption, but also 
increased resistance against detrimental carbon whisker 
formation by S and K adsorption, are previously well 
studied phenomena41,42,43. However, effects of gas im-
purities such as gas-phase alkali at varying concentra-
tions in combination with biomass-derived gas-phase 
sulfur and chlorine have been largely unknown and, 
in particular, the influence of alkali on catalyst activity 
and carbon lay-down when alkali is equilibrated and 
co-adsorbed with sulfur on the Ni catalyst surface. Al-
beit of the use of Ni catalysts for tar and hydrocarbon 
reforming in industrial biomass gasification operation, 
the information regarding the effect of gas-phase alka-
li on tar reforming catalyst performance under realistic 
conditions, including alkali uptake/removal rates and 

equilibrium alkali coverages at different concentration 
levels were previously limited. Small amounts of S and 
K separately influence catalyst steam reforming activity 
(negatively) and carbon whisker coking resistance (pos-
itively)40,41. Still, the combined effect of alkali and sulfur 
remained largely unknown. In the studies performed 
within the SFC, we first developed and implemented a 
methodology enabling controlled investigation of the 
influence of gas-phase alkali on the activity of a tar re-
forming Ni/MgAl2O4 catalyst under realistic steady-state 
conditions by eliminating transient effects, caused by 
sulfur poisoning, and sintering and by tailoring the S 
surface coverage by adjusting the H2S/H2 ratio44. In the 
following studies, we first investigated the combined 
effects of biomass-derived gas-phase potassium at vary-
ing concentrations together with sulfur on tar reforming 
catalyst performance45, and next the role of the support, 
S and K interactions with the support, and the latter’s 
contribution to the overall catalytic activity, including an 
investigation on the preferential site of adsorption site 
(support and Ni metal) of the K and S species on a Ni 
catalyst46. 

Naphthalene is typically present in the produced gas 
form biomass gasification and is identified as one of the 
most difficult molecules to decompose47. Since naphtha-
lene is also an intermediate in the decomposition mech-
anisms of higher polyaromatic hydrocarbons to syngas 
molecules48, it is important to understand the elementa-
ry steps of its transformation such as primary adsorption 
and dehydrogenation, as well as possible surface carbon 
passivation mechanisms, caused by naphthalene. With-
in the project we use a combined experimental and the-
oretical approaches to understand the catalytic reaction 
pathways from naphthalene to formation of extended 
graphene on a Ni(111) surface, including insight into 
elementary steps of naphthalene adsorption and car-
bon passivation49, as well as the reaction pathway and 
surface species present during the dehydrogenation of 
naphthalene on Ni(111)50.

39 Dayton D. A review of the literature on catalytic biomass tar destruction. National Renewable Energy Laboratory (NREL); 2002.
40  Bartholomew CH. Mechanisms of catalyst deactivation. Appl Catal A: Gen 2001;212:17–60.
41 Sehested J. Four challenges for nickel steam-reforming catalysts. Catal Today 2006;111:103–10.
42 Rostrup-Nielsen JR. Sulfur-passivated nickel catalysts for carbon-free steam reforming of methane. J Catal 1984;85:31–43.
43 Koningen J, Sjöström K. Sulfur-deactivated steam reforming of gasified biomass. Ind Eng Chem Res 1998;37:341–6.
44  Haghighi Moud, P., Andersson, K.J., Lanza, R., Pettersson, J.B.C. and Engvall, K. (2015). Effect of gas phase alkali species on tar reforming catalyst performance: Initial 

characterization and method development, Fuel, 154, 95-106.
45  Moud  P.; Andersson K J., Lanza R. Engvall K.(2016) Equilibrium potassium coverage and its effect on a Ni tar reforming catalyst in alkali- and sulfur-laden biomass 

gasification gases. Appl. Cat.B: Environ.,190, 137-146.
46  Hernandez, A., Andersson, K.J., Engvall, K. and Kantarelis, E. (2020). Preferential adsorption of K species and the role of support during reforming of biomass derived 

producer gas over sulfur passivated Ni/MgAl2O4, Energy & Fuels, 34(9), 11103-11111
47  Engvall, K.; Kusar, H.; Sjöström, K.; Pettersson, L. J. Upgrading of Raw Gas from Biomass and Waste Gasification: Challenges and Opportunities. Top. Catal. 2011, 

54, 949−59.
48  Rostrup-Nielsen, J. R.; Christiansen, L. J. Concepts in Syngas Manufacture; Imperial College Press: London, U.K., 2011.
49  Ghadami Yazdi, M., Moud, P.H., Marks, K., Piskorz, W., Öström, H., Hansson, T., Kotarba, A., Engvall, K. and Göthelid, M. (2017). Naphthalene on Ni(111). Experi-

mental and Theoretical Insights into Adsorption, Dehydrogenation, and Carbon Passivation, Journal of Physical Chemistry C, 121 (40), 22199
50  Marks, K., Ghadami Yazdi, M., Piskorz, W., Simonov, K., Stefaniuk, R., Sassa, Y., Johansson, F.O.L., Lindblad, A., Hansson, T., Kotarba, A., Engvall, K., Göthelid, M., 

Harding, D.J. and Öström, H. (2019). Investigation of the surface species during temperature dependent dehydrogenation of naphthalene on Ni(111), Journal of 
Physical Chemistry C, 150, 244704
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Novel catalyst materials in form of of iron-based (Fe2-xNix-

TiO5) catalyst51 and Ba/Ni substituted hexaaluminates52,53 
have been developed and investigated in steam reform-
ing experiments at laboratory scale as well as at pilot 
scale under realistic conditions.

Objectives
Increase the understanding of catalytic processes and in 
particular tar reforming and WGS, both from a practical 
as well as a fundamental and rigorous scientific perspec-
tive; that would allow for a comprehensive understand-
ing of chemical and physical phenomena governing the 
reactions on the catalyst surfaces and thus help to fur-
ther develop, set up and optimize the processes. Specif-
ic research objectives were as follows:

Catalytic Tar Reforming:

•  Enhanced the understanding of the effect of differ-
ent impurities on reforming catalysts. Sulphur and 
potassium, for example, are naturally present in the 
process feed and affect the catalyst performance 
considerably, an issue of high industrial relevance. 

•  Developed and evaluated new catalytic materials 
with improved performance compared to the cata-
lysts available today. 

•  Development of advanced concepts of tar reform-
ing reactors with simultaneous particulates and/or 
other impurities removal (i.e., catalytic filters).

Method(s)
Numerous experimental facilities and techniques were 
used in the project including among others: Bench-scale 
atmospheric fluidized bed gasifier with secondary tar re-
forming reactor, lab scale reactors for evaluation of par-
ticle filter pads and filter candles, various lab scale fixed 

bed test rigs as well as surface characterization tech-
niques and spectroscopic methods. Brief descriptions of 
methods for the different studies are outlined below.

Effect of alkali and sulfur on tar reforming  
Ni catalysts under real gas conditions44,45,46

For understanding the combined effects of gas phase 
potassium and sulfur on the Ni-based reforming cata-
lysts, a bench-scale gasifier setup (Figure CS 36), was 
used to provide with a real producer gas to a fixed bed 
catalytic reactor downstream the gasifier and a candle 
filter unit. The setup consists of a 5 kWth bubbling flu-
idized bed (BFB) gasifier, a particulate candle filter and 
a reforming reactor. Auxiliary equipment for the studies 
included an alkali aerosol generator coupled with a dif-
fusion drier, to provide controlled amounts of gas phase 
K to the top of the filter vessel in the dust-free raw pro-
ducer gas stream. At the outlet of the reforming reactor 
a gas cleaning unit, and a gas analysis section followed. 
The cleaning unit is used to protect analytical equip-
ment from traces of tar and/or water that may be found 
in the gas. It consists of a train of impinger bottles, a gas 
cooling trap to condense water and or solvents from 
the impinger bottle train and a phosphorous pentoxide 
column which dehydrates the gas.

The gasification reactor is of fluidized bed type with an 
inner diameter of 50 mm and a height of 300 mm. The 
freeboard has a diameter of 100 mm, and the height 
equals to 0.45 m. The freeboard lowers the gas velocity, 
which allows the bed particles in the gas to fall back 
into the bed. To account for the heat losses, the reac-
tor is externally heated and has a maximum operating 
temperature of 950 °C. Nonporous alumina was used 
as bed material (350 g); pine pellets, 1.5–2 mm in size, 
were used in all experiments.

Figure CS 36 Bench scale gasifier setup used in the studies investigating effects of alkali on a Ni-catalyst at real gas conditions

51  Ruivo, L.C.M., Pio, D.T., Yaremchenko, A.A., Tarelho, L.A.C., Frade, J.R., Kantarelis, E. and Engvall, K. (2021). Iron-based catalyst (Fe2-xNixTiO5) for tar decomposition 
in biomass gasification, Fuel, 300, 120859

52  Brandin, J., Parsland, C., Larsson, A., Benito, P. and Fornasari, G. (2015). Nickel-substituted bariumhexaaluminates as novel catalysts in steam reforming of tars, Fuel 
processing technology, 140, 1-11.

53  Parsland, C., Hoang Ho, P., Benito, P., Larsson, A-C., Fornasari, G., and Brandin, J, (2020). Ba-Ni-Hexaaluminate as a New Catalyst in the Steam Reforming of 1-Methyl 
Naphthalene and Methane. Long-Term Studies on Sulphur Deactivation and Coke Formation, Catalysis Letters, 150, 1605–1617.
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Various experimental methods were followed to identify 
the different phenomena taking place on the catalysts 
and /or support as well as the interactions between gas 
impurities (i.e. S and K). 

To investigate the early stages of gas phase K adsorption 
and interaction with a Ni-based catalyst under simulated 
industrial conditions a controlled amount of atomized 
K salt was used. Monitoring of the K uptake, allows to 
investigate the early stages before the establishment of 
equilibrium K coverages at different concentrations of 
potassium in the gas phase. The sulfur chemical poten-
tial was tailored by varying the relative partial pressures 
of H2S and H2 in a way to equilibrate the surface of the 
catalyst with realistic sulfur concentrations (40 and 100 
ppmv). For this study commercial Ni-catalyst provided 
by Haldor Tospøe A/S (HT-25934) was used. Prior to use 
the catalysts pellets were crushed and sieved; 50 g of 
the 3–6 mm sieved fraction was used in the tests mixed 
with 50 g of inert nonporous silica-free fillers (Vereinigte 
Füllkörper-Fabriken, Duranit Inert D99) of 3.175 mm di-
ameter which were used as bed diluent. The loaded cat-
alyst volume, total gas flow and H2S levels were selected 
to obtain a certain partial hydrocarbon conversion. This 
was done to obtain an effective conversion range that 
enables the comparison of catalyst activity at different 
conditions. 

The above methodology allowed to understand and 
identify phenomena that occur simultaneously with the 
deactivation phenomena due to S presence and the in-
teraction with the K in the gas phase; and hence can af-
fect the observed catalytic activity. Therefore, an ageing 
step has been added to the above procedure. Acceler-
ated ageing can enable sintering phenomena and thus 
stabilize the catalyst prior to actual investigation.

To get a better understanding of the role of the support 
in the S and K interactions and role in the overall cata-
lytic activity, both commercial Ni catalyst (Haldor Topsøe 
A/S, HT-25934) and MgAl2O4 support of the same cata-
lyst (HT-80541) were subjected to the same ageing, H2S 
poisoning treatment and exposed to controlled K and 
H2S environment during reforming of raw producer gas. 
The individual roles of Ni and support were elucidated 
during separate K desorption from the Ni/MgAl2O4 cat-
alyst and pure MgAl2O4 support under steam reform-
ing conditions. Prior to use, both the catalyst and the 
support were ground to an average particle size of 3.6 
mm (3.15 < dp < 4.0 mm). Equal amounts of catalyst 
and support (25 g) were mixed with 50 g of inert dilu-
ent and subjected to activation by reduction in H2 and 
ageing at high temperature in steam/H2 atmosphere. To 
eliminate any transient phenomena due to a gradual 
S-coverage of the catalyst during operation, the cata-
lyst and the support were subjected to “sulfidation” at  

reaction temperature (803 ± 2 °C) at a H2S/H2 ratio of 
1.88 × 10−4 for 4 hours. The H2S/H2 ratio was based on 
the previous experimental campaigns. The actual sulfur 
coverage, θS, at this temperature and sulfidation con-
ditions (H2S/H2) would yield a sulfur coverage of ~0.96.

For all the experimental campaigns catalyst and sup-
port samples were characterized before and after use 
by means of N2-physiosorption, IR quantification for the 
surface sulfur content and atomic absorption spectrom-
etry (AAS) and ICP-MS for the K content. The carbon 
content was determined using a LECO analyzer. The 
dry and tar-free gas composition was analyzed using a 
µ-GC.

To further elucidate the preferential adsorption of K to 
the support and the Ni active sites. Additional K desorp-
tion tests on K- S equilibrated catalysts and potassium 
impregnated supports were performed using species 
resolved thermal alkali desorption (SR-TAD) under high 
vacuum (10-7 mbar) at 700 °C. This would allow the de-
termination of desorption energies of potassium from 
the catalysts and the support. Nevertheless, while the 
SR- TAD could provide information of preferential ad-
sorption sites, the effects of surrounding atmosphere 
(reducing, oxidizing etc) and pressure are not taken 
into consideration. Moreover, impregnation of support 
with K salt might not provide representative deposition 
mechanism. Therefore, in-house prepared MgAl2O4 Ni/
MgAl2O4 was subjected to ageing sulfidation and K-S 
equilibration and then subjected to thermal desorption 
of K using a TGA coupled with a surface ionization de-
tector (Figure CS 14) able to detect desorbed K species. 
Experiments included the effect different gas atmo-
spheres on the K desorption from the MgAl2O4 and Ni/
MgAl2O4. 

Fundamental understanding of naphthalene  
decomposition on Ni(111)49,50

Methods such as temperature programmed desorption 
(TPD), vibrational sum-frequency generation spectros-
copy (SFG), X-ray photoelectron spectroscopy (XPS), 
and scanning tunneling microscope (STM) measure-
ments and density functional theory (DFT) calculations, 
were used in order to understand the mechanism of 
adsorption, carbon formation and temperature driven 
dehydrogenation of pure naphthalene on Ni(111) in Ul-
tra-High Vacuum (UHV). 

Catalytically active filter for biomass derived tar 
reforming54

The hot gas catalytic particle filter used in the study 
consists of a low-density ceramic filter pad composed 
of inorganic magnesium silica fibres, provided by Ten-
mat Ltd, impregnated with a Ni catalyst supported on 

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021

40 Manuscript in preparation
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a Mg spinel (MgAl2O4) and on α-alumina (Al2O3). The 
filter material is commercially used in candle filters for 
operating temperatures up to 1000°C with other typical 
properties, such as density 450 kg/m3, filtration efficien-
cy > 99.99% and filtration capability particle size < 1 
micron. The preparation of the Ni-spinel and the Ni-alu-
mina catalyst and procedure for impregnating the filter 
pad (Figure CS 37) is schematically described in Figure 
CS 38. The filter element was prepared with a similar 
method but with a different coating technique of the 
inside of the element.

Development of catalytic filter for hot gas cleaning of 
producer gas has so far been studied using simulated 
producer gas composition on both filter pads and ele-
ments. The experimental set up used for the filter pads 
and the elements are shown in Figure CS 39.
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Figure CS 37 Filter pad with deposited catalytic layer (Ni/MgA-
l2O4)

Figure CS 38 Schematic flow scheme of the steps to produce the filter pad with supported Ni catalyst

Figure CS 39 Experimental setups used for evaluation of catalytic activity of prepared filters; (top) filter pads and (bottom) filter 
elements.
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Table CS 6 Experimental cases for the filter element experiments.

SFC- Cleansyngas 
 

 

 

Table CS 6 Experimental cases for the filter element experiments. 

Experiment Filter Catalytic coating Duration Nominal tar 
#1 CS1255F - H Blank filter 6 h 5 g/Nm3 
#2 CS1255F – no H Sol-gel 12 h 5 g/Nm3 
#3 CS1255F – no H Slurry 12 h 5 g/Nm3 
#4 CS1255F – H Slurry 12 h 5 g/Nm3 
#5 CS1255F – no H Blank filter 4 h 5 g/Nm3 
#6 CS1255F – H Sol-gel 12 h 5 g/Nm3 
#7 CS1255F – H Blank filter 6 h 5 g/Nm3 
#8 CS1255F – no H Slurry 12 h 5 g/Nm3 

 

During the experiments, the composition of non-condensable gases was continuously analyzed and recorded 
using a micro gas-chromatograph (GC). The tar was sampled according to the SPA sampling method. 

The surface of the fresh and used filter pads and elements was characterized with several methods, such as 
surface acidity by thermal programmed desorption of ammonia (NH3-TPD)40, N2 physisorption to determine the 
specific surface area, X-ray diffraction (XRD) to determine the crystalline inorganic phases, scanning electron 
microscope (SEM) to visualize the structures of the catalytic filter material.  

To evaluate the performance of the catalytic filter on a real producer gas, several experiments using prepared 
filter elements and the bench scale setup, shown in Figure CS 39 (bottom) was planned for onsite at the Meva 
plant in Hortlax during 2020. The experiments will be carried out on a slipstream gas flow directly after the Meva 
gasifier using catalytic filters prepared as described above. Non-catalytic filters will be used for reference 
experiments. 

Details for methods and experimental setups will be described in a manuscript in preparation. 

Development of a tar reforming catalystFel! Bokmärket är inte definierat. 
Fe2-xNixTiO5 catalysts were prepared by combining mechanical activation and solid-state synthesis with 
microwave firing using a ternary mixture of 
powder precursors composed of nickel (II) 
oxide, iron (III) oxide and titanium (IV) oxide in 
stoichiometric atomic ratios (Fe + Ni):Ti = 2 and 
Ni:(Fe + Ni) = 0, 5 and 10%. This formulation 
relates to a maximum Ni loading of 2.5 wt%, 
which is considerably lower than the typical Ni-
based catalysts. The precursors were balled-
milled and mechanically mixed. Pellets were 
prepared from the mixtures which were then 
calcined at 1000 °C in air for 2 h by microwave 
irradiation which promoted the formation of 
pseudobrookite crystalline phase Fe2TiO5 and 
the subsequent incorporation of NiO into the 
support. A Ni-free sample was also prepared as 
a reference, and the catalysts samples were 
denoted by 0%Ni-FT, 5%Ni-FT and 10%Ni-FT 
corresponding to different Ni loading. The 
prepared were characterized by means of XRD, SEM STEM/EDS, N2 physisorption, and TGA. 

 

40 Marat R. Gafurov et al., (2015). Quantitative Analysis of Lewis Acid Centers of γ-Alumina by Using EPR of the Adsorbed 
Anthraquinone as a Probe Molecule: Comparison with the Pyridine, Carbon Monoxide IR, and TPD of Ammonia, J. Phys. Chem. 
C, 119, 49, 27410–27415. 

Figure CS 40 Experimental set up for catalyst evaluation 
performance using model tar compounds (figure from Fel! Bokmärket är 

inte definierat.) 

SFC- Cleansyngas 
 

In case of the filter pad experiments, the Ni catalyst filters were first reduced in a gas stream of hydrogen at 
500°C for 4 hours, reducing the NiO in the catalytic layer to metallic nickel, and thereafter aged at 900°C for five 
hours at a steam:hydrogen ratio of 1:10. The catalytic activity experiments were performed for a duration of 24 
hours at 800°C in the reactor with conditions as specified in Table CS 5. A mixture of toluene and naphthalene 
(saturated in toluene) was used in the experiments. 

In case of the filter element tests, two types of filters with and without additional hardener (H), as indicated in  

 

Table CS 6.The experimental tests were performed at temperatures between 820 °C and 750-775 °C for cases 
#1-#4 and #5-#8, respectively. The lower T ranges corresponds to experiments with a lower gas inlet 
temperature below 800 °C. A mixture of toluene and naphthalene (saturated in toluene) was used in the 
experiments. 

Table CS 5 Summary of average gas compositions and experimental conditions used in the experiment using filter pads. 

Gas compound (vol-%) Al2O3 MgAl2O4  Blank Blank Blank 

Test #1 Test #2 Test#3 Test #4 Test #5 Test #6 Test #7 

H2 6.7 7.5 17.9 20.3  6.8 7.3 16.7 
CO 10.3 15.2 16.1 12.4  13.7 13.8 10.8 
CO2 10.7 11.1 12.5 8.6  10.0 10.1 6.0 
CH4 2.7 3.0 4.9 4.6  2.8 2.8 3.6 
N2 34.7 46.7 19.5 23.4  43.8 44.0 19.4 
H2O 35.1 16.5 29.1 30.5  22.5 22.5 43.5 
Tar (g/Nm3) 7.5 ± 0.96 7.4 ± 0.9 12.8 ± 1.3 8.2 ± 1.3  15.3±0.8 7.1± 15.7± 

Catalytic filter temperature (°C) 800 800 800 800  800 800 800 

Gas flow at reaction conditions 
(ml/min) 

2051.8 1725.4 1750.9 1732.5  1705 1689.0 2199.6 

Filtration velocity(cm/s) 3.55 2.98 3.03 3.00  2.95 2.93 3.81 
S/C 2 7.3 8 10.8  4.5 5.7 12.1 

 

 
Figure CS 39 Experimental setups used for evaluation of catalytic activity of prepared filters; (top) filter pads and 
(bottom) filter elements. 

Table CS 5 Summary of average gas compositions and experimental conditions used in the experiment using filter pads.

55  Marat R. Gafurov et al., (2015). Quantitative Analysis of Lewis Acid Centers of γ-Alumina by Using EPR of the Adsorbed Anthraquinone as a Probe Molecule: Com-
parison with the Pyridine, Carbon Monoxide IR, and TPD of Ammonia, J. Phys. Chem. C, 119, 49, 27410–27415.

In case of the filter pad experiments, the Ni catalyst filters 
were first reduced in a gas stream of hydrogen at 500°C 
for 4 hours, reducing the NiO in the catalytic layer to me-
tallic nickel, and thereafter aged at 900°C for five hours 
at a steam:hydrogen ratio of 1:10. The catalytic activity 
experiments were performed for a duration of 24 hours 
at 800°C in the reactor with conditions as specified in 
Table CS 5. A mixture of toluene and naphthalene (satu-
rated in toluene) was used in the experiments.

In case of the filter element tests, two types of filters 
with and without additional hardener (H), as indicated 
in Table CS 6.The experimental tests were performed 
at temperatures between 820 °C and 750-775 °C for 
cases #1-#4 and #5-#8, respectively. The lower T rang-
es corresponds to experiments with a lower gas inlet 
temperature below 800 °C. A mixture of toluene and 
naphthalene (saturated in toluene) was used in the ex-
periments.

During the experiments, the composition of non-con-
densable gases was continuously analyzed and record-
ed using a micro gas-chromatograph (GC). The tar was 
sampled according to the SPA sampling method.

The surface of the fresh and used filter pads and ele-
ments was characterized with several methods, such as 
surface acidity by thermal programmed desorption of 
ammonia (NH3-TPD)55, N2 physisorption to determine 
the specific surface area, X-ray diffraction (XRD) to de-
termine the crystalline inorganic phases, scanning elec-
tron microscope (SEM) to visualize the structures of the 
catalytic filter material. 

To evaluate the performance of the catalytic filter on a 
real producer gas, several experiments using prepared 
filter elements and the bench scale setup, shown in 
Figure CS 39 (bottom) was planned for onsite at the 
Meva plant in Hortlax during 2020. The experiments 
will be carried out on a slipstream gas flow directly af-
ter the Meva gasifier using catalytic filters prepared as 
described above. Non-catalytic filters will be used for 
reference experiments.

Details for methods and experimental setups will be de-
scribed in a manuscript in preparation.
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Development of a tar reforming catalyst51,52,53

Fe2-xNixTiO5 catalyst

Fe2-xNixTiO5 catalysts were prepared by combining me-
chanical activation and solid-state synthesis with micro-
wave firing using a ternary mixture of powder precur-
sors composed of nickel (II) oxide, iron (III) oxide and 
titanium (IV) oxide in stoichiometric atomic ratios (Fe + 
Ni):Ti = 2 and Ni:(Fe + Ni) = 0, 5 and 10%. This formula-
tion relates to a maximum Ni loading of 2.5 wt%, which 
is considerably lower than the typical Ni-based catalysts. 

The precursors were balled-milled and mechanically 
mixed. Pellets were prepared from the mixtures which 
were then calcined at 1000 °C in air for 2 h by mi-
crowave irradiation which promoted the formation of 
pseudobrookite crystalline phase Fe2TiO5 and the sub-
sequent incorporation of NiO into the support. A Ni-
free sample was also prepared as a reference, and the 
catalysts samples were denoted by 0%Ni-FT, 5%Ni-FT 
and 10%Ni-FT corresponding to different Ni loading. 
The prepared were characterized by means of XRD, SEM 
STEM/EDS, N2 physisorption, and TGA.

For the real producer gas study, the bench scale gasifier 
described above was used. 150 g of reduced catalyst 
were used at 800 °C corresponding to a GHSV of ap-
proximately 78100 h−1.

Ba-Ni-Hexaaluminate catalyst

Ba-Ni-Hexaalumina catalysts were prepared by a co-pre-
cipitation method56 using a number of different chemi-
cals, such as Al(NO3)3*9H2O, Ba(NO3)2, Ni(NO3)2*6H2O, 
HNO3, NH4OH, NH4NO3. The final composition of the 
three different catalyst composition studied, deter-
mined by AAS, was BaNi0.63Al11.37O19 and Ni-2 for Ba-

1Ni0.88Al11.12O19
52 and BaNi0.5Al10.5O19

53. The particle size 
on the catalysts used in the tests was 0.5–0.7 mm di-
ameter. The three different catalysts were evaluated in 
lab-scale tests (Figure CS 41 left), using a model gas 
and using real gasification gas in a pilot gasifier in Delft 
(see ref. 52 for more information). The model gas feed 
consisted of steam, N2, CO, CO2, H2, CH4 and H2S in 
various concentrations with and without addition of 1- 
methyl naphthalene (1-MNP). The lab-scale tests were 
performed at 850 and 950 °C. The non-condensable 
gas and condensable components were analyzed using 
an online GC-FID and by collecting gas samples using 
an adsorption technique called Tenax TA and analyzed 
by GC-MS, respectively. Catalyst samples were charac-
terized using AAS, SEM-EDS, XRD, TEM/STEM-EDS and 
BET.

In tests of integrated catalysts in a monolith support, 
two different catalyst materials of ca 40 g/dm3 of catalyst 
were used. The catalyst named cat-5 is a BaNi0.63Al11.37O19 
and the cat-10 catalyst is a BaNi0.88Al11.12O19. The cata-
lyst was added by dipping a CPSI 50 (50 channels per 
square inch) monolith in a slurry, consisting of 80% of 
the catalyst and 20% of a boehmite alumina binder. Af-
ter dipping the catalyst in the slurry, pressurized air was 
used to remove any excess slurry and the catalysts were 
first dried for 4 h at 120 °C and then calcined at 500 °C 
for 4h. The first catalyst cat-5 had a nominal loading of 
35.84 g/ dm3 and cat-10 30.91 g/ dm3. The monolith 
catalysts were placed in a reactor for testing (Figure CS 
41 right).

The gases processed were mixed by mass flow control-
lers and the resulting gas mixture was blended with an 
equivalent to 50 vol% steam using de-ionized H2O. The 
mixture is then passed through the pre-heater where 
the water is vaporized and heated to the reaction tem-
perature. The nominal gas composition into the catalyst 
is reported in Table CS 7. 
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Figure CS 40 Experimental set up for catalyst evaluation per-
formance using model tar compounds (figure from

The performance of the prepared catalysts was evaluat-
ed using tar model compounds (toluene and naphtha-
lene) using a lab scale fixed bed reactor (Figure CS 40) 
as well as raw producer gas from fluidized bed gasifier 
(Figure CS 36).

For the model compound study 15 g of catalyst (300-
400 μm in size) was used in the fixed-bed reactor and 
reduced using H2 prior to the experiments.  Tar simulat-
ed by a mixture of toluene and naphthalene at 24:76 
mol ratio and its content in the gas was set at 12 ± 
1.4 g·Nm−3. The steam content in the gas was set to 20 
vol% with the balance being N2. The catalyst activity 
was evaluated at a temperature range of 700 to 900 °C 
at atmospheric pressure.

56 Lietti, L., Cristiani, C., Groppi, G. and Forzatti, P. (2000). Preparation, characterization and reactivity of Me-hexaaluminate (Me = Mn, Co, Fe, Ni, Cr) catalysts in the 
catalytic combustion of NH3 containing gasified biomasses, Catal. Today, 59, 191–204.
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Most important results
Effect of alkali and sulfur on tar reforming Ni 
catalysts under real gas conditions44,45,46

Investigation of S and K effects on the reforming activity 
of Ni based catalysts resulted in development of exper-
imental methodology and accelerated catalyst ageing 
process allow for studying deactivation phenomena and 
interactions of different poisons on reforming catalysts 
(Figure CS 42).

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021

The monolith volume is 156 ml and the used total flow 
rate was 890 dm3/h, equivalent to a GHSV of 5700 h-1. 
The testing was performed in a sequential fashion, with 
operation during the day at 850 and 900 °C, respective-
ly. The gas analysis was performed using a GC-FID and 
a GC-MS.

     

Component % by volume % by volume dry

CO 5 10

CO2 10 20

H2 10 20

H2O 50 0

CH4 2.5 5

N2 22.5 45

Table CS 7 The used gas composition.

Figure CS 41  (left) Schematics of the set up used in test of the 
Ba-Ni-Hexaaluminate catalyst (figure from ref. 52). (right) The 
reactor system used in the test of the Ba-Ni-Hexaaluminate 
monolith catalysts.

Figure CS 42  Stabilization of surface by accelerated ageing 
(taken from44)

Figure CS 43 Effect of potassium on hydrocarbons conversion 
(taken from ref.45)

Experimental results indicate that the equilibrium K sur-
face coverages under steam reforming conditions are 
expected to be less than 100 μg/m2 for typical Ni on 
alumina(te)-based (γ- and α-Al2O3, Mg- and Ca-alumi-
nates) steam reforming catalysts while the K adsorption 
on the catalysts increased, both the sulfur tolerance of 
the catalyst and the tar conversion activity (Figure CS 43) 
is improved.
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The potassium uptake in negatively corelated to the 
S uptake which is fully reversible in the absence of K. 
This indicates that increased catalytic activity is mainly 
attributed to lower S coverage of the catalysts surface 
(Figure CS 44).
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SR-TAD Ultra 
high vacuum 
(eV)

TG-SID Oxidiz-
ing atmosphere 
(eV)

TG-SID Reducing 
atmosphere (eV)

‘Spent’  
Ni/MgAl2O4

1.7-1.9 4.98 3.91

‘Spent’  
MgAl2O4

- 4.60 4.23

MgAl2O4 
impregnated 
with K

1.8-2.3 - -

Table CS8 Comparison of potassium desorption energies mea-
sured at different conditions and with different techniques 
(taken from ref. 57 and  58)

57  Moud P. (2017) Catalytic Conversion of Undesired Organic Compounds to Syngas in Biomass Gasification and Pyrolysis Applications PhD thesis KTH.
58  Ge Y., Kong X., Andersson V., Kantarelis E., Engvall K. and Pettersson Jan B. C., Kinetics of potassium desorption from tar reforming Ni/MgAl2O4 catalysts. Manuscript 

in preparation

Figure CS 45 TPD spectra of hydrogen and naphthalene cov-
ered sample at T = 279 K and 3 L with seven passivation cy-
cles: (a) surface hydrogen peak; (b) hydrogen from dehydro-
genation49.

Figure CS 44 K and S uptakes of catalyst and support during 
different phases of treatment and catalytic runs (taken from 
ref.45)

The preferential adsorption sites for S is the Ni active 
sites and therefore activity enhancement by S spillover 
from Ni to support is improbable (Figure CS 44). Interac-
tion of K and S plausibly takes place on the vicinity of Ni 
active sites and/or on the Ni sites. K migration from the 
support to the Ni surface, could promote carbon gas-
ification reactions which could explain the lower coke 
formation on the catalyst compared to the support.

As shown in Table CS 8, desorption energy of potassium 
is approximately 10% higher for the support in vacuum 
and reducing environment which is more relevant to re-
forming conditions indicating a stronger interaction of 
K with the support. 

Fundamental understanding of naphthalene de-
composition on Ni(111)49,50

A combined experimental (STM and H-TPD) and theoret-
ical (DFT) approach was used to understand the catalyt-
ic reaction pathways from naphthalene to formation of 
extended graphene on a Ni(111) surface49, in ultrahigh 
vacuum environment from 110 K up to 780 K. Room 
temperature adsorption results in a flat naphthalene 
monolayer. DFT also reveals a pronounced dearomati-
zation and charge transfer from the adsorbed molecule 
into the nickel surface. Dehydrogenation occurs in two 
steps, with two desorption peaks at approximately 450 
and 600 K as illustrated in Figure CS 45 b). The first step 
(450 K) is due to partial dehydrogenation generating 
active hydrocarbon species that at higher temperatures 
(600 K) migrates over the surface forming graphene. 
The graphene formation is accompanied by desorption 
of hydrogen in the high temperature TPD peak (Figure 
CS 45 b)). 

The formation of graphene effectively passivates the 
surface both for hydrogen adsorption and naphthalene 
dissociation. The different transformation stages at in-
creasing surface temperature are illustrated by STM im-
ages, shown in Figure CS 46.

The temperature dependent dehydrogenation of naph-
thalene on Ni(111) has been investigated using vibra-
tional SFG, XPS, STM and DFT with the aim of discern-
ing the reaction mechanism and the intermediates on 
the surface50. Examples of results and the mechanism 
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for naphthalene dehydrogenation is shown in Figure CS 
47. At 110 K multiple layers of naphthalene adsorb on 
Ni(111), the first layer is a flat lying chemisorbed mono-
layer, whereas the next layer(s) consist of physisorbed 
naphthalene oriented with an angle to the surface. The 
aromaticity of the carbon rings in the first layer is re-
duced due to bonding to the surface Ni-atoms. Heating 
causes desorption of the multilayers at 200 K. At 360 
K the chemisorbed naphthalene monolayer starts to 
dehydrogenate, the geometry of the molecules chang-
es as the dehydrogenated carbon atoms coordinate to 
the nickel surface and the molecule tilts with respect to 
the surface, recovering some of its original aromaticity. 
This effect peaks at 400 K and coincides with hydrogen 
desorption. Increasing the temperature leads to further 
dehydrogenation and production of H2 gas as well as 
the formation of carbidic and graphitic surface carbon.

Figure CS 46 STM images from the Ni(111) exposed to naph-
thalene (monolayer coverage) at room temperature and an-
nealed to (a) T < 470 K, (b) T= 520 K, (c) T = 573 K, (d) T = 650 
K, and (e) T = 780 K. The temperature was measured with a 
pyrometer. The longitudinal periodicity (f) extracted from the 
STM image along the Profile 1 line is approximately 8−10 Å.49 

To further understand the conversion of naphthalene on 
nickel surfaces the effect of different amounts of co-ad-
sorbed oxygen SFG and TPD and XPS was investigated59. 
The different oxygen doses were chosen such that the 
prepared surfaces resembled the three different stages 
of oxidation of a transition metal; chemisorbed p(2x2) 
oxygen atoms on a Ni(111) surface, a nickel oxide of 3-4 
layer thickness and an intermediate version with patches 
of both p(2x2) and NiO. Examples of results are shown 
in Figure CS 48. Increasing oxygen dose is observed to 
inhibit the hydrogen production at 380 K as seen for 
naphthalene without co-adsorbed oxygen, but intro-
duces CO production, which would decrease catalyst 
poisoning by carbon atoms. The highest oxygen dose, 
which should result in 3-4 layers of NiO, seems to have a 
stabilizing effect on the naphthalene molecule since the 
products of C-H and C-C cleavage (H2 and CO) as well 
as the disappearance of the naphthalene related reso-
nance are observed at temperatures of 550 K to 850 K. 

Figure CS 47 (left) (a) STM image of naphthalene molecules 
dosed at room temperature on Ni(111) (b) STM image of naph-
thalene molecules dosed at room temperature and annealed 
to 360 K, (c) Height histogram of the STM images shown in 
a) and b); (right) Energy pathways and optimized structures as 
determined using DFT calculations for A) adsorption and dehy-
drogenation of naphthalene, B) hydrogen recombination. The 
energies a displayed relative to the energy of A) the adsorbed 
naphthalene molecule, B) the adsorbed hydrogen atom).50

The surfaces prepared with lower amounts of oxygen, 
leading to a chemisorbed oxygen layer, produces less 
CO, but are also observed to dehydrogenate naphtha-
lene and produce H2 at lower temperatures. Thus, the 
catalytic conversion of naphthalene requires less energy 
in an environment with lower oxygen, but the extent of 
catalyst cleaning that occurs due to reaction with sur-
face carbon in the presence of surface oxygen may well 
make the additional energy costs worthwhile, since the 
catalyst efficiency over time will be improved.
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Figure CS 48 (upper) Temperature dependent SFG spectra for 
naphthalene on Ni(111) co-adsorbed with oxygen doses of (a) 
1L, (b) 22L, and (c) 160 L. (lower) TPD spectra for the mass-to-
charge-ratios, 2(H2), 18(H2O), 28 (CO), 44 (CO2), 128 (naph-
thalene) for naphthalene on Ni(111) co-adsorbed with O2 
dose of (a) 0L, (b) 1 L, (c) 22 L, and (d) 160 L.43

Figure CS 49 Catalytic activity of some of the prepared filters 
at 800°C as a function of time

SFC- Cleansyngas 
 

a positive effect on the tar conversion activity, with the 10%Ni-FT sample exhibiting higher catalytic activity 
ranging from 42 to 99% at the temperature range of 700 and 900 °C, respectively.  

Table CS 8 Conversion of total and individual model tar compounds (%) over Ni–FT catalysts at different temperatures (taken 
fromFel! Bokmärket är inte definierat.).  

 700 °C 800 °C 900 °C 

Sample Total C7H8 C10H8 Total C7H8 C10H8 Total C7H8 C10H8 

0%Ni-FT 2.46 2.59 2.16 27.8 27.5 30.7 70.3 87.5 32.6 

5%Ni-FT 29.8 31.5 22.1 77.8 76.1 85.5 84.6 83.5 89.9 

10%Ni-FT 41.5 44.0 26.9 87.9 88.4 85.1 99.0 98.8 100 
 

When evaluation the complete tar composition obtained from the tests it was evident that the Ni-free catalyst 
FT mainly catalyzed the conversion of toluene to benzene at temperatures higher than 800 °C, which can be 
translated to increased hydrodealkylation activity. Therefore, for the iron catalyst, the increased benzene 
content is a result of cracking of heavier tar species and toluene hydrodealkylation over the Fe active sites, 
however no further benzene conversion could be achieved. The benzene adsorption is thermodynamically more 
favorable on the Ni surfaces44. 

Exposure of the 10 % Ni-FT catalyst to real producer gas at 800 °C resulted in 77.5 % conversion of the total tar 
content (72.7, 42.3 % for toluene and naphthalene, respectively) .  The activity can be attributed to the formation 
of Fe-Ni intermetallic alloy and the uniform dispersion of Fe0 active sites after catalyst reduction. Nevertheless, 
a considerable reduction in activity is observed after 2 h on stream (42.7 % total tar conversion- 42.3 and 19.8% 
for toluene and naphthalene respectively). Carbon deposition seemed not be an issue given the low amount of 
carbon laydown observed (1.25μg C/gcatalyst) and its high reactivity (α-carbon) at regeneration conditions. Based 
on experimental conditions and gas composition a Ni coverage by sulfur of θS=0.9 is to be expected and this can 
explain the severe reduction in naphthalene conversion activity. 

Structural investigation reveal that the particular redox conditions imposed by the raw gas composition favour 
the formation of magnetite (F3O4) which is less active in tar reforming reactions compared to metallic iron (Fe0) 
while Ni crystal and redox state seemed unaffected. 

Main conclusions 

Effect of alkali and sulfur on tar reforming Ni catalysts under real gas conditions 
The main conclusions of the investigation of K and S interactions on steam reforming catalysts can be summarized 
to the following: 

• K adsorption is suppressed by the sulfur and vice versa indicating an interaction and competitive 
adsorption processes. As a result, the presence of controlled amounts of K, achieving low θK, lower the 
surface S coverage (θs) at active Ni sites and improves reforming performance of the catalysts. 

• S sorbs solely on the Ni active sites indicating the clear preferential adsorption of S. 
• Under steam reforming conditions K adsorbs-desorbs readily on/from the support. The K and S 

equilibration is fully reversible with θS on Ni, reestablishing the activity when K desorbs.  
• Potential K–S interaction occurs most likely on the Ni sites or in the proximity of the Ni sites, while 

spillover of S from the Ni sites to the support is very small, if at all relevant. 
• The increased number and larger surface of S-free ensembles on Ni sites results higher activity to steam-

reform larger and bulkier tar molecules. The reactivity of deposited carbon is high, and this allows the 
catalysts to achieve a stable catalytic activity. 

 

44 Schravendijk P., Van Der Vegt N., Delle Site L., Kreme K., Dual-scale modeling of benzene adsorption onto Ni(111) and 
Au(111) surfaces in explicit water ChemPhysChem 2005,6: 1866-1871 

Catalytically active filter for biomass derived tar 
reforming54

Wash coating of calcium silicate based fibrous filters 
with Mg spinel and impregnation with Ni has been car-
ried out (γ-alumina has also used as a reference). The 
resultant filters have been subjected to accelerated age-
ing and then evaluated with regards to their long-term 
tar cracking/reforming catalytic activity. Sets of 24h long 
tests have been carried out using simulated producer 
gas compositions representing air, steam/air and steam 
gasification conditions. No signs of activity loss due to 
carbon deposition has been observed. Figure CS 49 de-
picts tar conversion achieved at different conditions. 
 
Development of a tar reforming catalyst51,52,53

The activity of the prepared bimetallic catalysts towards 
conversion of model tar compounds is shown in pounds 
for the different catalyst samples are presented in Ta-
ble CS 9. As expected, the temperature and Ni content 
has a positive effect on the tar conversion activity, with 
the 10%Ni-FT sample exhibiting higher catalytic activity 
ranging from 42 to 99% at the temperature range of 
700 and 900 °C, respectively. 

Table CS 9 Conversion of total and individual model tar compounds (%) over Ni–FT catalysts at different temperatures (taken from). 
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When evaluation the complete tar composition ob-
tained from the tests it was evident that the Ni-free 
catalyst FT mainly catalyzed the conversion of toluene 
to benzene at temperatures higher than 800 °C, which 
can be translated to increased hydrodealkylation activity. 
Therefore, for the iron catalyst, the increased benzene 
content is a result of cracking of heavier tar species and 
toluene hydrodealkylation over the Fe active sites, how-
ever no further benzene conversion could be achieved. 
The benzene adsorption is thermodynamically more fa-
vorable on the Ni surfaces60.

Exposure of the 10 % Ni-FT catalyst to real producer 
gas at 800 °C resulted in 77.5 % conversion of the total 
tar content (72.7, 42.3 % for toluene and naphthalene, 
respectively).  The activity can be attributed to the for-
mation of Fe-Ni intermetallic alloy and the uniform dis-
persion of Fe0 active sites after catalyst reduction. Nev-
ertheless, a considerable reduction in activity is observed 
after 2 h on stream (42.7 % total tar conversion- 42.3 
and 19.8% for toluene and naphthalene respectively). 
Carbon deposition seemed not be an issue given the 
low amount of carbon laydown observed (1.25μg C/
gcatalyst) and its high reactivity (α-carbon) at regeneration 
conditions. Based on experimental conditions and gas 
composition a Ni coverage by sulfur of θS=0.9 is to be 
expected and this can explain the severe reduction in 
naphthalene conversion activity.

Structural investigation reveal that the particular redox 
conditions imposed by the raw gas composition favour 
the formation of magnetite (F3O4) which is less active in 
tar reforming reactions compared to metallic iron (Fe0) 
while Ni crystal and redox state seemed unaffected.

Ba-Ni-Hexaaluminate catalyst

The developed nickel substituted Ba-hexaluminate cata-
lyst was tested with H2S, using 11-MNP as model tar.52,53 
The catalyst shows good stability in the conversion of 
1-MNP even at high H2S concentrations. As can be seen 
from the degradation of 1-MNP is total up to 300 ppm 
H2S in the inlet gas, but there is a minor part of benzene 
remaining as 60 ppm H2S is introduced. And as the con-
centration of H2S increase the ability to crack benzenes 
decrease.

The reforming activity of 1-MNP is constant over the 
30-h test period. The methane is hard to activate and 
requires catalysts with high activity, while the aromatic 
compounds are easier converted. The decrease in meth-
ane reforming activity indicates a change of physical or 
chemical properties of the catalyst. Since the active ma-
terial (Ni) is in a crystal matric, it has been difficult to 

characterize properties relevant for the reaction or even 
understand the nature of the active site.  However, char-
acterization of the catalyst by STEM-HAADF revealed a 
small amount of Ni particles on the surface of the cata-
lyst (Figure CS 50).

In the studies using the monolith-supported catalysts, 
it is obvious from Figure CS 51 (Top) that there is little 
or no change over the first two days with respect to 
methane conversion, which is most likely due to the low 
temperature used. However, the trend is quite clear that 
time-on-stream is positive with respect to conversion, 
even at this lower temperature. When increasing the 
catalyst temperature to 950 °C, the methane starts to 
decrease significantly, and the formation of CO and de-
crease in CO2 is obvious. The increase in the amount of 
gas from the steam reforming is also evident. Figure CS 
51 (Bottom) shows that there is little or no conversion 
of methane over the first 5-6 hours. After this time, the 
conversion increases steadily to around 40%, with the 
catalyst exit temperature decreasing with time. This is 
in line with expectations for the endothermic steam re-
forming reaction. When increasing the temperature, the 
conversion increases. The conversion plateaus at around 
60%, which is surprisingly high. At these temperatures, 
monolith systems are normally externally mass transfer 
limited with an expected conversion increase on the 
order of a few percent with a 100 °C temperature in-
crease. This indicates a low catalic activity for the meth-
ane steam reforming reaction.

 

 

Figure CS 50 STEM-HAADF image and Ni particle size distri-
bution of the spent catalyst after the tests at 950 °C a) CH4 
and b) 1-MNP
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Figure CS 51 Top: Data from operating cat-5 as a function 
of time-on-stream. Bottom: The conversion and temperature 
data from operating cat-5 as a function of time-on-stream.

As for cat-5, there is little or no change over the first 2 
days with respect to methane concentration for cat-10, 
as shown in  Figure CS 52 (Top). The measured outlet 
content of methane is equal to the inlet concentration. 
An increase in the temperature results in a dramatic 
drop in the methane concentration drops with an even 
lower concentration than measured in case of cat-5. 
From the results it is obvious that there is no conver-
sion at all at the low temperature, but when increasing 
the temperature, cat-10 is more active than cat-5. The 
conversion levels out at about 65-70% after steadily in-
creasing with time-on-stream, as illustrated in Figure CS 
52 (Bottom). From Figure CS 52 (Bottom), it is obvious 
that the temperature correlation between the inlet and 
the outlet of the catalyst for cat-10 is superior compared 
to cat-5.

Main conclusions
Effect of alkali and sulfur on tar reforming Ni catalysts 
under real gas conditions

The main conclusions of the investigation of K and S 
interactions on steam reforming catalysts can be sum-
marized to the following:

•  K adsorption is suppressed by the sulfur and vice 
versa indicating an interaction and competitive 
adsorption processes. As a result, the presence of 
controlled amounts of K, achieving low θK, lower 
the surface S coverage (θs) at active Ni sites and 
improves reforming performance of the catalysts.

•  S sorbs solely on the Ni active sites indicating the 
clear preferential adsorption of S.

•  Under steam reforming conditions K adsorbs-de-
sorbs readily on/from the support. The K and S 
equilibration is fully reversible with θS on Ni, rees-
tablishing the activity when K desorbs. 

•  Potential K–S interaction occurs most likely on the 
Ni sites or in the proximity of the Ni sites, while spill-
over of S from the Ni sites to the support is very 
small, if at all relevant.

•  The increased number and larger surface of S-free 
ensembles on Ni sites results higher activity to 
steam-reform larger and bulkier tar molecules. The 
reactivity of deposited carbon is high, and this al-
lows the catalysts to achieve a stable catalytic ac-
tivity.

•  MgAl2O4  sorbed  potassium contributed signifi-
cantly to tar conversion, but not to the light hydro-
carbon conversion.

•  In the presence of controlled amount of gas phase 
potassium, the performance of Ni/MgAl2O4 catalyst 
has been improved, allowing a better and essential-
ly carbon-free operation in steam reforming con-
ditions. 

Figure CS 52 Top: Data from operating cat-10 as a function 
of time-on-stream. Bottom: Conversion of methane and tem-
perature data from operating cat-10 as a function of time-on-
stream.
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The above effects are of great importance when con-
sidering gas conditioning requirements and energy 
efficiency, especially for applications like dusty gas au-
tothermal reforming and/or development of catalytic 
particulate filters.

Fundamental understanding of naphthalene de-
composition on Ni(111)

The most important conclusions are summarized as fol-
lows:

•  Graphene observed at higher temperatures is most 
likely formed by reactive combination of reactive 
(hydro)-carbon structures in line with results pre-
sented in the catalysis literature. One should how-
ever keep in mind that there may be a pressure gap, 
since slow heating rates, low coverages of partially 
hydrogenated carbon fragments in surface science 
may generate a different result compared to the 
constant bombardment at the high partial pres-
sures in steam reforming.

•  Naphthalene that adsorbs flat on a Ni(111) sur-
face undergoes significant dearomatization upon 
adsorption. The dehydrogenation starts at 360 K, 
and the calculated energy barriers for dehydroge-
nation are 23 kcal/mol and 30 kcal/mol for α and 
β hydrogen, respectively. These calculated barriers 
for dehydrogenation are comparable to the ener-
gy barrier for the formation of tilted species, a a 
product of initial dehydrogenation as the dehydro-
genated carbon atoms bind stronger to the nickel 
surface atoms. Further heating continues the dehy-
drogenation, leading to decomposition of the tilted 
species, the formation and desorption of H2, and 
the formation of a mixture of carbidic and graphitic 
surface carbon.

•  Catalytic conversion of naphthalene requires less 
energy in an environment with lower oxygen, but 
the extent of catalyst cleaning that occurs due to 
reaction with surface carbon in the presence of sur-
face oxygen may well make the additional energy 
costs worthwhile, since the catalyst efficiency over 
time will be improved.

Development of a tar reforming catalyst

Fe2-xNixTiO5 catalyst

The Fe2-xNixTiO5 catalyst was successfully prepared 
through combined mechanical activation and micro-
wave firing methods with strong metal-support inter-

action between Ni and pseudobrokite structure. The 
catalyst demonstrates a great reducibility at 700 °C and 
a uniform distribution of active species while formation 
of Fe-Ni alloy was observed after reduction.

The addition of 10% Ni in FT structure enhanced cata-
lytic performance considerably and enhanced the con-
version of heavier tar, achieving an initial 78% conver-
sion of the total tar content at 800 °C and space velocity 
of 78100 h-1. 

Nevertheless, during gasification experiment a signifi-
cant decline in catalyst activity was observed at longer 
times on stream, due to structural changes in iron active 
sites imposed by redox conditions of biomass gasifica-
tion, and partial surface poisoning of Ni active sites. 

Ba-Ni-Hexaaluminate catalyst

In the lab-scale experiments, the conversion of 1-MNP is 
complete at 950 °C, even in high concentrations of H2S 
(up to 300 ppm), indicating different reaction mecha-
nisms paths compared to those of methane reforming. 
At 850 °C the 1-MNP conversion is slightly reduced to 
96% of conversion and minor amounts of benzene 
can also be detected in the product gas. A slight coke 
build-up may be seen in the 1-MNP conversion with sul-
fur at 850 °C, but not at 950 °C. The conversion of 
1-MNP to permanent gases at 850 °C is also negatively 
impacted by sulfur, resulting in increasing amounts of 
benzene and substituted benzenes. Addition of H2S re-
duces sintering of the catalyst in the steam reforming of 
1-MNP to some extent and no carbonaceous deposits 
were detected in these experiments. It was that there 
are promising properties of the catalyst investigated for 
tar reforming in biomass gasification gas, but sulfur in 
the process gas decreases the ability to reform smaller 
hydrocarbons such as methane.

Both monolith-supported catalyst samples are active in 
the conversion of methane. However, the cat-5 catalyst 
sample appears to be more active at a lower tempera-
ture than the cat-10 catalyst. The cat-10 catalyst on the 
other hand is more active at higher temperatures, which 
is in line with the higher nickel loading of the catalyst. 
There are no problems detected during the work per-
formed that would talk against using metal monoliths 
as the catalyst support.
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Partial oxidation (POX)
Background and motivation
Chemical processes, such as catalytic auto-thermal re-
forming (ATR), combining partial oxidation (POX) and 
catalytic reforming, plays a critical role in biomass gasifi-
cation conversion processes to reduce the amount of tar 
and hydrocarbons present in produced raw gases before 
utilization61. A major concern in POX62 and catalytic ATR 
processes is the formation soot, produced due to in-
complete combustion processes in gas phase reactions, 
where hydrocarbon molecules may start growing, even-
tually condensing, and agglomerating to form dense 
particles63. Soot formation generally results in a loss in 
efficiency but is also often a problem for downstream 
process equipment64. 

The biomass gasification producer gas varies greatly 
for different operational conditions, determined by the 
end-user application of the produced clean gas and gas-
ification technology utilized. Even for a specific gasifier 
using a certain gasifying agent, temperature, and pres-
sure, the product gas composition changes because of 
feedstock diversity. The complexity calls for an increased 
understanding of soot formation mechanisms and a de-
sign of POX burners to enable a development of ATR 
processes, covering a wider operational range.

In the present project, two studies were carried out: 1) 
Modelling, design, construction, and experimental veri-
fication of a burner for partial oxidation as an integrated 
part in an ATR unit65; 2) a of experimental investigations 
and commercial numerical modelling tools were com-
bined to assess the potential use of such numerical tools 
in the development of models to investigate the interac-
tions between soot formation, chemical kinetics, and tur-
bulence in a swirling non-premixed burner geometry66.

Objectives
There was basically one initial objective in the POX study 
but focusing on enhancing the understanding of partial 
oxidation (POX) for optimized ATR performance. Later in 
the project, a second objective focused on the potential 
use of commercial CFD (computational fluid dynamics) 
numerical tools in the development of models to inves-
tigate the interactions between soot formation, chemi-
cal kinetics, and turbulence in a swirling non-premixed 
burner geometry.

Method(s)
To form a basic understanding of POX burner technolo-
gy an analysis of different burner technologies for par-
tial oxidation was carried out to select the most appro-
priate starting point for the modelling and simulation. 
A POX swirl burner to be implemented in an ATR setup 
was designed as shown in Figure CS 49. In the mod-
elling and simulation, several different burner geome-
tries were evaluated applying a variety of different gas 
conditions for each case. The simulation work was per-
formed using ANSYS simulation products ICEM, draw-
ing geometries and meshing, and Fluent 15.0 & 17.0, 
simulations. A two-dimensional axisymmetric geometry 
type and settings were applied. Contours of velocity 
and temperatures in the fluid area were checked via 
the model output results for each model. Furthermore, 
contours of the mole fractions for the different species 
together with temperature curves in the whole burner 
area and in the flame center were evaluated. Particular-
ly, the fraction of oxidizing agent, to select the optimum 
flame location and flame length, was investigated. Gas 
properties at the burner exit, such as the gas tempera-
ture and composition, were also plotted to evaluate the 
homogeneity of the gas compounds exiting the burner. 

The designed burner was installed in a test system, as 
shown Figure CS 50 (a) enabled testing of the burner us-
ing either a model gas or a real producer gas produced 
in a fixed bed updraft gasifier. Several thermocouples 
are installed in the ATR to monitor the temperatures at 
different points: the gas temperature at inlets, middle of 
the burner, close to the end of the burner and at exit of 
the ATR. Also, the pressure is monitored at two points in 
the ATR. The gas composition, both before and after the 
burner, was monitored online (stream 5-1 to 5-3) using 

Figure CS 49 a) The ATR designed with the POX on the upper 
part; b) The ATR constructed and erected

61 Speight JG. Production of syngas, synfuel, bio-oils, and biogas from coal, biomass, and opportunity fuels. Fuel Flex. Energy Gener., Elsevier; 2016.
62  Nourbakhsh H, Rahbar Shahrouzi J, Zamaniyan A, Ebrahimi H, Jafari Nasr MR. A thermodynamic analysis of biogas partial oxidation to synthesis gas with emphasis 

on soot formation. Int J Hydrogen Energy 2018;43.
63 Lackner Maximilian, Palotás Árpád, Winter Franz. Environmental Impacts. Combustion, Wiley; 2013.
64 Bockhorn H, D’Anna A, Sarofim AF, Wang H. Combustion generated fine carbonaceous particles 2007.
65  Musavi, Z., Pettersson, L.J. and Engvall, K. (2016). Modelling, Design and Operation of a Burner for Partial Combustion of Biomass Product Gas, Industrial & Engi-

neering Chemistry Research, 55(36), 9687-9697.
66  Musavi, Z., Zhang, Y., Robert, E. and Engvall, K. (2021), Experimental and numerical investigation of flow field and soot particle size distribution of methane-contain-

ing gas mixtures in a swirling burner, ACS Omega, accepted.
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a micro-GC as shown in Figure CS 50 (a). Sampling of 
the gas was shifted on a regular basis between the three 
lines. Furthermore, to determine the content of higher 
hydrocarbons and tar samples were also collected in the 
gas sampling line (stream 5-4). These samples were col-
lected and analyzed according to the SPA method.

A swirling jet flame is investigated both numerically 
and experimentally. The configuration was selected as 
it is simple enough to allow for numerical modeling at 
a reasonable computational cost while still providing a 
mean to control the effect of the fluid mechanics on the 
chemical kinetics through the swirl number. A burner 
based on the Cambridge-Sandia swirl burner geometry 
with an adjustable swirl was built, see the schematics in 
Figure CS 51 (a).  Commercial CFD code (ANSYS Fluent) 
combined with a reaction mechanism, based on GRI-
Mech 3.0 and prepared with ANSYS Chemkin-Pro was 
used to model. Figure CS 51 (b-d) shows the axisym-

metric two-dimensional CFD model implemented for 
the same geometry to capture soot function processes 
in the swirl burner configuration. The burner consists 
of two cylindrical annular channels, one where the gas 
injection is purely axial (inlet A in figure 1a), surrounded 
by a swirling channel (inlets B and C) where the gas can 
be injected either axially or tangentially. The swirl num-
ber is changed through the ratio between the axial and 
tangential flow rates in the swirling channel. Accurate 
flow components at the inlets, measured through the 
experiments, were applied as boundary conditions to 
the simulated model. Detailed combustion kinetics and 
soot mechanisms were used to model the dynamics of 
the reacting flow, including soot formation, oxidation, 
particle size growth and size distribution in a realistic 
geometry and flow field. To model the biogas composi-
tion, a mixture of methane and carbon dioxide is select-
ed for simplicity in this initial modeling approach. 

 

 

Figure CS 50 Experimental set-up, a) the whole system; b) measurement details at burner section

Figure CS 51 Schematic representation of the modified Cambridge-Sandia swirl burner used in this study, enclosed in an oven for 
reactant pre-heating; (b) two-dimensional geometry used for numerical studies; (c) entire mesh, (d) close view of the mesh near 
and far from the inlet boundaries. 



123

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021

Experiments with both cold flow and reactive flows to 
characterize the swirl properties and to investigate com-
bustion kinetics and soot formation, respectively, were 
performed. For the reacting flow cases investigated, 
methane was used as a fuel, and oxygen as an oxidizer. 
Both the fuel and the oxidizer were diluted with carbon 
dioxide. All experimental conditions considered here are 
listed in Table CS 9. Note that the mixture strength φ 
defines the stoichiometrically weighted ratio of the fuel 
mass flow rate to the oxidizer mass flow rate in both 
annular inlets of the burner, where all cases at φ< 1 and 
at φ>1 are fuel lean and fuel rich, respectively. 

To enable a comparison between experiment and nu-
merical simulation, the boundary conditions of the flow 
field were carefully assessed using Particle Image Ve-
locimetry (PIV) in cold flow conditions. The swirl num-
ber of the burner was also characterized from theses 
cold flow measurements. The PIV technique consists 
of a pulsed laser (Nd:YAG), a double-framing camera, 
optical lenses,  and an aerosol generator to seed the 
flow (TOPAS ATM 221). Image processing and analysis 

was performed using the DaVis software from LaVision. 
To visualize the flame shape, a high-speed camera was 
used to specify species.

Most important results
The results from the study focusing on modelling, de-
sign, construction, and experimental verification of a 
burner for partial oxidation as an integrated part in an 
ATR unit show that the modelled temperatures at 930 
and 980 °C (Figure CS 52 a) are in good agreement with 
the measured values of 920  and 960°C (T12 and T8 in 
Figure CS 52 (b)). The velocity contours shown in Figure 
CS 52 b) illustrates that the experimental conditions do 
not give a turbulent flow except in the center of the 
flame. This is expected since the flow rates are about 
one-fourth of the design conditions. The result from 
modelling of the mole fraction of methane, shown in 
Figure CS 52 d), displays that the combustion of meth-
ane is not complete, and the compound is therefore ex-
iting the combustion zone. This is almost in agreement 
with the experimental values in Table CS 10.

   

Table CS 9 List of reacting flow cases

case 
number 

Swirl 
number 
(SN) 

inner flow rate, 
SLPM (inlet A) 

methane flow 
rate, 
SLPM 

total outer flow 
rate, SLPM 
(inlet B and C) 

oxygen flow 
rate, 
SLPM 

mixture 
strength φ 

c1 0.29 5 2 10 8 0.46 

c2 0.29 5 3 10 8 0.69 

c3 0.29 5 4 10 8 0.92 

c4 0.29 5 5 10 8 1.15 

c5 0.51 5 2 10 8 0.46 

c6 0.51 5 3 10 8 0.69 

c7 0.51 5 4 10 8 0.92 

c8 0.51 5 5 10 8 1.15 

c9 0.82 5 2 10 8 0.46 

c10 0.82 5 3 10 8 0.69 

c11 0.82 5 4 10 8 0.92 

c12 0.82 5 5 10 8 1.15 

 

 

Dry gas component 
[mol%] 

Experiments Model 
Extended 
process 

 Inlet Outlet Outlet 
CO2 10.4 21.0 26.7 
C2H4 1.18 0.02 0.26 
C2H6 0.08 0.00 0.02 
C2H2 0.34 0.04 0.08 
1-C4H8 0.03 0.00 0.01 
C6H6 0.20 0.01 0.05 
C7H8(l) 0.02 0.00 0.00 
N2 51.8 52.4 52.1 
CH4 3.41 0.47 0.75 
CO 20.8 17.4 11.1 
H2 11.7 9.20 9.12 
Total 100 100  
Total tar [µg/100 ml] 958 23  
Outlet temperature [°C]  960 966 
Note: In modelling cases, naphthalene was considered as C6H6. Steam content 
was estimated at 36.7 % at inlet and 40 % at outlet, which was converted to the 
steam-to-carbon ratio 1.47 at inlet and 1.75 at outlet.  
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The verified model was used to model an extended pro-
cess window of the burner at the design a gas flow rate 
of 10 Nm3/h, using the gas composition, as specified 
for the experimental inlet stream in Table CS 10. The 
modeling at higher gas flows, implies that the burner 
design is acceptable for the designed higher gas flow, 
displaying a better mixing at the full capacity gas flow. 

The comparison between cold field, measured with the 
PIV, and corresponding modelled cases where in good 
agreement as illustrated in Figure CS 53. In each figure, 
experimental results (left) and CFD simulations (right) 
are placed side by side. Overall, they agreed with each 
other very well, some minor differences are caused by 
the following possible reasons.

 

case 
number 

Swirl 
number 
(SN) 

inner flow rate, 
SLPM (inlet A) 

methane flow 
rate, 
SLPM 

total outer flow 
rate, SLPM 
(inlet B and C) 

oxygen flow 
rate, 
SLPM 

mixture 
strength φ 

c1 0.29 5 2 10 8 0.46 

c2 0.29 5 3 10 8 0.69 

c3 0.29 5 4 10 8 0.92 

c4 0.29 5 5 10 8 1.15 

c5 0.51 5 2 10 8 0.46 

c6 0.51 5 3 10 8 0.69 

c7 0.51 5 4 10 8 0.92 

c8 0.51 5 5 10 8 1.15 

c9 0.82 5 2 10 8 0.46 

c10 0.82 5 3 10 8 0.69 

c11 0.82 5 4 10 8 0.92 

c12 0.82 5 5 10 8 1.15 

 

 

Dry gas component 
[mol%] 

Experiments Model 
Extended 
process 

 Inlet Outlet Outlet 
CO2 10.4 21.0 26.7 
C2H4 1.18 0.02 0.26 
C2H6 0.08 0.00 0.02 
C2H2 0.34 0.04 0.08 
1-C4H8 0.03 0.00 0.01 
C6H6 0.20 0.01 0.05 
C7H8(l) 0.02 0.00 0.00 
N2 51.8 52.4 52.1 
CH4 3.41 0.47 0.75 
CO 20.8 17.4 11.1 
H2 11.7 9.20 9.12 
Total 100 100  
Total tar [µg/100 ml] 958 23  
Outlet temperature [°C]  960 966 
Note: In modelling cases, naphthalene was considered as C6H6. Steam content 
was estimated at 36.7 % at inlet and 40 % at outlet, which was converted to the 
steam-to-carbon ratio 1.47 at inlet and 1.75 at outlet.  

 

 

Figure CS 52 Model results with the similar real raw gas input data; a) Contours of temperature (°C), b) Contours of veloc-
ity(m/s), c) Gas temperature at outlet (°C), d) Contours of mole fraction of methane. 

Table CS 10 Experimental input and output gas compositions and modelling results 

SFC- Cleansyngas 
 

laser (Nd:YAG), a double-framing camera, optical lenses,  and an aerosol generator to seed the flow (TOPAS ATM 
221). Image processing and analysis was performed using the DaVis software from LaVision. To visualize the 
flame shape, a high-speed camera was used to specify species. 

Most important results 

The results from the study focusing on modelling, design, construction, and experimental verification of a burner 
for partial oxidation as an integrated part in an ATR unit show that the modelled temperatures at 930 and 980 
°C (Figure CS 52 a) are in good agreement with the measured values of 920  and 960 °C (T12 and T8 in Figure CS 
52 (b)).Fel! Bokmärket är inte definierat. The velocity contours shown in Figure CS 52 b) illustrates that the experimental 
conditions do not give a turbulent flow except in the center of the flame. This is expected since the flow rates 
are about one-fourth of the design conditions. The result from modelling of the mole fraction of methane, shown 
in Figure CS 52 d), displays that the combustion of methane is not complete, and the compound is therefore 
exiting the combustion zone. This is almost in agreement with the experimental values in Table CS 10. 

 

 

 

 

  

a b 

  

c d 

Figure CS 52 Model results with the similar real raw gas input data; a) Contours of temperature (°C), b) Contours of 
velocity(m/s), c) Gas temperature at outlet (°C), d) Contours of mole fraction of methane.Fel! Bokmärket är inte definierat.  

Table CS 10 Experimental input and output gas compositions and modelling resultsFel! Bokmärket är inte definierat.  

Dry gas component 
[mol%] 

Experiments Model 
Extended 
process 

 Inlet Outlet Outlet 
CO2 10.4 21.0 26.7 
C2H4 1.18 0.02 0.26 
C2H6 0.08 0.00 0.02 
C2H2 0.34 0.04 0.08 

T8: 980 °C 

t8T12: 930 °C 
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Since the swirl number in the burner depends only on 
the total flow rate and the ratio of the axial to the 
tangential flow rate in the swirling annuls, with the 
other axial channel also contributing to the total flow 
rate. To investigate the effect of the total flow rate 
and the ratio of the axial to the tangential flow rate 
on the swirl number, three data sets were analyzed – 
two with constant system total flow rates of 10 SLPM 
and 15 SLPM, and one dataset with variable total flow 
rates. Figure CS 54  shows that the experiments and 
the modelling is in good agreement and that the set of 
boundary conditions and user functions for the mod-
elling are acceptable. According to Figure CS 54, the 
constructed swirl burner is suitable to swirl levels typ-
ically referred to as weak (SN < 0.3), moderate (0.3 < 
SN < 0.6), and high (SN >0.6).

Figure CS 55 shows the results from the particle mea-
surements as a function of mixture strength and swirl 

Figure CS 53 Comparison of 2D longitudinal velocity field between experiments and numerical results for 
respective cases: (a) case SN = 0.13; (b) SN = 0.22; (c) SN = 0. 26; and (d) SN = 0.31.49

Figure CS 54 Characterization of 
swirl number for different total 
flow rates, experimental results are 
shown with points and numerical 
results are shown in lines. 

number. At very fuel learn conditions (φ = 0.46), the 
soot formation is very low < 0.1% of the values mea-
sured under the other fuel conditions for all swirl num-
ber cases. However, in view of background reference 
aerosol measured in the lab, this soot formation can 
be neglected. For all other burning conditions (φ = 
0.69, 0.92, 1.15), a significant effect of the swirling 
flow fields can be observed. A highest swirl number 
generally results in a lower soot particle concentration 
with size distribution towards smaller particles, due to 
a better mixing between fuel and oxidizer. 

The soot particle size distributions obtained from the 
numerical model for low swirl flow fields for different 
mixture strengths are shown in Figure CS 55. For all mix-
ture strengths (φ), the soot particles size predicted by 
simulations are much smaller, compared to those ob-
served in experiments.
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Main conclusions
The model as well as the selected and optimized design 
for the developed POX burner was successfully verified 
and validated in biomass gasification experiments. The 
gas temperature could be adjusted with partial com-
bustion to values as desired by the catalytic tar-reform-
ing zone. The burner design is compact with a short 
burner length, producing a homogeneously distributed 
and soot free gas composition and temperature at the 
combustion zone outlet. The gas temperature is more 
uniform at the burner outlet when the flow rate is high-
er and close to the gas flow design specification of 10 
Nm3/h, which is due to a better mixing at higher flow 
rates resulting in higher Reynolds number. The devel-
oped model reasonably predicts the outlet gas composi-
tion, temperatures, and gas flows. A slight underestima-
tion of the hydrocarbon conversion is observed.  

Figure CS 55 Experimentally measured soot size distribution for different reacting flow cases, where N = soot particle 
number density (particles/m3), and the normalized number concentration, dN/dlogDp, is calculated by dividing dN by 
the geometric width of the size channel. 

The numerical modeling of soot particle sizes and 
concentrations using a commercial CFD code (ANSYS 
FLUENT) and an adapted GRI-Mech 3.0, prepared with 
ANSYS Chemkin-Pro, produced similar trends as the ex-
periments in some fuel concentration regimes, but mod-
elled soot sizes are in general much smaller. Therefore, 
there is a need for a further reestablishment of revised 
numerical models considering primitive assumptions, 
reflecting the integrated effect of sub-models in predic-
tion of soot particle sizes. The work is a first attempt 
to model the studied burner geometry under swirling 
flow conditions, using commercial CFD code. The re-
sults point at clear limitations predicting soot formation 
distributions. This highlights the need for improved soot 
models, currently available in commercial CFD code. 

Figure CS 56 Particle size distribution obtained from the numerical model for low swirl cases (Cases c1-c4) results for 
different mixture strengths 0.46, 0.69, 0.92 and 1.15. 
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Modelling of the alkali transformation along a gas 
cleaning process

Background and motivation
The reliability and efficiency of the system for the puri-
fication and upgrading of gas at high temperature can 
be regarded as one of the key factors in the successful 
application of biomass gasification. The raw gas con-
tains besides tar also other contaminants such as ash 
particulates, alkali, chlorides, sulfur etc., which cause 
problems in components downstream of the gasifier. in 
the raw gas, gas cleaning steps downstream the gasifi-
er. Conventional gas cleaning techniques are typically 
applied, which consist of gas cooling, gas filtering, tar 
reforming and gas scrubbing, etc. In terms of gas fil-
tering, filters are commonly used to remove dust and 
condensed inorganic species67. It is not unusual that 
filters failures, mainly caused by ash deposition, ther-
mal transients, inappropriate filter material selection 
and filter design, occur within a relatively short operat-
ing period68. This could make the plant availability not 
economical. Generally, the occurrence of ash deposition 
depends on the existence of condensation nuclei and 
condensable components in the gas. The formation of 
deposit on a surface is typically initiated by a sticky layer. 
The sticky layer can be formed by e.g. heterogeneous 
condensation of inorganic species when an abundance 
of condensation nuclei are present. It is therefore im-
portant to understand this process, and how especially 
alkalis interact with other constituents in the gas. Such 
knowledge can be used to define operating conditions 
and develop component designs such that fouling is-
sues are minimized.

Objectives
The research objective was to understand the interac-
tions of alkali and other fuel ash components, including 
the main mechanisms and how/where/when fouling 
take place with the impacts of fuel and temperature.

Method(s)
The developed process models are generally based on 
the assumptions that the process is at a steady state 
were all reactions associated with inorganic elements 
reaches equilibrium. Furthermore, there is no pressure 
loss along the process stream and reactions involving 
major elements such as C, H, O, N, S, and Cl occur first, 
followed by reactions involving minor elements (Al, Ca, 
Fe, K, Mg, Na, P, Si, and Ti). 

Figure CS 57 Schematic diagram of model development.

Figure CS 58 shows the final comprehensive model 
developed within the project by combining Aspen Plus 
with Simusage. By employing a semi-empirical model, 
Aspen Plus was used for calculating the composition of 
the main gas components and non-equilibrium species 
(unconverted carbon, hydrocarbons and NH3) formed in 
the gasification process and subsequently transformed 
in the different stages of the process. The release and 
condensation of inorganics was calculated using the 
software SimuSage with an imported customized ther-
modynamic database, based on the thermodynam-
ic equilibrium model. The combination of Aspen Plus 
and SimuSage was achieved by manually inputting the 
stream parameters calculated from Aspen Plus into Si-
muSage. Detailed descriptions concerning this estab-
lished model and the customized thermodynamic da-
tabase are provided in the studies69,70,71. The developed 
models were validated against experimental data col-
lected from the literature.

67  Hannula I, Kurkela E. (2012). A parametric modelling study for pressurised steam/O2- blown fluidised-bed gasification of wood with catalytic reforming. Biomass 
Bioenergy, 38, 58-67.

68 Sharma, S.D., et al. (2008). A critical review of syngas cleaning technologies - fundamental limitations and practical problems. Powder Technol., 180, 115-21.
69  Wei, W., Engvall, K. and Yang, W. (2018). Novel Model for the Release and Condensation of Inorganics for a Pressurized Fluidized-Bed Gasification Process: Effects 

of Gasification Temperature. ACS Omega 3.6, 6321-6329.
70  Wei, W., Engvall, K., Yang, W. and Fredriksson Möller, B. (2018). Experimental and modelling studies on condensation of inorganic species during cooling of product 

gas from pressurized biomass fluidized bed gasification. Energy 153, 35-44.
71  Wei, W., Engvall, K. and Yang, W. (2018). Model investigation of condensation behaviors of alkalis during syngas treatment of pressurized biomass gasification. 

Chemical Engineering and Processing, 129, 28-36.

The development of the process models generally fol-
lowed the methodology depicted in Figure CS 57. 
Overall, fates of major elements and minor elements 
are modeled separately. The composition of gaseous 
species, involving major elements, is predicted using a 
semiempirical model. The parameters for gaseous spe-
cies, formed by major elements, serve as input data for 
the chemical equilibrium model for minor elements. The 
condensation of gaseous inorganics during gas cool-
ing is calculated based on an equilibrium model. The 
developed process model can predict the release and 
condensation of inorganics under nearly actual process 
conditions. 
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To validate the developed model against experimental 
data, inorganic species condensation experiments were 
performed on the pilot-scale Gas Technology Institute's 
Flex-Fuel Gasification Test Facility (GTI/FFTF) plant.52 
An illustration of the fluidized bed gasification plant 
including gasification and gas treatment steps is de-
picted in Figure CS 59 (top). The sampling position for 
the analysis of the main gas components and the po-
sition for studying the inorganic species condensation 
are indicated in the figure. Tests were carried out for 

approximately 82 h under steam/oxygen blown condi-
tions. Deposit samples, collected after the hot gas filter 
(HGF) at a temperature of around 700 °C and 8.7 bar 
with a cooled probe as illustrated in Figure CS 59 (bot-
tom), were analyzed using scanning electron microsco-
py/energy dispersive X-ray spectroscopy (SEM/ EDS). The 
surface temperature of the probe was monitored using 
five thermocouples (TC) indicating temperature zones 
varying between 390-540 °C.

  

Figure CS 58 Schematic diagram of the model developed by combining Aspen Plus with SimuSage.

Figure CS 59 Illustration of the (top) fluidized bed gasification test facility, and (right) slip-
stream hot gas filter (bottom) head and probe.70
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Most important results
Comprehensive modeling work to examine aspects such 
as release of alkali during gasification and condensation 
of inorganics during gas cooling have been performed. 
The work resulted in three papers where aspects related 
to effects of temperature and pressure was investigated, 
also including a comparison of modelling results with 
experimental results from deposit probe measurements. 
The results are summarized below.

Effect of pressure on alkalis condensation71

Examples of the effects of pressure on alkalis conden-
sation is shown in Figure CS 61. The modelling results 
show that regardless of syngas pressure in the down-
stream process, condensed alkalis mainly include car-
bonates, chlorides and hydroxides, such as Na2CO3(ss), 
K2CO3(ss), K2CO3(s), KCl(ss), KOH(ss), NaCl(l), KCl(l), 
KOH(l) and K2CO3(l) (s=solid; l=liquid; ss=solid solution). 
Among these condensates, K2CO3(ss) has the largest 
mass followed by K2CO3(s) and KCl(ss). The formation of 
alkali carbonates in the condensed phase indicates that 
carbonation reactions occur during gas cooling, since 
no gaseous alkali carbonates are formed during biomass 
gasification, Furthermore, the content of CO decreases 
and the content of CO2 increases during gas cooling. 
This infers that the alkali carbonates could be formed by 
reactions between the MOH/M and CO through reac-
tions (R1) and (R2) (M represents alkali metals). Worth to 
note is that the variation in content of CO and CO2 can 
be caused by the acceleration of water gas shift reaction 
(R3). As the gas temperature decreases, the water gas 
shift reaction (R3) would be shift toward the product 
side. Since the increased content of CO2 can promote 
reactions (R4) and (R5), the alkali carbonates can also be 
formed through reactions between MOH/M and CO2. 

2MOH + CO → M2CO3 + H2   (R1) 

2M + 2H2O + CO → M2CO2 + 2H2  (R2) 

CO + H2O ↔ CO2 + H2    (R3) 

2MOH + CO2 → M2CO3 + H2O   (R4) 

2M + H2O + CO2 → M2CO3 + H2   (R5) 

In case of salt melt formation, the calculated results 
show that for a given downstream pressure, there is a 
temperature range (Tw) where a small amount of salt 
melt is formed. The temperature ranges are 660 - 685 
°C, 635 - 685 °C, 635 - 660 °C and 635 - 660 °C for the 
downstream pressures of syngas at 2.5 bar, 2.0 bar, 1.5 
bar and 1.0 bar, respectively. 

  

Figure CS 60 Temperature range in the high-temperature zone 
without melt formation during gas cooling under different 
gasification temperatures (885 °C, 870 °C, 855 °C, and 840 
°C) with bed material addition. 69

Effect of temperature on alkalis condensation69

The developed model was applied to investigate the 
condensation of Na-, K-, and Cl-containing species 
during gas cooling from four initial gasification tem-
peratures (885 °C, 870 °C, 855 °C, and 840 °C) down 
to 350 °C. The main results show that regardless of the 
gasification temperature and bed material, two tem-
perature ranges are present within which no salt melt 
is formed during gas cooling, as illustrated in Figure CS 
60. The two temperature ranges are separately distrib-
uted in a low-temperature zone (less than 660 °C) and 
a high-temperature zone (higher than 685 °C and less 
than the melting temperature Tm). Tm represents the 
maximum temperature of the corresponding tempera-
ture range. Within the temperature range from 660 
°C to 685 °C, a salt melt is formed during gas cooling. 
Since no salt melt can be formed within the tempera-
ture ranges shown in Figure CS 60, high-temperature 
filters can be operated within these temperature ranges 
to avoid ash deposition and corrosion. 
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Figure CS 61 Two examples of relationships between mass of each condensate and gas cooling temperature under different 
downstream pressure. (Left) 2.5 bar and (right) 1.0 bar.71

Figure CS 62 Comparison of measured elemental composition and predicted elemental composition of the condensates formed 
during gas cooling. Si represents the probe section i. S, Exp and Mod represent probe section, experimental measurement, and 
modelling calculation, respectively. Experimentally identified elemental composition of deposit in the probe section 4 is compared 
with the calculated composition of de- posit in the probe section 5, due to the similar temperature range of the two probe sec-
tions.70
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Comparison of experimental and  
modelling studies70

The elemental composition of deposits formed on four 
probe sections within corresponding condensation tem-
perature ranges are shown in Figure CS 62. Since the 
probe is installed at the clean side of the slipstream HGF 
and the operating temperature of the slipstream HGF is 
sustained at 700 °C, it can be theoretically assumed that 
all dust and inorganic condensate formed within the 
temperature range 700 - 856 °C are completely depos-
ited on the inner surface of gas line or are fully filtered 
by the slipstream HGF. Due to tar components not being 
included in the current gas cooling model, the possibly 
deposited C and H derived from tar condensation can-
not be predicted. Therefore, C and H are excluded and 
not shown in Figure CS 62 . Exclusion of H from the 
mass fraction calculation is also because the SEM-EDS 
analysis cannot provide an accurate quantitative anal-
ysis for light elements such as H. In terms of quantita-
tive determination of elemental composition, Figure CS 
62 shows that both the measured and calculated mass 
fractions of each element of Na, Mg, Al, P, Ca, Fe and Ti 
are very low. The maximum mass fraction deviation for 
the elements of Na, Mg, Al, P, Ca, Fe and Ti is 5.9%. The 
maximum mass fraction deviation for the element Fe is 
13.5%. Considering the reasonably small mass fraction 
deviation, the calculated mass fraction for each element 
of Na, Mg, Al, P, Ca, Fe and Ti is consistent with the 
measured value. However, large deviations (The maxi-
mum deviation is 62.5%.) between the calculated and 
measured mass fractions for the elements of O, S, Cl 
and K are observed.

In summary, the developed model together with the 
customized thermodynamic database can be used for 
predicting the elemental composition of the condensed 
phase under different condensation temperatures. One 
point should be noted is that the elemental composition 
of the deposit would be affected if the influencing fac-
tors such as thermophoresis of small particles cannot be 
ignored during tests. 

Main conclusions
The most important conclusion from the project is that 
the developed model together with the customized 
thermodynamic database can be used for to investi-
gate the release of inorganics during gasification and 
qualitatively predicting the elemental composition of 
condensed phase under different gas cooling tempera-
tures in a biomass gasification process. The modelling 
tool is among other things able to predict that melts are 
formed during gas cooling, including the temperature 
windows of forming the melts and the effect of pres-
sure. More specific additional conclusions are: 

•  The temperature window forming melts varies with 
the change of the pressure of syngas in the down-
stream process and the elemental composition of 
biomass. As the gas pressure in the downstream 
process decreases, the initial temperature of form-
ing melts during gas cooling is reduced.

•  Under the investigated gasification conditions, re-
gardless of the bed material, there are two tem-
perature ranges within which no salt melt is formed 
during gas cooling. The two temperature ranges 
are separately distributed in a low-temperature 
zone - less than 660 °C - and a high-temperature 
zone - higher than 685 °C and less than the melting 
temperature Tm. Tm varies depending on the gas-
ification temperature and as gasification tempera-
ture increases, the high-temperature range without 
salt melt formation becomes successively wider. 
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Removal of impurities at high temperatures

Method(s)
Different methods are applied to pursue the four ob-
jectives of the research project. Sulfur removal at high 
temperature is preferentially done by chemisorption 
with metal oxides. To find a suitable sorbent material 
(Objective 1) the thermodynamics of the reaction, 

H2S + MO ↔ MS + H2O,             (R6)

(M stands for a metal) and the side reactions,

2MO ↔ M + MO2    and     M(solid) → M(vaporized),     (R7)

was analyzed for different metal oxides at temperatures 
800-1000°C. 

 

Figure CS 63 Motivation for high temperature sulfur removal

72  Sadegh-Vaziri, R., Amovic, M., Ljunggren, R. and Engvall, K. (2015). A medium-scale 50 MWfuel biomass gasification based bio-SNG plant: A developed gas cleaning 
process, Energies, 8, 5287-5302.

Background and motivation
Common technologies for the removal of impurities 
operate at low (or even very low) temperatures. For 
instance, the removal of H2S and COS by chemisorp-
tion using commercial sorbents is typically performed 
at temperatures around 400°C, while sulfur removal 
by absorption using liquid solvents requires even lower 
temperatures.72 Using established technologies for sul-
fur removal therefore would result in a process where 
the producer gas that leaves the gasifier at around 
800°C is first cooled down to around 400°C for the sul-
fur removal, after which the temperature is raised again 
to reach the temperature level required by the Ni-cata-
lyst for tar cracking (Figure CS 63 (a)). This temperature 
cycling is not without losses which motivates to consider 
alternative technologies that allow for sulfur removal at 
temperatures in between those of the gasifier and the 
tar cracking catalyst (Figure CS 63 (b)). Being able to 
remove sulfur at high temperature and thus avoiding 
the temperature cycling illustrated in Figure CS 63 (a) 
improves the energy efficiency of syngas production, 
increases syngas yield due to more tar being convert-
ed and lowers the demand for equipment. The present 
project focused on removal of sulfur in the form of H2S 
at high temperatures.

Objectives
1.  Evaluate different methods for the removal of H2S 

at concentrations up to 1000 ppm at temperatures 
above 600°C.

2.  Through controlled lab experiments, illustrate the 
feasibility of the most suitable method for high 
temperature removal of H2S.

3.  Develop systematic model-based methods for pro-
cess scale up.

4.  Quantify the increase in thermal efficiency of high 
temperature sulfur removal compared to the tem-
perature cycling process shown in Figure CS 63 (a).

Figure CS 64 Experimental setup high temperature sulfur re-
moval78.

The most promising metal oxide from the theoretical 
analysis of reactions (R6) and (R7) was investigated in 
controlled lab experiments (Objective 2). The lab ex-
periments employed a lab scale packed bed reactor, as 
shown in Figure CS 64, operated at 800°C using the 
pure metal oxide in powder form. Experiments at a feed 
concentration of 100 ppm to 1000 ppm H2S in N2 were 
conducted. From the breakthrough time the utilization 
of the bed was determined.

To improve our understanding and performing scale 
up calculations of the chemisorption process a detailed 
numerical model was developed (Objective 3). The nu-
merical model is based on differential mass balances for 
mass transfer in the bed and in the particles. Classical 
nucleation-growth theory of phase transformations is 
employed to describe the conversion of the metal ox-
ide to the metal sulfide. Pore blockage is accounted for 
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Figure CS 65 Breakthrough of H2S in a packed chemisorption 
reactor operated at 800°C. The feed contained 500 ppm (Kha-
waja, 2019, Fig. 9, page 50)74
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by simulating the evolution of local porosity. The mod-
el equations are implemented in Matlab which gives 
a high level of control of the simulations. The gain in 
thermal efficiency of the proposed high temperature 
sulfur removal process (Objective 4) is investigated by 
means of process simulations on the flow sheet level 
using Aspen Plus. Our research considered the specific 
case where the producer gas is used as fuel to a molten 
carbonate fuel cell for electricity production.

Most important results
The review54 summarizes simple relations allowing for 
quick assessment of process designs and experimen-
tal data for removal of H2S. Modeling methods for the 
numerical simulation of a packed bed adsorber are dis-
cussed, where the numerically expensive grain model 
was the most comprehensive in describing the sulfida-
tion process with physically meaningful parameters. The 
paper reviews the following topics: 

•  The kinetics and equilibrium of the reaction be-
tween metal oxides and H2S. Approximations for 
obtaining operating temperature intervals for the 
metal oxides based on kinetic and equilibrium data 
are derived.  

•  A guideline on finding the optimum pellet size. 

•  Simple approximations to estimate sorbent utiliza-
tion and the quality of sorbent sulfidation, includ-
ing suggestions on adding inert solid particles to 
the sorbent to avoid fusion of particles during sul-
fidation. 

•  An approximation to estimate the minimum neces-
sary amount of inert is derived. 

The most common modeling methods to describe the 
solid–gas reaction of H2S and metal oxides are discussed 
and reviewed

The most common sorbent for the removal of ppm-con-
centrations of H2S is zinc oxide (ZnO). However, for ZnO 
the side reactions (R7) become relevant above 500°C 
rendering ZnO unsuitable for the high temperature sul-
fur removal.73 Performing thermodynamic calculations 
of the equilibria of reactions (Thes-R6) and (Thes-R7) in 
the temperature range 800-1000°C identified CaO and 
MnO as suitable sorbents. A focused literature search 
for these sorbents revealed a faster reaction rate and 
easier regeneration of MnO when compared to CaO. 

To show the feasibility of high temperature sulfur re-
moval with manganese oxide (MnO) an experimental 
campaign was launched. The experiments employed a 

packed bed reactor loaded with 1 g of MnO in powder 
form. Figure CS 65 shows the breakthrough curve for a 
feed concentration of 500 ppm for which breakthrough 
occurred after 193 min. The breakthrough and the bed 
utilization decreased with increasing feed concentration. 
At a feed concentration of 1000 ppm breakthrough oc-
curred after 45 min and the bed utilization was 10% 
which is relatively low. For a feed concentration of 100 
ppm, breakthrough occurred at 65 h and the bed utili-
zation reached an acceptable 75%. The low bed utiliza-
tion at high feed concentration is caused by sintering of 
the bed particles. Sintering removes the macropores in 
the packed bed making it more difficult for H2S to reach 
the sorbent. To overcome this limitation inert particles 
are added to the bed thus preventing direct contacts 
between sorbent particles, reducing their sintering.

73  R. Sadegh-Vaziri and M.U. Babler, Removal of hydrogen sulfide with metal oxides in packed bed reactors – A review from a modeling perspective with practical 
implications, Applied Sciences 9 (2019) 5316

74 A. Khawaja, High temperature removal of H2S by using MnO. Master thesis KTH 2018.
75 R. Sadegh-Vaziri and M.U. Babler, Providing sulfur free syngas to a fuel cell system, Energy Procedia 159 (2019) 448-453.

 

Regarding process modeling, chemisorption in a packed 
bed reactor is inherently a non-steady state process with 
a space dependency. In our work, the mass balance 
equation for a packed bed was coupled with different 
models for mass transfer, pore blockage and reactions 
inside the particles. The numerical results suggest that 
measuring the breakthrough curve alone is not sufficient 
to distinguish between pore blocking and mass transfer 
limitations. The impact of high temperature sulfur re-
moval on the energy efficiency on the process scale was 
investigated for a specific process in which the gasified 
biomass is used as fuel for a molten carbonate fuel cell. 
The simulations revealed a moderate improvement of 
the energy efficiency of the process.75 However, consid-
ering the uncertainty in estimating the heat losses and 
the tar conversion the improvements are not significant.
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Main conclusions
•  High temperature sulfur removal is beneficial for 

downstream processes such as catalytic tar conver-
sion that is sensitive to sulfur.

•  Chemisorption by magnesium oxide is a suitable 
method for sulfur removal at high temperature as 
shown in experiments and theoretical calculations.

•  Pore blockage and sintering reduce bed utilization.

•  Only minor increases in energy efficiency are 
achieved by high temperature sulfur removal.

Reflections
The research area is the largest of the three in the Clean-
syngas research node. Most of the research activities 
were of experimental nature and therefore their opera-
tion was affected by pandemic the last two years, never-
theless most of the work has been performed according 
to the schedule. The main deviation from initial plan-
ning had to do with the research directed towards WGS 
and the development of new catalytic materials for tar 
reforming activities The latter was mainly affected by 
the late arrival of the PhD student for LNU. The planned 
research activities aimed at WGS did not materialize due 
to lack of resources. Lack of resources and pandemic 
have also hampered the planned testing of the catalytic 
filters at the Meva plant in Hortlax. The plan is to per-
form these tests before the fall of 2022.

There has also been a delay in POX activities due to 
problems with Parallelldatorcentrum (PDC) supercom-
puter centre at KTH but also since the PhD candidate 
left the PhD position for an industrial appointment. The 
POX research activities have been progressing but at a 
slower pace than anticipated and the plan is to conclude 
the PhD thesis in the Spring 2022. Two more students 
are expected to conclude their PhD studies in the first 
half of 2022 and 2023, respectively. Also in this research 
area, several manuscripts are in the pipeline to be sub-
mitted in the nearby future.

Concluding, collaboration with GU and LTU as well as 
several of the industrial partners within the CLEAN-
SYNGAS activities was the incubator for expanding the 
research activities and keeping a long-lasting collabo-
ration beyond the lifetime of SFC by joint submission/
realization of several research proposals/projects.

Examinations
Moud, Pouya H. (2017). Catalytic Conversion of Unde-
sired Organic Compounds to Syngas in Biomass Gasifi-
cation and Pyrolysis Applications. Doctoral thesis, KTH

González Arcos, Angélica V. (2015) RhPt and Ni based 
catalysts for fuel reforming in energy conversion. Doc-
toral thesis, KTH

Publications 2017 – 2021
Ahmad, W., Lin, L. and Strand, M. (2021). Benzene con-
version using a partial combustion approach in a packed 
bed reactor, accepted for publication in Energy.

Musavi, Z., Zhang, Y., Robert, E. and Engvall, K. (2021). 
Experimental and numerical investigation of flow field 
and soot particle size distribution of methane-contain-
ing gas mixtures in a swirling burner, ACS Omega, ac-
cepted for publication.

Ruivo, L.C.M., Pio, D.T., Yaremchenko, A.A., Tarelho, 
L.A.C., Frade, J.R., Kantarelis, E. and Engvall, K. (2021). 
Iron-based catalyst (Fe2-xNixTiO5) for tar decomposition 
in biomass gasification, Fuel, 300, 120859

Hernandez, A., Andersson, K.J., Engvall, K. and Kantar-
elis, E. (2020). Preferential adsorption of K species and 
the role of support during reforming of biomass derived 
producer gas over sulfur passivated Ni/MgAl2O4, Ener-
gy & Fuels, 34(9), 11103-11111

Parsland, C., Hoang Ho, P., Benito, P., Larsson, A-C., For-
nasari, G., and Brandin, J, (2020). Ba-Ni-Hexaaluminate 
as a New Catalyst in the Steam Reforming of 1-Methyl 
Naphthalene and Methane. Long-Term Studies on Sul-
phur Deactivation and Coke Formation, Catalysis Let-
ters, 150, 1605–1617. 

Jayawickrama, T.R., Haugen, N.E.L., Bäbler, M.U., 
Chishty, M.A. & Umeki, K. (2019). The effect of Stefan 
flow on the drag coefficient of spherical particles in a 
gas flow, Int. J. Multiphase Flow, 117, 130-137

Marks, K., Ghadami Yazdi, M., Piskorz, W., Simonov, 
K., Stefaniuk, R., Sassa, Y., Johansson, F.O.L., Lindblad, 
A., Hansson, T., Kotarba, A., Engvall, K., Göthelid, M., 
Harding, D.J. and Öström, H. (2019). Investigation of 
the surface species during temperature dependent de-
hydrogenation of naphthalene on Ni (111), Journal of 
Physical Chemistry C, 150, 244704.
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Sadegh-Vaziri, R. and Bäbler, M.U. (2019). Removal 
of Hydrogen Sulfide with Metal Oxides in Packed Bed 
Reactors—A Review from a Modeling Perspective with 
Practical Implications, Applied Science, 9(24), 5316.

Sadegh-Vaziri, R. and Bäbler, M.U. (2019). Providing sul-
fur free syngas to a fuel cell system, Energy Procedia 
159C, 448-453.

König, D., Scrive, M., Karlsson. E., Kantarelis, E. and En-
gvall, K. (2019). Development of catalytically active high 
temperature filter for simultaneous particulate removal 
and conversion of biomass derived tars. 5th internation-
al congress on catalysis for biorefineries 23-27 Septem-
ber 2019 Turku, Finland 

Göthelid, M., Marks, K., Yazdi, M.G., Piskorz, W., Hans-
son, T., Kotarba, A., Harding, D.J., Öström, H. and En-
gvall, K. (2019). Temperature dependent dehydrogena-
tion of naphthalene on Ni(111), From NanoWorld to 
Stardust (NW2SD) international conference 17-19th July 
2019 Marseille, France

Ruivo, L., Yaremchenko, A., Engvall, K., Kantarelis, E., 
Frade, J. and L. Tarelho, L. (2019). Catalytic upgrading of 
biomass-derived raw gas in fluidized bed gasifiers 27th 
European Biomass Conference and Exhibition, 27-30 
May 2019, Lisbon, Portugal 

Rosén, C., Liliedahl, T. and Engvall, K. (2019). Experi-
ences and Results from Catalytic Steam Reforming Tests 
with Real Gas from Pressurized Gasification of Biomass, 
27th European Biomass Conference & Exhibition 27-30 
May 2019, Lisbon, Portugal

Morgalla, M., Lin, l. & Strand, M. (2018). Benzene Con-
version in a Packed Alumina Bed Continuously Fed with 
Woody Char Particles, Energy Fuels, 32(7), 7670-7677.

Morgalla, M., Lin, L. & Strand, M. (2018). Benzene Con-
version in a Packed Bed Loaded with Biomass Char Par-
ticles, Energy Fuels 2018, 32(1), 554-560.

Wei, W., Engvall, K. and Yang, W. (2018). Novel Model 
for the Release and Condensation of Inorganics for a 
Pressurized Fluidized-Bed Gasification Process: Effects of 
Gasification Temperature. ACS Omega 3.6, 6321-6329.

Wei, W., Engvall, K., Yang, W. and Fredriksson Möller, B. 
(2018). Experimental and modelling studies on conden-
sation of inorganic species during cooling of product 
gas from pressurized biomass fluidized bed gasification. 
Energy 153, 35-44.

Wei, W., Engvall, K. and Yang, W. (2018). Model in-
vestigation of condensation behaviors of alkalis during 
syngas treatment of pressurized biomass gasification. 
Chemical Engineering and Processing, 129, 28-36.

Sadegh-Vaziri, R., Ludwid, K., Sundmacher, K. and 
Bäbler, M.U. (2018). Mechanisms behind overshoots in 
mean cluster size profiles in aggregation-breakup pro-
cesses, Journal of colloid and interface science, 528, 
336-348. 

Ghadami Yazdi, M., Moud, P.H., Marks, K., Piskorz, W., 
Öström, H., Hansson, T., Kotarba, A., Engvall, K. and 
Göthelid, M. (2017). Naphthalene on Ni(111). Experi-
mental and Theoretical Insights into Adsorption, Dehy-
drogenation, and Carbon Passivation, Journal of Physi-
cal Chemistry C, 121 (40), 22199–22207

K. Marks, K., Ghadami Yazdi, M., Moud, P.H., Piskorz, 
W., Kotarba, A., Hansson, T., Öström, H., Göthelid, M. 
and Engvall, K. (2017). Adsorption and dehydrogena-
tion of napthalene on nickel (111), 33rd European Con-
ference on Surface Science, 27/08-01/09 2017, Szeged, 
Hungary
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Commercialization, node management  
and administration
Project leader: Henrik Thunman (Chalmers ET)

PhD student(s):  -

Other people: Jelena Maric

Budget: 667 kSEK per year (Total 2668 kSEK)

Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 0, Peer-reviewed publications: 3

Background and motivation
A great incentive that has motivated the research ac-
tivity within SFC-CIGB has been to support the GoBi-
Gas-demonstration. This was done successfully and for 
using forest biomass as fuel, the demonstration has to 
a large extend been already finalized. This means that 
during this phase of the CIGB-SFC program, the focus 
broadened, where new research questions were iden-
tified to open for new applications and end-users. A 
large part of the work within this phase of the project 
has been to summarize and disseminate the knowledge 
built up within the node, as well as identify knowledge 
gaps for future research.

Project objectives
The objective of this project has been to coordinate the 
research of the work within the node and to generalize 
and communicate the results on a higher aggregated 
level than on the individual projects carried out within 
the node.

Method(s)
The main work within the node has been to engage 
researchers within the projects to contribute to key pub-
lications that put the research into a broader context. 
Publications complemented with work that contributes 
to cover gaps and thereby contribute to an increase the 
attractiveness of the dual fluidized bed technology, es-
pecially connected to the economy, new applications, 
and feedstock resources.   

Most important results
The most important results coming from the project un-
der this period are the two extensive papers published 
in peer-reviewed journals:  

•  Advanced biofuel production via gasification – les-
sons learned from 200 man-years of research activ-
ity with Chalmers’ research gasifier and the GoBi-
Gas demonstration plant

•  Circular use of plastics-transformation of existing 
petrochemical clusters into thermochemical recy-
cling plants with 100% plastics recovery

Here, the first paper gives an extensive summary of the 
experiences gained from the research connected to the 
production of advanced biofuels using biomass dual flu-
idized bed gasification. Most of the key researchers and 
industrial representatives that were involved in the Go-
BiGas-demonstration project contributed to the article 
development. This paper was also complemented with 
two additional papers: one that gives the economics 
overview around using this technology, and the second 
paper describing using gas produced by gasification to 
produce climate positive steel.

The second extensive paper identifies and verifies that 
the dual fluidized bed technology can play a crucial role 
to transform the synthetic material system, e.i, plastics 
into raw material and contribute to the increased ma-
terial circularity. This work was complemented with an 
additional paper verifying that the ideas taken up in the 
extensive paper to verify the applicability of the sugges-
tion on a global scale to disconnect the production of 
synthetic carbon material (e.i plastics) from the need for 
new virgin resources of fossil or biogenic origin.
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Main conclusions
The main conclusions from the work within this project 
are that the dual fluidized bed for biomass gasification 
on large scale now is commercially available, and the 
knowledge is on such a level that the risk for the invest-
ment in the industrial process can be minimized. The in-
creased knowledge gained has furthermore opened the 
areas for a broader application of the technology, where 
the recycling of synthetic carbon materials is very prom-
ising. Here, the main advances lays in the understanding 
of how to control and direct the conversion within the 
process to optimize the use of the technology towards 
various applications.

Reflections from the project leader
Within the work in this project, the results from the 
start of the GoBiGas-project in 2005 have been sum-
marized and generalized. The project has in many ways 
been unique as research has simultaneously been done 
at TRL levels from 1 to 9 where the economic and ex-
perimental resources have been available. This means 
that research has been possible to carry out for most key 
areas for the development, which has given the project 
an intradisciplinary atmosphere. Moreover, new ideas 
have been possible to test without delay. This has cre-
ated a very innovative environment, which has resulted 
in several spin-offs in the form of start-ups, as well as 
in new possible research directions.  The extensiveness 
of the project has also increased the credibility of the 
generated results and the trust from commercial actors, 
as the research that has gained unique experiences and 
competence of taking technical development up in TRL 
levels. The project has also given the researchers insights 
into surrounding issues, which often is more important 
than the technology itself, when taking an idea all the 
way to a commercial market. 

The development within the topic that has been archived 
in the project, as well as in the surrounding world, has 
due to the pre-commercial projects during the time of 
SFC made significant steps forward, which now makes 
the dual fluidized bed gasification technology commer-
cially ready for biomass, and close to commercially avail-
able for other feedstocks. This is a significant difference 
compared with the situation for a little more than 10 
years ago. Further, a whole new generation of people 
with experience from industrial-sized gasifiers has been 
educated. People, that can help to minimize the risk for 
a future rolling out of the technology.

Publications
1.  Cañete Vela I., Berdugo Vilches T., Berndes G., Johns-

son F., Thunman H., Co-recycling of natural and 
synthetic carbon materials for a circular economy, 
Submitted to Journal Resource Conservation and Re-
cycling, (2021)

2.  Pissot, S., Thunman, H., Samuelsson, P., Seemann, 
M., Production of negative-emissions steel using 
a reducing gas derived from dfb gasification, En-
ergies, 14(16), (2021), http://dx.doi.org/10.3390/
en1416483

3.  Thunman H., Gustavsson C., Larsson A., Gunnarsson 
I., Tengberg F. Economic assessment of advanced bio-
fuel production via gasification using cost data from 
the GoBiGas plant, Energy Science and Engineering, 
Vol 7/ pp217-229, (2019), https://doi.org/10.1002/
ese3.271

4.  Thunman H., Berdugo Vilches T., Seemann M., Maric 
J., Cañete Vela I., Pissot S., Nguyen H. Circular use 
of plastics-transformation of existing petrochemical 
clusters into thermochemical recycling plants with 
100% plastics recovery, Sustainable Materials and 
Technologies, Vol 22/e00124, (2019), https://doi.
org/10.1016/j.susmat.2019.e00124

5.  Thunman H., Seemann M., Berdugo Vilches T., Maric 
J., Pallares D., Ström H., Berndes G., Knutsson P., 
Larsson A., Breitholtz C., Santos O., Advanced biofu-
el production via gasification – lessons learned from 
200 man-years of research activity with Chalmers’ 
research gasifier and the GoBiGas demonstration 
plant, Vol 6/pp 6-34, (2018), https://doi.org/10.1002/
ese3.188 
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Background and motivation
Extensive knowledge can be reached through experi-
ments in lab-scale, but the problems and questions that 
arise in that scale will differ from those derived from 
larger reactors in industrial scale. 

While, most often, experiments in lab reactors provide 
more specific information on specific phenomena. the 
complexity of i.e., fuel composition, long-term effects 
and reaction conditions cannot always be mirrored in 
lab-scale. Industrial facilities, in contrast often show lim-
ited accessibility for sampling (bed, gas, etc.) and limited 
possibility for analysis. There is thus a gap in knowledge 
and transferability of results between information the 
smaller scale can provide and the actual needs and con-
ditions of the industrial scale when it comes to devel-
oping and using thermal fuel conversion techniques. In 
this sense, the Chalmers gasifier and the accessibility 
during autumn 2017 in the GoBiGas plant, with their 
size, accessibility for diverse samplings (ports for probe 
insertion etc.) and integration in an active research envi-
ronment, is unique and plays an important role for the 
technique’s commercialization. Some of the important 
activities to focus on include: 

•  Evaluation of the dual fluidized bed technique 
through experiments in the Chalmers 2-4 MW gas-
ifier

•  Establishing methods and strategies for assessment 
of industrial scale systems.

•  Gaining knowledge that enables gasification of  

o fuel with high content of alkali and or/phosphorus, 

o waste fuel with high ash content 

o mixed plastic waste fractions

•  Gaining knowledge on the governing reaction pa-
rameters that control the product yields

These kinds of experimental investigations require an-
alytics for steady state monitoring as well as transients 
with high precision and robustness. Therefore, the ac-
tivities within this project also focus on development of 
measurement methods for process-related evaluation of 
indirect gasifiers.

Project objectives
•  Assessment of parameters relevant for the opera-

tion and design of next generation indirect gasifiers 

•  Optimization of the operation conditions towards 
gas quality and product yield for different feed-
stocks and applications

   o  improving the understanding of ash-bed materi-
al interactions 

   o  utilization of difficult fuels and development of 
control strategies to balance the chemistry to 
avoid deactivation and agglomeration

   o optimization towards valuable hydrocarbons

•  Implementation of new analytical tools, develop-
ment of control mechanisms and models applica-
ble for process control during transients like start-
up, load changes and varying fuel properties.

•  Improvement of fuel feeding and gas extraction 
strategies 

Method(s)
The Chalmers Power Central is one of a kind research 
facility comprising a circulating fluidized bed combustor 
and a bubbling fluidized bed gasifier, which together 
form an indirect gasifier of industrial scale. The Chalm-
ers 1-4 MW biomass gasifier, commissioned in 2007, 
has since then been successfully operated every winter 
season for approximately 2000 hours per year, whereof 
500 hours per year with fuel supply. The plant is fully 
equipped with gas analysis (IR gas analysers, µGC, tar 
analysis SPA/GC-FID and high temperature reactor for 
total carbon measurement) to allow a full closure of the 
carbon balance. The plant capacity and the dedication 
to research make this facility unique and allow for ex-
perimental studies where the results are directly trans-
ferable to industrial plants. 

Most important results
The project period is concluding the development of the 
DFB biomass gasification that is marked by the finaliza-
tion of the demonstration plant GoBiGas in 2019 while 

Process optimization and methods development based 
on experimental activities in industrial scale
Project leader: Martin Seemann (Chalmers ET)

PhD student(s): Teresa Berdugo Vilches, Sébastien Pissot, Isabel Cañete Vela, Chahat Mandviwala, Renesteban Forrero

Other people: Fredrik Lind, Teresa Berdugo Vilches, Jelena Maric, Henrik Thunman, Pavleta Knutsson

Budget: 9 511 kSEK per year (+ 9800 kSEK from Autumn 2017) (Total 47 844 kSEK)

Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 2, Peer-reviewed papers: 11
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at the same time spanning across the transitioning to-
wards waste as fuel and recycling of carbonaceous spe-
cies a focus.

•  Summary of the experience from the operation of 
the demonstration plant GoBiGas in form of publi-
cations: Thunman, H. et al. (2018) ‘Advanced biofu-
el production via gasification – lessons learned from 
200 man-years of research activity with Chalmers’ 
research gasifier and the GoBiGas demonstration 
plant’, Energy Science and Engineering, 6(1), pp. 
6–34. doi:10.1002/ese3.188.

•  Cross comparison with other large scale DFB gasifi-
cation systems: Larsson, A., Kuba, M. and Berdugo 
Vilches, T. (2021) ‘Steam gasification of biomass – 
Typical gas quality and operational strategies derived 
from industrial-scale plants’, Fuel Processing Tech-
nology, 212. doi:10.1016/j.fuproc.2020.106609.

•  Comprehensive evaluation and publication in sev-
eral articles of the 2018 ASR campaign comprising 
a rigorous investigation of process parameters in-
cluding their effect on dioxin formation under gas-
ification conditions. The three-week lasting periods 
proved the potential of the bottom ash as well as 
bed material and the opens up for material recov-
ery from the ash. The operational window of the 
Chalmers gasifier was furthermore extended to-
wards pyrolysis conditions, which is of importance 
since certain plastic fractions yield higher quality 
products in the temperature range 500-600 °C.

•  Evaluation of fuel ash derived bed material for dual 
fluidized bed gasification

•  Collaboration on the topic of bed material analy-
sis with the theme “Inorganic chemistry and fuel 
conversion” and the B4G-research group at Luleå 
University of Technology and BEST - Bioenergy and 
Sustainable Technologies GmbH (Austria)

•  Design, construction and successful commissioning 
of new feeding train for mixed plastic waste during 
2019/2020

Main conclusions
•  Transferability of results from Chalmers pilot to in-

dustrial scale is possible. 

•  Technology is mature and scalable.

•  Importance of generic understanding and knowl-
edge build-up in the node which proved to be valu-
able in the transferability to new fuels, applications 
and products.

Reflections from the project leader
The project period spanned across a shift in focus in the 
area of thermal fuel conversion that has been ongoing 
over the last years with the interest in the surrounding 
moving from pure biomass more towards waste frac-
tions, waste treatment solutions and thermal recycling 
solutions. In this transition the generic knowledge base 
built up during the first two phases of the SFC was suc-
cessfully transferred to new types of fuels, applications 
and collaborations with new industrial partners (Bore-
alis).  

With the focus of the project being the generation of a 
linkage between industrial application and scientific re-
search the consequential evolvement of research align-
ment is reflected in the ongoing and planned activities. 

The period during 2019 was characterized in terms of 
specific activities by a build-up of competences required 
to assess large scale operation with waste fractions by 
assessment of the evaluation and learnings from the 
ASR campaign (2018) and a trial with plastic waste from 
cable stripping. A further milestone was the design and 
construction of a new fuel feeding system that is fo-
cused on the conversion of mixed plastic waste which 
was commissioned spring 2020 and utilized for new 
types of experiments during winter2020/2021). In par-
allel we extended activities involving other themes and 
groups outside of SFC-CIGB to reveal the catalytic effect 
and transformation of different bed materials.

Examinations 
Cañete Vela, Isabel. Autumn 2021. Licentiate thesis, 
Chalmers

Pissot, Sébastien. 2021. Strategies for complete carbon 
recovery in dual fluidized bed gasifiers. Doctoral thesis, 
Chalmers

Lind, Fredrik. 2017. Active bed materials and processes 
for the conversion of solid fuels. Docent Lecture, Chalm-
ers

Berdugo Vilches, Teresa. 2018. Operational strategies to 
control the gas composition in dual fluidized bed bio-
mass gasifiers. Doctoral thesis, Chalmers

Mandviwala, Chahat. Winter 2021/2022. Licentiate 
thesis, Chalmers (planned)
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Publications 
  1.  Pissot, S., Thunman, H. and Samuelsson, P. (2021) 

‘Production of negative-emissions steel using a re-
ducing gas derived from dfb gasification’, Energies, 
14(16). doi:10.3390/en14164835.

  2.  Larsson, A., Kuba, M. and Berdugo Vilches, T. (2021) 
‘Steam gasification of biomass – Typical gas qual-
ity and operational strategies derived from indus-
trial-scale plants’, Fuel Processing Technology, 212. 
doi:10.1016/j.fuproc.2020.106609.

  3.  Li, S., Cañete Vela, I. and Järvinen, M. (2021) ‘Poly-
ethylene terephthalate (PET) recycling via steam gas-
ification – The effect of operating conditions on gas 
and tar composition’, Waste Management, 130, pp. 
117–126. doi:10.1016/j.wasman.2021.05.023.

  4.  Pissot, S., Faust, R. and Aonsamang, P. (2021) ‘De-
velopment of Oxygen Transport Properties by Oliv-
ine and Feldspar in Industrial-Scale Dual Fluidized 
Bed Gasification of Woody Biomass’, Energy & Fu-
els, 35(11), pp. 9424–9436. doi:10.1021/acs.ener-
gyfuels.1c00586.

  5.  Berdugo Vilches, T. et al. (2020) ‘Shedding light on the 
governing mechanisms for insufficient CO and H2 
burnout in the presence of potassium, chlorine and 
sulfur’, Fuel, 273. doi:10.1016/j.fuel.2020.117762.

  6.  Maric, J. et al. (2020) ‘Emissions of dioxins and fu-
rans during steam gasification of Automotive Shred-
der residue; experiences from the Chalmers 2–4-
MW indirect gasifier’, Waste Management, 102, 
pp. 114–121. doi:10.1016/j.wasman.2019.10.037.

  7.  Pissot, S., Berdugo Vilches, T. and Thunman, H. 
(2020) ‘Dual Fluidized Bed Gasification Configura-
tions for Carbon Recovery from Biomass’, Energy & 
Fuels, 34(12), pp. 16187–16200. doi:10.1021/acs.
energyfuels.0c02781.

  8.  Maggiolo, D. et al. (2019) ‘Self-Cleaning Surfac-
es for Heat Recovery During Industrial Hydrocar-
bon-Rich Gas Cooling: An Experimental and Nu-
merical Study’, AIChE Journal, 65(1), pp. 317–325. 
doi:10.1002/aic.16394.

  9.  Pissot, S. et al. (2019) ‘Thermochemical Recycling 
of Automotive Shredder Residue by Chemical-Loop-
ing Gasification Using the Generated Ash as Oxy-
gen Carrier’, Energy and Fuels, 33(11), pp. 11552–
11566. doi:10.1021/acs.energyfuels.9b02607.

10.  Seemann, M. and Thunman, H. (2019) ‘Methane 
synthesis’, in Substitute Natural Gas from Waste: 
Technical Assessment and Industrial Applications 
of Biochemical and Thermochemical Processes, 
pp. 221–243. doi:10.1016/B978-0-12-815554-
7.00009-X.

11.  Thunman, H. and Seemann, M. (2019) ‘The gobigas 
plant’, in Substitute Natural Gas from Waste: Tech-
nical Assessment and Industrial Applications of Bio-
chemical and Thermochemical Processes, pp. 455–
474. doi:10.1016/B978-0-12-815554-7.00017-9.

12.  Berdugo Vilches, T., Seemann, M. and Thunman, H. 
(2018) ‘Influence of In-Bed Catalysis by Ash-Coated 
Olivine on Tar Formation in Steam Gasification of 
Biomass’, Energy and Fuels, 32(9), pp. 9592–9604. 
doi:10.1021/acs.energyfuels.8b02153.

13.  Berdugo Vilches, T. et al. (2018) ‘Bed material as a 
catalyst for char gasification: The case of ash-coated 
olivine activated by K and S addition’, Fuel, 224, pp. 
85–93. doi:10.1016/j.fuel.2018.03.079.

14.  Maric, J. et al. (2018) ‘Valorization of Automobile 
Shredder Residue Using Indirect Gasification’, Energy 
and Fuels, 32(12), pp. 12795–12804. doi:10.1021/
acs.energyfuels.8b02526.

15.  Nguyen, H.N.T., Seemann, M. and Thunman, H. 
(2018) ‘Fate of Polycyclic Aromatic Hydrocarbons 
during Tertiary Tar Formation in Steam Gasification 
of Biomass’, Energy and Fuels, 32(3), pp. 3499–
3509. doi:10.1021/acs.energyfuels.7b03558.

16.  Pushp, M. et al. (2018) ‘Influence of Bed Materi-
al, Additives, and Operational Conditions on Alkali 
Metal and Tar Concentrations in Fluidized Bed Gas-
ification of Biomass’, Energy and Fuels, 32(6), pp. 
6797–6806. doi:10.1021/acs.energyfuels.8b00159.

17.  Thunman, H. et al. (2018) ‘Advanced biofuel pro-
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200 man-years of research activity with Chalmers’ 
research gasifier and the GoBiGas demonstration 
plant’, Energy Science and Engineering, 6(1), pp. 
6–34. doi:10.1002/ese3.188.

18.  Pissot, S. et al. (2018) ‘Effect of ash circulation on 
the performance of a dual fluidized bed gasification 
system’, Biomass and Bioenergy, 115, pp. 45–55. 
doi:10.1016/j.biombioe.2018.04.010.

19.  Neves, D. et al. (2017) ‘Volatile gases from biomass 
pyrolysis under conditions relevant for fluidized bed 
gasifiers’, Journal of Analytical and Applied Pyrolysis, 
127, pp. 57–67. doi:10.1016/j.jaap.2017.09.002.

20.  Pissot, S. et al. (2017) ‘Recirculation of reactive fines 
– An optimization strategy for existing dual fluid-
ized bed gasification systems’, in. European Bio-
mass Conference and Exhibition Proceedings, pp. 
462–466. Available at: https://www.scopus.com/
inward/record.uri?eid=2-s2.0-85043767605&part-
nerID=40&md5=9eebbbf4cdb3e185fcb9a6bd-
3fed79f6.



141

Appendix 1. Summaries of research projects, SFC phase 3, 2017-2021

Background and motivation
The performance of an indirect gasification system de-
pends strongly on the properties of the solids used (in-
cluding those of fuel) and the operational conditions. 
Thus, knowledge on the mechanisms behind key flu-
id-dynamical parameters is required in order to achieve 
optimal design and operation of such units. Key flu-
id-dynamical parameters to investigate are the solids 
circulation between the gasifier and the combustor 
reactors, the mixing of the fuel particles and the mass 
transport between the gas phase and the active solids 
phases (fuel, and optionally also bed material).

Identifying, understanding and describing the underly-
ing mechanisms which govern the cited fluid-dynami-
cal parameters will fill a key knowledge in the indirect 
gasification technology and open doors to new system 
implementations, reactor geometries, operational strat-
egies and feedstock designs, all dedicated to improving 
the flexibility and performance of the process.

Project objectives
The overall aim of the project is to identify, understand 
and describe the underlying mechanisms governing the 
solids circulation in dual FB systems, the mixing of the 
fuel particles and the interphase mass transfer. More 
specifically, the following objectives were set:

Within solids circulation in FB systems:

•  Control of the solids circulation in BFB/BFB and CFB/
BFB systems

Within fuel mixing:

•  Mechanistic description of fuel mixing

•  Investigation of fuel properties (size, shape) as a 
tool to control the fuel mixing and conversion

•  Investigation of new reactor concepts based on 
having fuel segregation as a tool to optimize reac-
tor performance 

•  Understanding of the fuel vertical segregation 
caused by intensive gas release of moisture and 
volatiles

Within interphase mass transfer:

•  Evaluation of the mass transfer between gas and 
active bed material - influence of operational con-
ditions and of concentration and properties of the 
active solids

Method(s)
The research carried out consists of a combination of 
modeling and experiments. The approach chosen is to 
formulate a holistic semiempirical which accounts for 
all of fluid-dynamics, fuel conversion and heat transfer, 
and to gradually improve the accuracy and generality 
of this model by knowledge derived from dedicated 
experiments investigating specific a phenomenon at a 
time under a wide operational window. There are two 
models resulting from the work: a steady-state 1-di-
mensional model for analysis of the design and scale-
up1, and a dynamic 1-dimensional model for the study 
of transients (in e.g., load, fuel properties) and the in-
terplay with a plant process model2. All these models 
solve mass and heat balances, while velocity fields are 
generated making use of assumptions and the mixing 
of the fuel particles is modeled applying the equation 
of motion. 

Regarding the dedicated experiments, the different set-
ups and methods used are shortly summarized below:

 

Fluid dynamics and fuel conversion
Project leader: David Pallarès (Chalmers)

PhD student(s): Louise Lundberg, Anna Köhler, Tove Djerf/Karlsson, Guillermo Martínez

Other people: Filip Johnsson

Budget: 2 250 kSEK per year

Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 3.5, Peer-reviewed publications: 25

Figure 1: Schematic of the thermographic method for deter-
mining solids circulation in a BFB (not yet published)
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i) solids circulation provided by CFB and BFB furnaces. 
For the CFB furnace case a scaled cold rig resembling 
a 200 MW CFB has been used3. For the BFB furnace 
case, a dedicated rig has been built in which bed ma-
terial is circulated laterally (Fig.1). Three methods have 
been developed, based on: physical accumulation in 
an immersed recipient, thermographic measurements 
(with electric heating and gas cooling of the bed ma-
terial, Fig.1), and on solids tracking by impedance coils. 
The thermographic method offers the most efficient 
procedure.

ii) fuel mixing. This has been experimentally studied in 
the Chalmers gasifier at both hot and cold conditions 
and in scaled cold units both BFB and CFB, by means of 
magnetic particle tracking4. Investigation of non-spheri-
cal fuel particles required a special environment insulat-
ed from the Earth’s natural magnetic field.

iii) interphase mass transfer. This was studied by means 
of a new method based on monitoring with a high-pre-
cision scale the transient mass loss/gain of the bed solids 
(a sorbent with characterized and very fast kinetics) as a 
gas flows through the bed.

Figure 2: Solids circulation in a BFB system

Most important results
Regarding solids circulation in CFB systems, the three 
main mechanisms governing the solids circulation have 
been identified and key findings and general descrip-
tions for each of them have been attained. In the en-
trainment from the bottom riser region, the dense bed is 
shown for first time to play a key role, with its height not 
impacting on the entrainment if it exists but instead im-
peding the increase of entrainment with gas flow when 
it is depleted3. In the back mixing to the riser walls, 
rather than the lateral solids dispersion the governing 
mechanism is the local mass transfer to the wall layer, 
which is by DNS simulations found to be driven through 
turbophoresis and can be generally described by means 
of a proposed Sherwood number correlation. The back-
flow effect at the top riser region is shown to be very 

significant for typical CFB flow conditions and can be 
effectively described by means of the Stokes number. 
Combining this to close the solids mass balance in a CFB 
riser solves the solids circulation and has been shown 
to agree finely with measurements in large-scale units5.

Regarding BFB systems, modeling has shown that inte-
grated indirect gasification by retrofitting of BFB boilers 
through and internal chamber demands solids convey-
ing to ensure enough transport of heat between the 
combustion and the gasification region, i.e., heat trans-
fer through the dispersive mixing of bed material is not 
enough to ensure high enough temperatures in the gas-
ification chamber. Thus, designs for forcing such a solids 
circulation in BFB conditions have been developed. As 
seen in Fig.2 (data not yet published), not only the gas 
velocity in the nozzles forcing the solids circulation has 
shown to be of importance, but also the bed height ex-
hibits a strong impact on the solid’s circulation forced.  

Regarding the fuel mixing, initial measurements at both 
hot and down-scaled conditions proved for the first 
time the validity of the scaling laws for the mixing of 
larger particles immersed in a bed a finer bed material. 
Experimental work disclosed also that the lateral mixing 
of fuel particles occurs through a combination of dis-
persion and convection from the overall drag of the bed 
material crossflow in the indirect gasifier. Lateral disper-
sion caused by the bubble flow has been shown to be 
predominant at the bed surface and increased mainly by 
bed height and fluidization velocity, while fuel proper-
ties do not have a major impact. The convective compo-
nent of the lateral mixing has been shown to be around 
0.4 of the established velocity field of the solids cross-
flow but can be effectively cancelled by the insertion of 
internals. With this and further knowledge reported in 
the publication list below, a model has been used to dis-
cuss the design of new reactor concepts for the effective 
scale-up of indirect gasification1. Such work concluded 
that larger indirect gasifiers meet a new challenge in 
the reduction of fuel residence time despite the larger 
dimensions, caused by the shift from dispersion-con-
trolled lateral mixing to a convective-controlled one; and 
thus, the critical need to be able to finely control the 
solids circulation in much narrower windows than the 
ones for smaller demonstration units. 

A mechanistic description of the fuel mixing has been 
developed6. An example of the validation for the fuel 
mixing in the axial direction is given in Fig.3. Parametric 
analysis showed that the force originated by endoge-
nous bubbles during drying and devolatilization have a 
negligible impact on the axial fuel mixing at conditions 
relevant for industrial operation. On the other side, de-
termination of the drag force exerted by the bed mate-
rial on the fuel particles is shown to be a critical aspect 
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Regarding the interphase mass and heat transfer, exper-
iments revealed that fuel particles undergoing drying 
and devolatilization at the bed surface and char con-
version in the bed (which is rather commonly the case 
for large biomass in a BFB) yield a 2-3 times slower char 
conversion than otherwise. This was due to the slower 
heat transfer in the initial conversion stages yielding a 
less reactive char structure and on top of that the slow-
er mass transfer rate yielding the measured decrease in 
char conversion rate. Further, dedicated experiments 
showed that the specific mass transfer is decreased at 
higher fluidization velocity and dense bed height and 
lower pressure drop across the gas distributor8. The ef-
fect of the dense bed height results especially impact-
ing, see Fig.4, showing that the differential effect of 
increased bed height decreases sharply. 

Main conclusions
This research work has yield matureness in the knowl-
edge and predictability of solids circulation in large-scale 
CFB systems. For BFB systems, the more advanced meth-
ods required have been developed and exploited to pro-
vide first valuable insights and confirming the possibility 
to force a high enough solids circulation in BFBs units 
to sustain indirect gasification. A mechanistic descrip-
tion of the fuel mixing has also been developed which 
allows to optimize fuel size and operational conditions 
in order to attain the desired residence time distribution 
of the fuel phase in the indirect gasifier as well as pre-
dict its axial segregation and exploit this for separation 
purposes. The method developed to investigate the in-
terphase mass transfer has shown that higher beds yield 
decreased the average mass transfer strongly.

Holistic models gathering all the empirical knowledge 
have been build and shown ability to accurately describe 
conditions even outside the operational window cov-
ered by measurements. Scaling-up of the indirect gasifi-
cation sets stronger requirements on the control of the 
solids circulation.

Reflections from the project leader
Semi-empirical modeling has been combined with dedi-
cated experimental studies under fluid-dynamical down-
scaled conditions and industrial measurement data for 
validation. Besides the use of the validated model for 
the design and up-scaling of indirect FB reactors and 
processes, the cited combination has shown to be an ef-
ficient strategy in identifying and filling key knowledge 
gaps for the development of the technology.

The ability of forcing a significant solids circulation un-
der BFB conditions opens for the possibility to retrofit of 
current BFB boilers into dual fluidized bed systems for 
polygeneration purposes, which should be attractive.

 
 
 
 

 

 
 
 
 

 

in the description of the overall fuel mixing. For this, 
dedicated experiments were carried out which aimed 
at finding general descriptions for this fuel-bed mo-
mentum exchange7. These experiments showed that 
the fluidized solids emulsion adopts a viscoelastic be-
havior with a significant yield stress which results in a 
natural tendency of the fuel particles to be trapped and 
dragged with the solids flow in the emulsion. When in-
serted in the fuel mixing model in a generic form, this 
knowledge yields a successful model validation against 
fuel mixing data from industrial units, despite the lat-
ter extends over 3 orders of magnitude. This model has 
been used together with experiments in order to assist 
in the design of new reactor types for generation and 
separation of biochar from the solids stream.

 

 

Figure 4: Interphase mass transfer as function of fluidization 
velocity and bed height

Figure 3: Experimental vs modeled fuel axial segregation for 
different fluidization velocities 
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Background and motivation
The raw gas produced in an indirect gasification plant 
contains several undesirable components, such as tar, 
alkali, nitrogen and sulfur components. These compo-
nents complicate the production of advanced transpor-
tation fuels and must be removed from the raw gas in 
an energy-efficient and environmentally sound manner. 
They are formed in different ways depending on the re-
actor design, bed material used and the operating tem-
perature. One approach could therefore be to reform 
the tars by using partial oxidation and/or catalytic bed 
materials, which may be tested in an internal reforming 
reactor design. It might also be possible to separate the 
tars from the raw gas by a combination of condensation 
and packed-bed adsorption. The development of an ef-
ficient and robust such tar separation handling requires 
deeper insight into the multiphase flow that results in 
the vicinity of heat-transferring surfaces and inside po-
rous systems.

Project objectives
•  Evaluate the opportunities to clean the raw gas, 

particularly from tars and other hydrocarbons, 
through:

   o  internal reforming and partial oxidation of the gas 
using oxygen

   o  packed-bed adsorption
   o  condensation in a self-cleaning, fouling-resistant 

heat exchanger

•  Understand how an internal reformer should be 
designed, and under what fluid dynamic conditions 
one can optimize the destruction of tar and possi-
bly methane

   o  Identify suitable bed material properties and eval-
uate the possibility to use these materials over a 
wide range of temperatures 

   o  Obtain reference cases to assess the different cat-
alytic properties of the bed materials

•  Understand how a packed-bed adsorber should be 
designed and operated to optimize the energy-effi-
cient removal of various hydrocarbons while ensur-
ing maximum process robustness

•  Understand whether a self-cleaning raw-gas heat 
exchanger may be realized, and, in that case, how 
it should be designed and operated to minimize 
fouling and maximize process robustness

•  Investigate how experimental results in a small indi-
rect gasifier can be transferred and used in a gasifi-
er of industrial scale

Methods
A 150 kW biomass dual fluidized bed gasifier pilot plant 
was installed at Mid Sweden University, Härnösand, in 
2007, and is used in this project. At Chalmers, exper-
iments are performed in the Chalmers Power Central 
and at GoBiGas (in the GoBiGas plant all experiments 
are performed during phase 2 and during the autumn 
of 2017). The numerical codes developed and used in 
the optimization are based on one-dimensional math-
ematical models, computational fluid dynamics and the 
lattice-Boltzmann method. Most codes are developed 
in-house, but some commercial and/or open-source 
software is also used occasionally.

Most important results
A novel self-cleaning compact plate heat exchanger 
for raw-gas cooling was assembled and experimental-
ly evaluated at the Chalmers Power Central and at the 
GoBiGas plant (cf. Figure 1). It was shown that a hydro-
phobic treatment of the plates led to much less severe 
fouling by tars. Moreover, these plates could also easily 
be cleaned with water and detergent after the experi-
ments. Comprehensive numerical simulations using the 
lattice-Boltzmann method suggested that the formation 
of small and movable condensed droplets enhance the 
collection and removal of gas impurities and thus ini-
tiates a self-cleaning mechanism. Further simulations 
revealed that low heat duties and flow rates are more 
conducive to sustaining the self-cleaning mechanisms, 
so that an effective design of self-cleaning heat ex-
changers should primarily be governed by principles of 
two-phase flow, rather than by the heat transfer duty.

 

Mass transfer phenomena connected to  
fuel conversion and gas cleaning
Project leader: Henrik Ström, Fluid Dynamics, Chalmers University of Technology

PhD student(s): Ulf Söderlind, Adam Jareteg 

Other people: Wennan Zhang, Kristina Göransson, Dario Maggiolo
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Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 1.5, Peer-reviewed papers: 9
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Figure 1. Schematic of the self-cleaning heat exchang-
er1. In addition to the pictures, the fluid-dynamic length 
scales characterizing the main heat and mass transfer 
phenomena are given. (a) sketch of a compact heat ex-
changer with parallel plates; (b) sketch of a cross-section 
of two sandwiched corrugated plates; (c) from the actu-
al experiment: tar fouling on an uncoated plate after 2 
h of operation (left) and self-cleaning effect on a coated 
plate (right); (d) a fishbone-like structure as a part of the 
corrugated plate; (e) from the actual experiment: drop-
wise condensation on ribs and valleys; (f) sketch of a 
condensed droplet over a nanostructured surface.

A large dataset of temperature signals from packed-
bed adsorbers used in the gas-cleaning section of the 
GoBiGas plant was collected. A 1D-model capable of 
simulating the industrial cycling protocol (adsorption 
– regeneration/desorption – cooling) for many days of 
real-time until steady state was derived and assessed 
against the industrial data from stable operation. Special 
attention was paid to ensure that the proposed model 
could be applied to industrial-scale systems at moderate 
spatial resolution and at an acceptable computational 
cost, which was realized provided that higher-order dis-
cretization is employed for the convective terms. This 
work entails a unique combination of experimental 
and numerical data obtained at the relevant industrial 
temporal and spatial scales, which are several orders of 
magnitude longer/larger than what was previously avail-
able in the literature (cf. Figure 2).

The role of liquid water (condensation/evaporation, ad-
sorption/desorption and transport/drainage) was high-
lighted and finely resolved 3D simulations were used to 
elucidate how reduced-order models could possibly be 

2 Jareteg, 2021. Multi-scale analyses of cycled industrial-scale packed-bed adsorbers. Doctoral thesis, Chalmers.
1  Maggiolo et.al, 2019. Self-cleaning compact heat exchangers: The role of two-phase flow patterns in design and optimization. International Journal of Multiphase 

Flow, 112.

designed and derived. A supplementary dataset depict-
ing how aging of the adsorber beds proceeds due to 
irreversible adsorption of trace species by manifesting 
itself via two simultaneous effects (a decrease in the 
availability of active adsorption sites over time and an 
increase in the overall thermal mass of the bed) was 
published in the open literature. Finally, the derived 1D 
model for industrial-scale packed-bed benzene sorption 
on activated carbon with temperature-swing regener-
ation by steam was used to investigate the influence 
of the steam properties and the regeneration strategy 
on the total energy performance and the breakthrough 
behavior. The most promising variation tried implied a 
19% reduction in the energy consumption.

 

Figure 2. Compilation of temporal and spatial scales of 
the adsorption work carried out within this project in 
relation to studies in the literature on fixed-bed adsorp-
tion modeling2. The empty symbols indicate simulations 
without any experimental data for comparison. 
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The roles of potassium (K) and calcium (Ca) in biomass 
gasification were studied through coal and biomass 
co-gasification. The results showed that conversion of 
the residual char and tar into gas is enhanced due to the 
synergetic effect between coal and biomass. The phys-
ical structure of the residual char showed more porous 
coal char when more biomass was added in the co-gas-
ification. The migration of inorganic elements between 
coal and biomass was identified, and the formation and 
competitive role of K2SiO3, KAlSiO4, and Ca3Al2(SiO4)3 is 
a mechanism behind the synergy. 

Furthermore, the special effects of potassium (K) salts 
loading on CaO during biomass gasification was stud-
ied. A KCl loading of 0.25 wt% significantly enhanced 
the CO2 absorption of CaO, while a loading of 0.25 
wt% K2CO3/K2SO4 inhibited the process. Further in-
creasing the KCl loading, the CO2 absorption of CaO 
declined, but the catalytic effect of KCl on the gasifi-
cation process was promoted. 0.25 wt% KCl loading 
significantly improved the cyclic performance of CaO. 
Higher H2 concentration and more CO2 absorbed by 
CaO were obtained with 0.25 wt% KCl loading, even 
after 5 cycles compared with those of pure CaO in the 
first cycle. Further studies on the K and Ca catalysts are 
still ongoing in the MiUn 150 kW CFB gasifier.

The core activities of this subproject have enabled syn-
ergies with ancillary activities. For example, a multi-scale 
approach to computational fluid dynamics (CFD)-mod-
elling of thermochemical conversion of thermally thick 
biomass has been established. The combination of a 
comprehensive particle model (allowing for the resolu-
tion of homogeneous and heterogeneous chemistry in-
side particles) and a fast-solving model (for simulations 
of entire fixed or fluidized bed reactors) has enabled in-
vestigations of gas-phase tar chemistry and soot forma-
tion at both the particle and the reactor scales.

Main conclusions
Successful raw-gas cleaning via condensation in a 
self-cleaning, fouling-resistant heat exchanger has been 
verified experimentally. Comprehensive modelling and 
simulation efforts have provided insight into the under-
lying physics and enabled the derivation of guidelines 
for design and operation to minimize fouling and maxi-
mize process robustness.

The performance and energy efficiency of packed-bed 
adsorbers for cleaning of the raw gas from benzene, 
in particular, have been studied experimentally and 
through modelling at different levels of resolution. An 
efficient 1D model has been designed that allows in-
vestigation of different sorption and regeneration strat-

egies at full industrial scale. Using this model, opera-
tional guidelines to maximize process robustness and 
minimize process energy use have been identified. The 
model is efficient enough to be used as a design tool for 
an adsorption section in the design phase of an indirect 
gasification plant.

Experiments have been performed to assess the pos-
sibilities to accomplish tar reformation inside a gasifier 
through appropriate design of the internal reformer, 
design of the catalytic bed materials and choice of op-
erating temperature. More specifically, the synergetic in-
fluences of potassium and calcium additives have been 
scrutinized in detail, showing that a 0.25 wt% KCl load-
ing can significantly improve the cyclic performance of 
CaO by increasing the H2 concentration as well as the 
CO2 absorption by CaO.

Throughout the various activities in this subproject, ex-
perimental results from indirect gasifiers have been pro-
jected to industrial scale via parallel modelling efforts.

The work at Mid Sweden University (MiUn) relating to 
internal reforming was unfortunately paused during 
2019 due to a comprehensive relocation of the labora-
tory equipment and facilities. To this background, MiUn 
implemented a series of actions directed at enabling 
laboratory work in Härnösand during 2020. Unfore-
seen challenges with agglomeration inside the internal 
reformer delayed the experiments further once they 
were resumed in 2020 and 2021. For these reasons, the 
experimental activities are still ongoing as this report is 
being compiled.

Reflections from the project leader
The work in this project has combined state-of-the-art 
modelling techniques, applied both at very small spatial 
scales for fundamental investigations and at industrial 
scales for optimization purposes, with unique exper-
imental activities, performed both at lab-scale and at 
the MiUn/Chalmers Power Central/GoBiGas pilot scales. 
This strategy has been proven effective in identifying a 
range of promising technological solutions to dealing 
with raw-gas cleaning, and also in contributing to an in-
depth understanding of how these systems work. 

The next step in the development of the heat exchanger 
concept would be to perform long-term testing to en-
sure the robustness over the equipment lifetime and to 
device appropriate cleaning procedures. The simulation 
tools developed for the packed-bed adsorbers are ready 
to use in the design of next generation’s gasification 
plants.
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Examinations
Jareteg, Adam. 2021. Multi-scale analyses of cycled 
industrial-scale packed-bed adsorbers. Doctoral thesis, 
Chalmers University of Technology.

Maggiolo, Dario. 2021. Associate Professor (oavlönad 
docent). Chalmers University of Technology.

Jareteg, Adam. 2020. Numerical simulations of industri-
al-scale packed-bed adsorbers, Licentiate thesis, Chalm-
ers University of Technology.
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1.  Jareteg, A., Maggiolo, D., Sasic, S., Ström, H. 2021. 

On the roles of interstitial liquid and particle shape 
in modulating microstructural effects in packed-bed 
reactors. Under review.

2.  Jareteg, A., Maggiolo, D., Thunman, H., Sasic, S., 
Ström, H. 2021. Investigation of steam regeneration 
strategies for industrial-scale temperature-swing ad-
sorption of benzene on activated carbon. Chemical 
Engineering and Processing: Process Intensification. 
Chemical Engineering and Processing – Process In-
tensification, 167, 108546.

3.  Chen, T., Li, T., Sjöblom, J., Ström, H. 2021. A re-
actor-scale CFD model of soot formation during 
high-temperature pyrolysis and gasification of bio-
mass. Fuel, 303, 121240.

4.  Chen, T., Ku, X., Li, T., Karlsson, B. S. A., Sjöblom, J., 
Ström, H. 2021. High-temperature pyrolysis model-
ing of a thermally thick biomass particle based on an 
MD-derived tar cracking model. Chemical Engineer-
ing Journal, 127923.

5.  Chen, T., Ku, X., Lin, J., Ström, H. 2020. CFD-DEM 
simulation of biomass pyrolysis in fluidized-bed re-
actor with a multistep kinetic scheme. Energies, 13, 
5358:1-19.

6.  Jareteg, A., Maggiolo, D., Larsson, A., Thunman, 
H., Sasic, S., Ström, H. 2020. Effects of bed aging 
on temperature signals from fixed-bed adsorbers 
during industrial operation. Results in Engineering, 8, 
100156:1-3.

7.  Jareteg, A., Maggiolo, D., Larsson, A., Thunman, H., 
Sasic, S., Ström, H. 2020. Industrial-scale benzene ad-
sorption: assessment of a baseline one-dimensional 
temperature swing model against online industrial 
data. Industrial & Engineering Chemistry Research, 
59, 12239-12249.

8.  Jareteg, A., Maggiolo, D., Sasic, S., Ström, H. 2020. 
Finite-volume method for industrial-scale tempera-
ture-swing adsorption simulations. Computers & 
Chemical Engineering, 138, 106852:1-9.

  9.  Chen, T., Ku, X., Lin, J., Ström, H. 2020. Pyroly-
sis simulation of thermally thick biomass particles 
based on a multistep kinetic scheme. Energy & Fu-
els, 34, 1940-1957.

10.  Li, T., Thunman, H., Ström, H. 2020. A fast-solving 
particle model for thermochemical conversion of 
biomass. Combustion and Flame, 213, 117-131.

11.  Maggiolo, D., Sasic, S., Ström, H. 2019. Self-clean-
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tional Journal of Multiphase Flow, 112, 1-12.
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dispersion in fluidized beds. Proc. Swedish Industrial 
Association of Multiphase Flow (SIAMUF) seminar, 
Gothenburg, Sweden, 2019.
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O., Larsson, A., Sasic, S., Ström, H. 2019. Self-clean-
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ical study. AIChE Journal, 65, 317-325.

14.  Jareteg, A., Maggiolo, D., Thunman, H., Sasic, S., 
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vestigation using the Lattice Boltzmann Method, 
Proc. International Conference on Multiphase Flow 
(ICMF2019), Rio de Janeiro, Brazil, 2019.
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cleaning. Proc. 14th International Conference on 
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Background and motivation
The chemical reactions occurring after the devolatiliza-
tion of the fuel are complex and important contribu-
tors to the final raw gas quality, e.g. they determine the 
yields of unwanted hydrocarbons, emissions and prod-
uct gas species. Understanding the reaction network of 
devolatilization products and the influencing operating 
parameters is a precondition for an effective control of 
the final output of the gasification reactor. A specific 
characteristic of the reaction environment in indirect 
gasification is that it is rich in alkali and alkali earth met-
als (AAEM), which can originate from the fuel or the 
bed material in fluidized bed systems. These AAEM pos-
sess catalytic properties that influence the hydrocarbon 
chemistry and, therefore, their influence on secondary 
reactions will be in focus.

The knowledge developed in this area constitutes the 
basis for optimization of the gasifier design and opera-
tion towards a specific product (e.g. syngas, aromatics, 
light hydrocarbons) as well as the basis to broaden the 
range of feedstocks. This understanding will facilitate 
the introduction of indirect gasification technology into 
a wide range of industries.  

Project objectives
The goal of this project is to provide an understanding 
of the conversion of the devolatilization products in 
an atmosphere rich in inorganic species. The aim is to 
provide sufficient theoretical knowledge to control the 
formation/conversion of aromatic and polyaromatic hy-
drocarbons, as well as other lighter hydrocarbons. The 
specific aims of the project are: 

•  To broaden the knowledge on the reaction path-
ways governing the formation and decomposition 
of aromatics hydrocarbons and light hydrocarbons, 
which are relevant to indirect gasification

•  To increase understanding of the parameters in-
fluencing the product distribution, with a focus 
on temperature and availability of active inorganic 
species

•  To provide guidelines to control the yields of dif-
ferent species based on the knowledge acquired 
throughout the project

Method(s)
The research in this project has a strong experimental 
component with supporting modelling activities. The 
experimental work provides insights on the hydrocar-
bon chemistry under conditions relevant to indirect gas-
ification, as well as reliable experimental data for setting 
up and validating models, which describe the hydro-
carbon chemistry. Experiments are carried out at differ-
ent scales, from experiments at the Chalmers gasifier 
to laboratory tests for deeper investigations of specific 
reactions and phenomena. For the closure of the mass 
balance, the raw gas composition is characterized with 
instruments and methods previously or currently devel-
oped within the framework of the SFC, e.g. SPA (Figure 
1a and 1b), bench scale reactor system (Figure 1d), High 
Temperature Reactor (Figure 1c) for determination of 
total carbon. 

   

Organic chemistry and fuel conversion
Project leader: Teresa Berdugo Vilches, Chalmers

PhD student(s): Sébastien Pissot, Isabel Cañete, Chahat Manviwala  

Other people: Jelena Maric, Martin Seemann

Budget: 2150 kSEK per year

Duration: 2017-2021

Measurable targets of the project: PhD equivalents: 3, Peer-reviewed publications: 8

c)                            d)

Figure 1. Examples of instruments and reactors applied in this 
project.

a)                              b)
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Most important results
•  A kinetic model of conversion of tar and light hy-

drocarbons. The model simplifies the complex set 
of hydrocarbons reactions occurring in steam gas-
ification environment. Dominant reaction pathways 
that are relevant to steam gasification conditions 
were identified.

•  A descriptive model of the effect of process severity 
on tar formation and evolution, see Figure 2. The 
growth of polyaromatic hydrocarbons is related to 
the operating conditions, i.e. presence of catalytic 
bed material, temperature and residence time. The 
descriptions were validated with experimental data 
from the Chalmers gasifier using biomass as fuel.

•  A set of unique experimental data covering the 
yields of hydrocarbon products derived from the 
thermal decomposition of different fuels, i.e. bio-
mass, plastic containing fractions.

•  Dedicated experiments to address the influence of 
ash-loaded materials on char gasification, tar con-
version, and combustion

•  Measurement of selected radicals (OH, K) at various 
temperatures and oxygen concentrations and their 
interactions with K, CL and sulfur, as well as verifi-
cation of existing kinetic models.

•  A compilation of guidelines and strategies to con-
trol the raw gas quality in DFB gasifier.

 

Main conclusions
The overarching conclusion of this project is that to pro-
vide accurate descriptions of the product distribution 
and emissions in fluidized bed gasifiers, it is key to un-
derstand the influence of volatile alkali into the pools 
of radicals created in the gasification and combustion 
sides, respectively. This project has contributed with 
three key findings in that direction:

•  In-bed catalysis by ash loaded bed materials pre-
vents the formation of secondary/tertiary tar com-
pounds from the initial devolatilization products. 
This contrasts with the common believe that tar is 
first formed and then destroyed by the effect of in-
bed catalysts.

•  In the gasifier side of a dual fluidized bed gasifier, 
alkali acts as a homogeneous gas-phase catalyzer 
that promotes the reactions involving water, such 
as WGS and steam reforming.

•  In the combustion side of a dual fluidized bed gas-
ifier, gas phase alkali prevents the oxidation of CO 
by altering the availability of OH radicals.

Reflections from the project leader
This project has constituted a journey through the com-
plex world of fuel conversion in an ash-enriched envi-
ronment, which is characteristic of fluidized bed gasifi-
ers operating with fuels that contain a mineral fraction.  
The initial efforts in the project were directed to under-

Figure 2. Descriptive model of the effect of process severity on tar formation and evolution.
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stand the biomass tar formation and evolution in the 
vicinity of ash-loaded bed materials. Soon, it was obvi-
ous that alkali could be transferred from the fuel to the 
bed and vice versa as well as to travel throughout the 
fluidized bed system, where it could alter the char gasifi-
cation rate, conversion pathway of tar compounds and 
even the combustion emissions. This understanding and 
its implications were extended to other fuels than bio-
mass by experimenting with waste streams of different 
structure and ash content, such as automotive shredder 
residue and textiles. Working with other fuels, has also 
allowed for experimenting with reaction environments 
dominated by higher concentrations of hydrocarbons 
compared to what biomass yields.  

This project on Organic chemistry and fuel conversion 
has closely interacted and co-evolved with the parallel 
SFC project Process optimization and methods develop-
ment based on experimental activities in industrial scale, 
while keeping a more mechanistic approach and iso-
lating specific conversion phenomena.  Therefore, the 
findings of this project have implications not only for 
fluidized bed gasifiers but even for other types of reac-
tors where carbon-containing fuels and feedstocks are 
thermochemically treated, e.g. steam reformers, steam 
crackers and combustors. 

Examinations 
Nicolas Berguerand, 2018, Thermochemical conversion 
of fuels using catalytic materials in fluidized bed reactors

Berdugo Vilches, Teresa. 2018. Operational strategies to 
control the gas composition in dual fluidized bed bio-
mass gasifiers. PhD Thesis. Chalmers University of Tech-
nology.

Nguyen, Huong N.T. 2017. A mechanistic description of 
the evolution of aromatic tar during catalytic upgrading 
of the raw gas produced from biomass steam gasifica-
tion. PhD Thesis. Chalmers University of Technology. 

Publications 
1.  Berdugo Vilches, Maric, J., T., Seemann, M. 2021. 

Mapping the influence of K-S interactions in fuel con-
version in industrial scale DFB gasifiers. Manuscript 
under preparation.

2.  Larsson, A., Kuba, M., Berdugo Vilches, T., Seemann, 
M., Hofbauer, H., Thunman, H. 2021. Steam gasifica-
tion of biomass – Typical gas quality and operational 
strategies derived from industrial-scale plants. Fuel 
Processing Technology, 212, 106609.

3.  Berdugo Vilches, T., Weng, W., Glarborg, P., Li, Z., 
Thunman, H., Seemann, M. 2020. Shedding light on 
the governing mechanisms for insufficient CO and 
H2 burnout in the presence of potassium, chlorine 
and sulfur. Fuel, 273, 117762.

4.  Cañete Vela I., Maric, J., Pissot, S., Seemann, M. 
Thermo-chemical recycling of Automobile Shredder 
Residue in DFB gasifier. 2019. ISFR 10th International 
Symposium of Feedstock Recycling of Polymeric Ma-
terials, Budapest, Hungary.

5.  Cañete Vela, I., J Maric, J., Seemann, M. Valorisation 
of textile waste via steam gasification in a fluidized 
bed reactor. 2019. 7th International Conference on 
Sustainable Solid Waste Management, Crete Island, 
Greece.

6.  Pissot S., Berdugo Vilches T., Maric J., Cañete Vela 
I., Thunman H., Seemann M. 2019. Thermochemical 
Recycling of Automotive Shredder Residue by Chem-
ical-Looping Gasification Using the Generated Ash as 
Oxygen Carrier. Energy & Fuels

7.  Berdugo Vilches, T., Maric, T., Seeman, M., Knutsson, 
P., Rosenfeld, D., Thunman, H. 2018. Bed material as 
a catalyst for char gasification: the case of ash-coated 
olivine. Fuel, 224, pp 85-93.  

8.  Berdugo Vilches, T., Seemann, M., Thunman, H. 
2018. Influence of ash-coated olivine on tar forma-
tion in steam gasification of biomass. Energy & Fuels, 
32 (9), pp 9592-9604.

9.  Nguyen, H. N. T., Berguerand, N., Thunman, H. 2018. 
Applicability of a kinetic model for catalytic conver-
sion of tar and light hydrocarbons using process-acti-
vated ilmenite. Fuel, 231, pp 8-17.

10.  Nguyen, H. N. T., Seemann, M., Thunman, H. 2018. 
Fate of polycyclic hydrocarbons during tertiary tar 
formation in steam gasification of biomass. Energy 
& Fuels, 32 (3), pp 3499-3509.
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Background and motivation
The use of catalytically active materials in gasification for 
the purpose of gas cleaning is considered beneficial as it 
can be carried out at a lower temperature with no need 
for additional energy. 

The main topic addressed in this project is the use of cat-
alytic bed material or low-cost additives in order to de-
crease the amount of the formed by-products and their 
effect on the process. The possibility of using the already 
existing material flows, e.g. formed ash, for triggering 
and enhancing catalytic activity in the bed material is 
primarily of interest as it can result in low changes in the 
process design and low environmental impact. 

The main novelties within the current project is in the 
development of set of possible mechanisms for chem-
ical interaction on solid/gas and solid/solid level  (with 
and without catalytic additives) and based on them to  
design possible strategies for process upgrade. Charac-
terization and handling of the generated exhaust mate-
rial streams were also aimed and considered as a com-
plementary question. 

The knowledge developed in this area constitutes the 
basis for optimization of the gasifier design and opera-
tion towards a specific product (e.g. syngas, aromatics, 
light hydrocarbons) as well as the basis to broaden the 
range of feedstocks both when it comes to bed material 
but also fuel. This understanding has the potential to 
facilitate the introduction of indirect gasification tech-
nology into a wide range of industrial processes.  

Project objectives
The goal in the current project has been through under-
standing of the effect of the inorganic share of the fuel 
(ash compounds) on the gasification process to improve 
its efficiency as well as to build a knowledge base that 
can be applied to other thermal conversion processes. 
The main objectives were:

Inorganic chemistry and fuel conversion

Project leader: Pavleta Knutsson, Chalmers (Chalmers EM), 

PhD student(s): Angelica Corcoran, Robin Faust, 

Other people: Britt-Marie Steenari, Martin Seemann, Jelena Maric, Teresa Berdugo Vilches

Budget: 2 950 kSEK per year (Total 11 800 kSEK)

Duration: 2017-2021

Measurable targets for the project: PhD equivalents: 2.5, Peer-reviewed papers: 10

•  Through thorough characterization of the materi-
als sampled from planned campaigns performed in 
the Chalmers campus unit at different conditions 
of fuel/bed materials/additives to elaborate a model 
of the solid/solid and solid/gas interactions taking 
place in the gasifier. 

•  Based on the gained experience in the Chalmers 
gasifier (2012-present) and laboratory trials to fur-
ther develop the experiments on lab scale so that 
they can mimic in a reproducible way the condi-
tions in the industrial units 

•  Elaborate in-situ methods or close to in-situ meth-
ods for characterization of major ash compounds 
and bed material which can facilitate the develop-
ment of models for material interactions

•  Through thermodynamic calculations develop a 
theoretical model that can explain and predict the 
results obtained from lab-scale experiments and 
from the Chalmers gasifier

Method(s)
Experimental/modelling methods

Samples previously collected from GoBiGas unit and 
samples from the Chalmers gasifier are analyzed by to-
tal dissolution in LiBO2 and through inductively coupled 
mass spectrometry (ICP-MS) for their total elemental 
content. The samples are further characterized by X-ray 
diffraction (XRD) for the crystalline phase content as well 
as by Scanning Electron microscopy (SEM) coupled with 
Electron dispersive X-ray spectroscopy (EDS) for their el-
emental distribution. X-ray photoelectron spectroscopy 
(XPS) is used for characterization of the outermost layers 
of the bed materials. The results are used to characterize 
the morphological and elemental development within 
the bed material particles as a result of their interaction 
with the surrounding gas atmosphere. Thermodynamic 
calculations through FactSage have been used to iden-
tify the dominating phases in the system. Based on the 
obtained results Density Functional Modelling (DFT) is 
applied to finalize a hypothesis and build a possible in-
teraction model.   
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Figure 1. Overview of the different experimental stages involved in the present project from the materials exposure and sampling 
(top), through the material characterization and modelling (middle) to the final results (bottom) 
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Most important results
•  GoBiGas: Through material characterization and 

analysis of the tar yield in the produced gas, three 
states of bed material were determined – non-ac-
tivated, deactivated and K-activated. It was found 
that the state of the bed material is dependent on 
the potassium availability and speciation in the out-
ermost part of the formed ash layer. In K-activated 
bed material, K was present as K2O/KOH within the 
outermost 50nm of the layer and was predomi-
nantly concentrated in the first 20 um of the lay-
er. In the case of the deactivated material K was 
present as K2SIO3 and was almost evenly distributed 
within the bed particles. These observations could 
further confirm the interconnection between leach-
ability and activity, as K2SiO3 is less available on the 
surface, less soluble and thereby less mobile. The 
previously described leaching method could thus 
be further developed. The work resulted in new 
cowork between material researchers and theore-
ticians which continue in on-going work.

•  Alternative bed materials to olivine were tested and 
characterized in order to compare demonstrated 
activity. It was found that feldspar presents similar 
activity as olivine upon activation without the draw-
back of containing Cr(VI). Two different type of 
feldspar were followed – K and Na-feldspar which 
also showed to be different. K-feldspar was the al-
ternative that could be recommended based on the 
performed tests.  The work resulted in a co-work 
between three universities and on-going work.

•  Methods for sample preparation, evaluation and 
theoretical modelling have been continuously im-
proved so that early stages of the ash layer build-up 
can be caught. The new methods are continuously 
re-evaluated and improved with the goal to build-
up a reaction model and to understand the influ-
ence of the different parameters on the ash layer 
outcome. 

Main conclusions
•  Within the current project the effect of three dif-

ferent Si-containing natural materials on the tar 
conversion was evaluated along with the effect of 
the formed on them during exposure ash layer. The 
conclusions drawn within the current project are 
that no matter the main constituent (Si) and the 
similar structure, the bed materials containing Si 
(such as sand, olivine and feldspar) interacted in a 
different matter with the ash compounds and thus 
had different behavior in the reactor. 

•  The advices towards future gasification processes 
are that bed materials forming silicates as result 
of interaction with ash compounds, such as sand, 
should be avoided if possible, with biomass used 
as fuel due to the well-known phenomenon of ag-
glomeration. Bed materials with silicate matrix are 
favorable in this sense, where alkali exchange with-
in the bed material should be avoided such as for 
example in the case of Na-feldspar, where due to 
the ion exchange, the material is instable.  Based 
on these conclusions olivine and K-feldspar show 
satisfying results with no or low degree of agglom-
eration observed and high degree of catalytic activ-
ity towards tars. 

•  The catalytic activity of the tested bed materials was 
explained within the current project was mainly due 
to the outermost layer where a development of a 
mixed alkali and alkali earth metals oxide (AAEM 
oxide) was observed which develops oxidizing 
properties towards hydrocarbons and can thus con-
tribute to the oxygenation of the formed tars. 

•  The current project contributed therewith with 
findings both on the necessary base material (the 
bed material) but also with a model of surface ac-
tivation (ash layer interactions) that can be applied 
for catalytic tar removal.
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Reflections from the project leader
This project has been unique in nature as it unifies many 
branches that need to be put into interplay – organic 
chemistry (from lignin and cellulose to syngas and tars), 
inorganic chemistry (from organometallic and inorganic 
salts bound in the fuel to minerals that can act as cata-
lysts) and process technology (process development and 
optimization). The challenge with the project has been 
also to unify the different scales of experiments to mimic 
the industrial scale in lab and to scale up the laboratory 
experiments and test them in industrial units (as illustrat-
ed in figure 1). 

Understanding the relation between type of bed mate-
rials, the formed ash layers and the process conditions 
is of outermost importance to assure a continuous gas-
ification process and thermal conversion process in gen-
eral with maximum product yield. The interconnection 
between the bed material, the formed ash and the pro-
cess conditions is complex partially due to the complex 
content of the bed materials and the type of used fuels, 
but also due to the limited possibility to fully follow the 
process online in time and space. While the focus during 
2018 was on building understanding about how the 
most common for gasification bed material – olivine, 
behaves with time and at two different units (Chalmers 
and GoBiGas), the focus during 2019 was on common 
patterns between different bed materials and further 
development of characterization techniques, 2020 and 
2021 were the years where the models of the reactions 
that occur in the reactor were put on place, the theory 
behind what was observed with different bed materials 
and different fuels was developed. This project has led 
to a building of: 1) understanding of the material inter-
actions between different in content minerals, ash com-
pounds – both models and fuel ash compounds; 2) new 
technologies for material characterization with focus on 
the outermost surface which is the dominant for catalyt-
ic activity; 3) theoretical modelling apparatus where the 
modelling was developed on both compound level and 
on atomic level. 

The obtained during the project knowledge assures a 
stable ground for further development of system flex-
ibility towards both fuel and bed material. The results 
also have pushed forward the field of characterization 
and modelling techniques. 

Examinations 
Angelica Corcoran, 2017, Oxygen carrier aided com-
bustion: Implementation of oxygen carriers to existing 
industrial settings

Berdugo Vilches, Teresa. 2018. Operational strategies to 
control the gas composition in dual fluidized bed bio-
mass gasifiers. PhD Thesis. Chalmers University of Tech-
nology.

Knutsson, Pavleta, 2019, Choice of materials for ther-
mal conversion f biomass, Docent degree, Chalmers 
University of Technology

Faust, Robin 2020. Comprehensive Description of the 
Interactions between Silicate Bed Materials and Biomass 
Ash during DFB gasification, Licentiate thesis, Chalmers 
University of Technology. 
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Publications 
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SFC - Cleansyngas

•  Pressurized gasification

•  Fundamentals of thermochemical conversion of biomass

•  Tar reforming

•  Alkali interaction and cleaning

•  Novel tar removal techniques

•  Hydrogen rich gas

•  Measurement methods

•  Secondary conversion of char and tar

SFC - Centre for Indirect Gasification 

•  Modelling and evaluation of the indirect gasification process 

•  Reactor development and fluid dynamics 

•  Evaluation of the indirect gasification technique in industrial scale 

•  Methods for continuous measurements and process evaluation of industrial gasifiers 

•  Ash-related problems (K, Na, Cl, P, Al, Ca, Si, Mg, Fe) in the Chalmers Gasifier 

•  Rest products management 

•  Evaluation of the indirect gasification technique in experimental scale 

•  Internal tar reforming in the gasifier 

•  Chemical-looping reforming of tars

•  Tar decomposition mechanisms

•  Conversion of single fuel particles 

•  Measurements methods for alkali, tars, sulphur, and nitrogen

SFC - Bio4Gasification 

•  Thermochemistry

•  Development of experimental methods for characterization of fuel conversion processes

•  Fuel conversion sub-models for entrained flow gasifiers of biomass

•  Material-ash interaction

•  Evaluation of torrefied materials in entrained flow gasifiers

•  Process control and optimisation of entrained flow gasifiers

•  Laser diagnostics for soot, tar, and ash in biomass gasification

•  Ash in entrained flow gasifiers

•  Cyclone gasification

•  Problem Oriented research projects
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Appendix 2. 
CDGB - Centre for Direct 

Biomass Gasification
Node leader: Prof. Klas Engvall,  

Royal Institute of Technology (KTH)
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Motivation
The project focuses on research issues of direct impor-
tance to achieve optimized and economically feasible 
pressurised BFB gasification of biomass. The project in-
cludes the issues and research areas such as: 

Optimized fluidized bed gasification: Although flu-
idized bed gasification of biomass has been demonstrat-
ed, there are only very limited experience of gasifica-
tion using steam/oxygen, combined with gas cleaning 
by catalytic reforming for either pure synthesis gas, or a 
so-called methane-rich synthesis gas for further meth-
anation. On important focus is production of a meth-
ane-rich synthesis gas suitable for further methanation. 
For such purposes, it is important to optimize the gas-
ification process to produce a raw gas, having both as 
little tar as possible to reduce the need for a second-
ary reforming step of hydrocarbons, but also to achieve 
high methane content in the gas. 

Bed materials for tar cracking: Since most of the bed 
materials are naturally occurring minerals that will have 
a variation of properties depending on which quarry or 
mine where they were extracted, there is a variation of 
properties relating to source and other factors for the 
same material. In view of the above factors there is an 
interest to establish knowledge in the area of charac-
terization of bed materials for the properties that are 
relevant for gasifier operation, i.e., chemical stability, 
abrasion resistance, potential for interaction with ash 
constituents and catalytic properties. Since these proper-
ties in the gasification case are generally not predictable 
with accuracy from data normally provided by suppliers, 
there is a need to develop methods that specifically ad-
dresses these needs. 

Project objectives
The aims of the project are to:

•  Identify important bed material characteristics and 
changes in these due to operating conditions, e.g., 
mechanical strength and tar cracking activity, for 
pressurized BFB steam gasification.

•  Develop an understanding of how key parameters 
affect process efficiency and cost of a system from 
feedstock to product.

•  Investigate new bed materials for pressurized fluid-
ized bed (FB) steam gasification.

•  Develop a methodology for determination of me-
chanical stability and catalytic properties of bed ma-
terials. 

Experimental
The research is mainly carried out in the pressurised gas-
ification test rig schematically shown in Figure 1. The 
setup has been used in several test campaigns using 
different operational parameters, such as fuel-to steam 
ratios and pressure, to enable an understanding on how 
operational parameters influence the use of bed ma-
terials. The focus has been the dolomite materials but 
also ilmenite has been investigated. Process parame-
ters, permanent gas composition and tar was measured 
and monitored during the test. The bed materials are 
inspected and photographed by light microscopy and 
Scanning Electron Microscopy (SEM) after the tests. 
Also, XRD, TGA and methods to determine particle size 
distribution was applied to characterize samples and to 
gain further insight.

Pressurized gasification
Project leader: Efthymios Kantarelis (KTH), ekan@kth.se

PhD student(s): 

Other participants: Klas Engvall (KTH), Christer Rosén (KTH), Andres Horvath (Andritz), Björn Fredriksson Möller (EON)

Budget: 1906 kSEK/year (In kind industry 300 kSEK/year)

Duration: May 2013 –  Apr 2017

Figure 1 Schematic of pressurised gasification rig at KTH.
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Dolomite bed materials have been further studied using 
pressurized TGA at Åbo Academy together with various 
characterization methods as specified above and particle 
size analysis. The calcination behaviour and mechanical 
integrity was investigated for different partial pressures 
of steam and CO2 as well temperatures (< 950 °C) and 
pressures (1-10 bar). 

Summary of results
In case of the ilmenite study, the results indicate that 
oxidiser composition affect the properties of ilmenite 
during gasification, which in turn affect the overall gas-
ification performance. Ilmenite shows catalytic activity 
for tar reduction when compared to reference bed ma-
terial (silica sand); however, the cold gas efficiency when 
using only air as gasification medium is relatively lower 
than reference run due to excessive soot formation be-
cause of polymerisation reactions on the iron surface. 
The introduction of steam increases cold gas efficiency 
and favours migration of iron to the surface of the par-
ticle as well as its sintering, decreasing the surface area 
of the porous network that is developed when only air is 
used (Figure 2).  Hydrogasification is not promoted sig-

nificantly. No activity loss is observed for the total time 
on stream (~3hrs). All the tests displayed high operating 
stability with robust temperature profiles and minimal 
defluidization. A manuscript is in preparation.

In case of dolomite bed material studies, using the 
pressurised TGA, the results are under evaluation and a 
manuscript is in preparation.

Publications
1.  Zhou C., Rosén C., Engvall K. (2017). Selection of 

Dolomite Bed Material for Pressurized Biomass Gas-
ification in BFB. Fuel Processing Technology, Volume 
167, Pages 511-523

2.  Zhou C., Rosén C., Engvall K. (2016). Biomass oxy-
gen/steam gasification in a pressurized bubbling flu-
idized bed: Agglomeration behavior, Applied Energy, 
Volume 172, Pages 230-250

3.  Rosén C., Lundgren M., Engvall K. (2013). Pressurized 
steam-oxygen gasification of biomass in BFB using 
dolomite as bed material. Poster at tcbiomass2013, 
International Conference on Thermochemical Con-
version Science, 3-6 September 2013, Chicago, US.

Figure 2. Surface changes of ilmenite at different operating conditions
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Motivation
The project focuses on research issues of direct impor-
tance for achieving optimized and economically feasible 
gasification of biomass. Knowledge of reliable chemical 
kinetics of the biomass pyrolysis and the char gasifica-
tion is important for the modelling, design, and optimi-
zation of processes during thermochemical conversion.  
The project is divided into three parts focusing on char 
gasification kinetics, pyrolysis kinetics and modelling of 
biomass pyrolysis in a rotary drum. In addition, the con-
version of tar in suspensions of char particles is investi-
gated. The motivation is to evaluate the potentials of 
reducing tar concentration by simultaneous deposition 
and conversion of elutriated char particles in a high-tem-
perature filter cake or secondary bed.

Project objectives
•  Increased the understanding of the biomass gasifi-

cation kinetics.

•  Increased the understanding of process parameters 
of importance to further develop the WoodRoll 
technology.

•  Increased understanding of biomass pyrolysis kinet-
ics

•  Increased understanding of combined kinetics in 
simultaneous conversion of char and tar.

Experimental and methodology
The experimental setup used to perform the conver-
sion tests is shown in Figure 1 and can be divided into 
3 parts: the char- and gas supply systems, the furnace 
including the HT-filter and the gas analysis system.

In case of biomass pyrolysis, thermogravimetric analysis 
(TGA) combined with iso-conversional analysis is used. 
Data for modelling of biomass pyrolysis in a rotary drum 
is collected in experiments run on the pilot scale rotary 
kiln pyrolyzer in the WoodRoll 500 kW multistage gasifi-
er facility, schematically illustrated in Figure 2.

 

Fundamentals of thermochemical  
conversion of biomass 
Project leader: Matthäus Bäbler, babler@kth.se

PhD student(s): Lina Norberg Samuelsson (KTH), Mario Morgalla (LNU) 

Other participants: Leteng Lin (LNU), Michael Strand (LNU)

Budget: 1606 kSEK per year (In kind industry 150 kSEK/year)

Duration: May 2013 – Apr 2017

Figure 1. Schematics of the laboratory system used for investigation of simultaneous char and benzene conversion.
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Summary of results
Isoconversional analysis is an established technique for 
the study of thermal decomposition reactions of solid 
materials. In our research we applied isoconversional 
analysis to study the pyrolysis of lignocellulosic biomass, 
in particular wood, cellulose, and lignin obtained from 
kraft cooking. Revising the principles behind isoconver-
sional methods, we extended the approach to obtain 
not only the activation energy but instead a complete 
rate expression which allows for simulating the pyrolysis 
of biomass an arbitrary temperature evolution, as would 
be experienced in, e.g., a rotary drum pyrolyser. The 
methodology was tested for different types of biomass-
es, which illustrated its robustness. Hence, to summa-
rize our work on isoconversional analysis, the approach 
developed in our work allows for a quick quantitative 
characterization of the effective pyrolysis kinetics of a 
potential fuel from a series of TGA experiments. From 
these experiments, a rate expression is obtained that, 
when combined with a process model for, e.g., a rotary 
drum, would allow for a prediction of the pyrolysis unit 
when run with the considered fuel.

To explore the limitations of the approach, we tested 
it against a set of experimental data for the isothermal 
conversion of woodchips in a macro-TGA. The exper-
iment, which were done at Luleå Technical University, 
employed a single wood chip with mass in between 0.2 
to 0.7 g that was placed in a furnace at a fixed tem-
perature in between 300 to 400°C. Figure 3 shows 
the mass loss as a function of time at different furnace 
temperatures. As can be seen, the mass loss rate under-
goes a substantial increase with increasing the furnace 
temperature. Comparing the experimental data against 
the theoretical mass loss rate obtained from an isocon-
versional rate expression revealed some deficiencies of 
the isoconversional approach to predict such sever con-
ditions (very rapid temperature increase when placing 
the wood chip into the oven). However, contrasting 

the data against other kinetic models did not lead to 
a significant improvement, placing the isoconversional 
approach equal to other models in their capabilities to 
predict pyrolysis at severe conditions.

For studying the pyrolysis of woody biomass in a rotary 
drum pyrolyser, a detailed process model was developed. 
The model is based on set of mass and energy balanc-
es that describe the evolution of the biomass properties 
and the temperature along the drum axis. The model is 
combined with a series of individual sub-models for the 
pyrolysis kinetics, the heat transfer, and the flow of the 
granular biomass in the rotary kiln. This division in indi-
vidual sub-models gives the model a modular character, 
which allows for the model to be readily adjusted to 
other fuels and other process configurations. Compar-
ing the model to experimental data obtained from pilot 
plant trials on the 500 kW WoodRoll plant in Köping re-
sulted in good agreement, at least for moderate values 
of the heat supply as shown in Figure 4.

Figure 2. Schematics of the WoodRoll multi-stage gasification process. Pyrolysis of dried biomass (stage 2) takes place 
at 360-400°C.

Figure 3 Mass loss of spruce chips measured in a macro-TGA 
under pyrolysis conditions at different temperatures.
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Figure 5 shows the additional effect on conversion of 
benzene as the model gas was directed through a fil-
ter containing two types of char particles (commercial 
activated char and pine char). The experiments show 
that the benzene conversion increased with increasing 
temperature for both char types. This was related to the 
increased catalytic activity of the char at higher tem-
peratures. The activated carbon particles in general gave 
higher benzene conversions than the pine char particles.

Figure 5 Averaged initial benzene conversions for high (HB) 
and low (LB) benzene concentrations at different tempera-
tures using activated carbon (A.C.) or pine char (P.C.) particles 
at a gas flow rate of 0.25 slpm. 

Figure 4 (a) Model structure with the individual sub-models. 
(b) Solid yield as s function of heat supply in a rotary drum, 
lines: model predictions, symbols: experiments.
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Motivation
Reforming of the tar fraction formed during the gasifi-
cation process is a very important step before the final 
products can be used. If not removed, tar will result in 
different problems, such as pipe clogging. Tar reform-
ing will increase the global gas yield of the gasification 
process giving the double advantage of increasing the 
value of the final products and of eliminating operation 
problems. 

Project objectives
The project has several goals:

•  Enhanced understanding of the effect of different im-
purities on the reforming catalyst. Sulphur and potas-
sium, for example, are naturally present in the process 
feed and affect the catalyst performance considerably, 
an issue of high industrial relevance. 

•  Developed and tested new catalytic materials with im-
proved performance compared to the catalyst avail-
able nowadays. 

•  Enhanced understanding of partial oxidation (POX) for 
optimised ATR performance. 

Experimental
The experimental work investigating effects of impu-
rities is mainly carried out in a bench scale gasifier as 
shown in Figure 1. 

Beside normal gas analysis and sampling, impurities on 
catalysts samples were extensively by means of LECO 
and AAS and characterised. The catalyst samples were 
also characterised by BET method. 

To furthermore in depth investigate the mechanisms for 
S and K preferential adsorption sites as well as naph-
thalene adsorption and decomposition on the catalyst 
surface techniques, such as Species Resolved-Thermal 

Tar Reforming 
Project leader: Klas Engvall (KTH) (kengvall@kth.se) 

PhD student(s): Pouya H. Moud (KTH), Zahra Musavi (KTH)

Other people: Jan Brandin (LNU), Christer Rosén (KTH), Björn Fredriksson Möller (EON), Andras Horvath (Andritz), 
Pawel Donaj (Cortus Energy AB)

Budget: 3316 kSEK per year (In kind industry 1040 kSEK/year)

Duration: 2013 - 2017

Figure 1 A schematic drawing and a photo of the experimen-
tal setup used in the studies investigating effects of K/S on a 
Ni-catalyst at real gas conditions.

Alkali desorption (SR-TAD) and H2 Temperature Pro-
grammed Desorption/ (TPD) as well as Scanning Tunnel 
Microscopy (STM), respectively, have been employed. 
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Summary of results
Several samples of Ni catalysts used in real gas experi-
ments with tailored K and S content as well as potassi-
um salt pre-treated catalysts and bare supports of the 
same type were investigated by means of SR-TAD. A 
typical example of desorption curve is shown in Figure 
3, displaying the total alkali signal versus temperature. 
A summary of obtained desorption activation barriers 
for alkali for the investigated samples are shown in Ta-
ble 1. Comparing the two experimental results with DFT 
calculated binding energy of K to Ni/O on terrace sites, 
a preliminary result is that K adsorption on the carrier is 
the preferential adsorption site. On-going and planned 

DFT analysis as well as experiments exposing catalyst 
and support to a real gas at controlled dosage of S and 
K will confirm these preliminary results.

To increase the understanding of the initial adsorption 
and decomposition of naphthalene on Ni surfaces a de-
tailed investigation, including STM of naphthalene ad-
sorption in Ni(111), has been performed. Adsorption of 
naphthalene at room temperature on Ni(111) gives a 
molecular monolayer, as indicated by the STM image in 
Figure 4A. A closer look on reveals an elongated shape, 
shown in the magnification inset in Figure 4A, suggest-
ing that they represent one naphthalene molecule. The 
monolayer is smooth with horizontally adsorbed mole-
cules on the terraces. Deposition at 100 °C forms larger 
ordered patches, up to 10-15 nm, but still with different 
orientations co-existing within the ordered patch. Eval-
uation of the different adsorption geometries using DFT 
are shown in Figure 4B. In short, the preliminary DFT re-
sults give preference for flat adsorption on the terraces 
and a tilted geometry near steps. The adsorption ener-
gies are fairly large for the most stable structures.

Hydrogen desorption from the naphthalene monolayer 
occurs at three different temperatures, up to 500 °C. A 
STM image after adsorption at 495 °C is shown in Fig-
ure 4C. The molecular layer (white) is largely reduced in 
size and replaced by a carbon layer.

Figure 2 The H2-TPD/LEED system. Left: A schematic of the system. Right: A photo from the inside displaying the filament for 
heating of the sample.

Figure 3 Signal response for thermal desorption of K from the 
catalyst surface. 

Table 1 Results from thermal desorption experiments of samples exposed for real gas and pre-treated samples.
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The results indicates that dehydrogenation of naphtha-
lene is favorable on Ni(111), both on terraces and at 
steps, with a lower barrier at the steps allowing dehy-
drogenation already at room temperature. On terraces, 
dehydrogenation occurs at temperatures below 500 
°C, leaving a carbon layer on the surface. On-going in-
depth investigation using TPD, titrating the surface with 
H2 or CO, as well as selective inhibition of active sites, 
will further enhance the understanding.

Figure 4 A: STM image 40x40 nm2 at room temperature with 
a magnified small area where each elongated protrusion rep-
resent one naphthalene molecule, B: DFT calculation of an 
extended monolayer with naphthalene in different adsorp-
tion structures. The average adsorption energy is 3.2 eV per 
molecule, indicating rather large intermolecular interactions, 
C: STM image 150 x150 nm2 from the Ni(111) exposed to 6.5 
L naphthalene at 495 °C
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Motivation
The reliability and efficiency of the system for the puri-
fication and upgrading of gas at high temperature can 
be regarded as one of the key factors in the successful 
application of biomass gasification. The raw gas con-
tains besides tar also other contaminants such as ash 
particulates, alkali, chlorides, sulphur etc., which cause 
problems in components downstream of the gasifier. 
Condensation of alkalis can cause several operational 
problems, and it is therefore important to understand 
this process, and how alkali interacts with other constit-
uents in the gas. Such knowledge can be used to define 
operating conditions and develop component designs 
such that fouling issues are minimized. The work is car-
ried out in cooperation with Prof Rainer Backman at 
UmU.

Project objectives
The specific aims of the project are to:

•  Increase the understanding of the mechanisms of 
phase transition and chemical reactions of alkali 
species under gasification conditions

•  Develop experimental methods and equipment for 
the study of gas-phase alkali suppression by physi-
cal and chemical transitions, respectively.

•  Develop methods and technologies for the control 
of gas–phase alkali downstream of a gasifier by 
physical or chemical processes, respectively. 

The gasification system to be investigated is the down-
stream gas cleaning process downstream a pressurised 
BFB gasifier as exemplified in Figure 1.

Alkali interaction and cleaning 
 

Project leader: Weihong Yang (KTH) weihong@kth.se 

PhD student(s): Duleeka Gunarathne (KTH), Wei Wan (KTH)

Other participants: Klas Engvall (KTH), Andras Horvath (Andritz), Björn Fredriksson Möller (EON)

Budget: 869 kSEK per year (In kind industry 300 kSEK/year)

Duration: Sep 2014 – Apr 2017

Figure 1  Gasification system to be investigated

Figure 2 Process modelling basing on equilibrium models
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Methodology
The methodology used will be mainly theoretical and 
in form of thermodynamic modelling using a new pro-
cess tool - SimuSage. To extend the usefulness of the 
SimuSage software the thermodynamic database devel-
oped by UmU is integrated in the tool. The developed 
model is verified against experimental results obtained 
from probe deposit sampling at different conditions in 
downstream process units. 

 

Figure 3 Overall model for gasification and gas cleaning

Summary of results
1.  An overall model that considers the gasifier and 

downstream processes with database needed has 
been established as shown in Figure 3 

2.  Modeling is verified using experimental results pro-
vided by experimental measurement from Andritz, 
including a parametric study of the system perfor-
mance. Two publications are in preparation.

Publications
None
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Motivation
There is a need for cost efficient tar removal techniques 
in for small-scale gasification. This is also the case for oil 
mist present in cleaned gas after scrubbing with liquids, 
such as RME. In centrifugal separation techniques, the 
tar or oil is condensed to form droplets separated in a 
subsequent centrifuge. The main issues to solve are the 
function of the separator and the design of the droplet 
formation section.

Project objectives
The specific aims of the project are to develop and test 
centrifugal separation equipment for separation of tar 
and oil mists at relevant temperatures.

Experimental
Experimental work has been carried out in the set up 
shown in Figure 1, using different conditions, such as 
gas temperature, gas flow and model tar gas phase 
content, and configurations for the aerosol formation 
to possibly separate tar components. 

Summary of results
The erected system has been tested using single model 
tar compound 1-methyl naphthalene. The preliminary 
results show that the centrifuge can separate the com-
pound, but after analyzing the results it became evident 
that a controllable and efficient aerosol formation unit 
is required before the centrifuge.

Publications
None

Novel tar removal techniques 
  

Project leader: Klas Engvall (KTH) (kengvall@kth.se) 

PhD student(s): 

Other people: Christer Rosén (KTH), Jack Delin (CentriAir)

Budget: 600 kSEK per year (In kind industry 300/kSEK) 

Duration: May 2013 – Apr 2017

Figure 1 A photo of the erected setup for testing the centrifuge using model tar compounds.
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Motivation
The H2/CO ratio obtained in gasification of biomass is 
generally not optimal for different end user upgrading 
processes. Other application of interest is production of 
a hydrogen rich gas for fuel cell applications. Therefore, 
a part or all the carbon content in form of CO in the 
product gas needs to be shifted to hydrogen according 
to the water-gas shift (WGS) reaction. Shifting of a CO 
rich gas from for example gasification to produce hydro-
gen is a well-known process and has been used com-
mercially for coal gasification systems. In these cases, 
are the gas composition of reactant (CO) and products 
(CO2 and H2) in the range where the water gas shift is 
possible without any need for preconditioning.

Since WGS catalysts are sensitive to sulfur poisoning, es-
pecially when considering LT catalyst, such as Cu based 
catalysts, also processes for removal of these compo-
nents are important

Project objectives
The main aim is to produce a hydrogen rich gas by con-
version of the product gas. This aim can be divided as 
follows:

•  Identified the most cost-efficient technologies for a 
WGS and need for gas cleaning

•  Investigated the effects of gas impurities on the 
WGS catalyst material and its effect on CO to H2 
conversion

•  Sulfur tolerance for catalyst materials at real gas 
conditions

•  Gas cleaning issues related to WGS

Experimental
Experiments were planned in laboratory scale set-ups at 
KTH using model gases combined with tests on site on a 
side stream at Cortus using a mobile bench scale set-up.

Summary of results
After the initial literature review of WGS catalysts and 
processes compiled the experimental work was put on 
hold due to lack of human resources and other priori-

ties at Cortus. The project was therefore shifted towards 
small-scale processes for sulfur gas cleaning. A summary 
of the results is described below. 

To obtain a better understanding of hot sulphur remov-
al, a theoretical study was undertaken to investigate the 
dynamics of a packed bed adsorber filled with ZnO for 
the removal of H2S. The study was motivated by some 
recent findings that showed that the reaction of H2S 
with nanoscopic ZnO particles leads to the formation 
of hollow nanoparticles. As such phenomena could also 
occur in a ZnO absorber used for hot syngas cleaning, a 
campaign was launched for exploring the phenomena. 
A multiscale model was developed that used a novel 
nucleation-growth model to account for the void for-
mation inside the nanoscopic ZnO particles (Fig. X). The 
model allowed to study the macroscopic behaviour of 
packed bed absorber. It was found that the void forma-
tion has little effect on the shape of the breakup profile, 
but it can cause pore clogging resulting in incomplete 
conversion of the ZnO.

Hydrogen rich gas

Project leader: Klas Engvall (KTH) kengvall@kth.se

PhD student(s):  Ramiar Sadegh-Vaziri

Other people: Pawel Donaj (Cortus Energy AB), Matthäus Bäbler (KTH)

Budget: 2437 kSEK per year (In kind industry 975 kSEK/year)

Duration: Jan 2015 – Apr 2017

Figure 1. Schematic of the multiscale model used to study the 
effect of nanoscopic void formation on the macroscale be-
haviour of a packed bed adsorber.

Publications
1.  Sadegh-Vaziri R., Bäbler MU. (2017). Numerical inves-

tigation of the outward growth of ZnS in the removal 
of H2S in a packed bed of ZnO. Chem. Eng. Sci. 158 
(2017) 328–339.

2.  Sadegh-Vaziri R., Bäbler MU. (2016). A hollow-core-
shell model for describing chemisorption of H2S from 
raw syngas in a packed bed reactor of ZnO. 22nd 
International Congress of Chemical and Process Engi-
neering (CHISA), Prague, Czech Republic 2016 
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Motivation
There is a need for development of methods and devic-
es that can be used for real-time measurement of the 
producer gas, both for research purposes as well as for 
monitoring and process control in future commercial 
facilities. The techniques for sampling and quantifica-
tion of permanent gases are well established. However, 
reliable, and robust on-line methods for speciation and 
quantification of particulate matter (PM) and condens-
able components such as alkali metals and tar are yet to 
be developed. 

Project objectives

This project is focused on extractive, on-line methods for 
characterization of PM, inorganic vapors (alkali) and tar 
in the hot producer gas. The specific aims of the project 
are:

•  Development, test, and assessment of extractive 
on-line measurement methods for PM.

• Development, test, and assessment of extractive 
on-line measurement methods for alkali.

• Development, test, and assessment of extractive 
on-line measurement methods for tar.

• Application of the measurement methods for de-
tailed studies of processes in gasifiers.

• Development, test, and assessment of robust devis-
es that can be used for process monitoring.

Measurement methods 

Project leader: Michael Strand (LNU) (Michael.strand@lnu.se) 

PhD student(s): Mario Morgalla (LNU)

Other people: Klas Engvall (KTH), Leteng Lin (LNU)

Budget: 2372 kSEK per year (In kind industry 960 kSEK/year)

Duration: May 2013 – Apr 2017

Figure 1 Sampling and measurement methods used for char-
acterizing particulates in the Chalmers gasifier.

Figure 2 Measurement method used for semi-online quantification of char.

Experimental
An example of a sampling and measurement system 
used for measurements in the Chalmers gasifier is illus-
trated in Figure 1. The focus in the previous work was 
not to remove tars and alkali, but rather on characteriz-
ing them and the particulate matter from the gasifier by 
means of their thermal stability. 

In 2016 initiatives were taken to apply measurement 
methods at the GoBiGas-plant, but it was unfortunately 
not possible to execute these activities. Instead, a mea-
surement campaign was carried out at Cortus in March-
April 2017, focusing on char conversion. Some mea-
surement methods have been further refined and tested 
in laboratory tests. Figure 2 shows a method to be used 
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for semi-online quantification of elemental carbon (char 
and soot) in the producer gas. A known mass of char 
particles is distributed to a filter cartridge. Then the char 
is oxidized in steam and the total carbon content is es-
timated based on the gas flow rate and concentrations 
of CO and CO2.  

Figure 3  Calculated mass of converted char based on cumu-
lative gas measurements as well as the mass based on gravi-
metric method. 

Summary of results
The result in Figure 3 shows some laboratory results for 
semi-online quantification of elemental carbon where 
cumulative carbon during the oxidation of char in the 
filter cartridge is calculated from measurement data. 
The filter was weight before and after deposition at 
room temperature using the same deposition procedure 
and deposition time. 

Publications
1.  de Jong W., Engvall K., Retschitzegger S., Brink A., 

Biollaz S. and Martin A. (2015). BRISK: Development 
of advanced measurement methods and operational 
procedures in thermo-chemical biomass conversion, 
18th International IFRF Member Conference - Flexible 
and Clean Fuel Conversion in Industry, Freising, Ger-
many, 1-3 June 2015, ISBN 978-88-908091-3-2

2.  Morgalla M., Lin L., Seeman M. and Strand M. (2015). 
Characterization of particulate matter formed during 
wood pellet gasification in an indirect bubbling flu-
idized bed gasifier using aerosol measurement tech-
niques”, Fuel Processing Technology 138, pp 578-587

3.  Morgalla M., Lin L. and Strand M. (2015). Character-
ization of Particulate Matter In Biomass Gasification. 
23rd European Biomass Conference and Exhibition. 
664-667, 2015.

4.  Lin L. and Strand M. (2014). Online investigation of 
steam gasification kinetics of biomass chars up to 
high temperatures”, Energy & Fuels 28, pp 607-613.

5.  Ahmadi M., Knoef H., Van de Beld B., Liljedahl T. and 
Engvall K. (2013). Development of a PID based on-
line tar measurement method – Proof of concept”, 
Fuel 113, pp 113-121. 

6.  Ahmadi M., Svensson EE. and Engvall K. (2013). Ap-
plication of Solid-Phase Microextraction (SPME) as 
a Tar Sampling Method”, Energy & Fuels 27 (7), pp 
3853–3860.

7.  Lin L. and Strand M. (2013). Further development and 
application of aerosol-based method for on-line in-
vestigation of char reactivity in steam” Proceedings 
for 21st European Biomass Conference and Exhibi-
tion. Copenhagen, Denmark, 3-7 June, 2013, 875-
878.
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Secondary conversion of char and tar 
Project leader: Klas Engvall (KTH) (kengvall@kth.se) 

PhD student(s): Richard Nowak Delgado (KTH)

Other people: Efthymios Kantarelis, Anders Wingren (Meva Energy AB) 

Budget: 1500 kSEK in total (In kind industry 750 kSEK)

Duration: Sep 2016 – Apr 2017
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Motivation
The VIPP-process is based on gasification of small bio-
mass particulates in a cyclone gasifier, cooling, reclaim-
ing the heat, cleaning the gas in several steps, and fi-
nally feeding the clean gas to a gas genset for power 
and heat production. The cyclone gasifier is a simple, 
robust, and stable gasifier suitable for biomass in small 
fractions. In the reactor the fuel undergoes four basic 
processes e.g., drying, pyrolysis, oxidation, and reduc-
tion. Any fuel not converted to gases forms charcoal, 
which reacts with CO2 and H2O forming more perma-
nent gases. These reduction reactions are rather slow 
and the overall conversion highly dependent on the re-
action temperature and the residence time. High con-
version of char to syngas is favored by high temperature 
and long residence time. 

Residual tar and char generally need to be disposed of 
adding up to the operational cost of the plant. In ad-
dition, char and tar represents an energy loss and will 
therefore reduce the potential gas production i.e., the 
reactor cold-gas efficiency. To improve the process, char 
gasification will be combined with tar cracking by intro-
ducing the tar into the hot char bed in the lower section 
of the cyclone gasifier. 

Project objectives
The project aims at evaluating the technical and eco-
nomical suitability of combining char gasification and 
tar cracking in a VIPP cyclone gasifier. Thus, a primary 
goal is to determine optimal conditions for conversion 
of tar and char into permanent gases i.e., CO and H2. 
The long-term goal is to generate design data for the 
next generation of VIPP cyclone gasifiers. The overall 
aim can be divided into the following targets: 

•  Characterized the char and tar produced with the 
redesigned Meva process. 

•  Determined the impact of temperature, residence, 
and char catalytic activity on tar conver-sion

•  Determined the optimized conditions for tar con-
version

•  Determine a suitable feeding system for the tar into 
the secondary reactor

•  Proposed a redesign of existing gasifier technology 
including type of secondary gasifier zone, tar and 
air feeding, as well as control strategy.

Figure 1 A schematic drawing of the setup used in the experiments.
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Figure 2 Typical examples of gasification of char with an air mixture. The x axis shows the time in minutes.

Experimental
Samples of tar and char from the Hortlax plant is char-
acterized in terms of chemical composition, char particle 
distribution, tar physical properties and char reactivity. 
Tar conversion trials in lab/bench scale are performed 
in a fluid/fixed bed set-up constructed for the tests as 
shown in Fig-ure 1. Char/Tar gasification tests were per-
formed to determine the impact of temperature (900-
1500 °C), the impact of residence time on tar cracking, 
the impact of char catalytic activity on tar cracking as 
well as the gas yield, soot, and tar content at optimal 
conditions. Experiments to verify lab-scale test at Hortlax 
will be carried out. Especially, tests including tar feeding 
are of interest

Summary of results
Figure 2 shows a typical result from gasification tests 
performed at 900 °C. Investigations using TGA are pro-
viding information on the design of the tar feeding sys-
tems to be tested at KTH and Hortlax. 

Publications
None
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Appendix 2. 
CIGB - Centre for Indirect  

Biomass Gasification
Node leader: Prof. Henrik Thunman, Chalmers
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Motivation
Modelling is an important tool for evaluating complex 
systems and understanding the influence of different 
parameters on a given process. A possible way to model 
the gasification processes in a fluidized bed is to use 
semi-empirical models where the physical connections 
are simplified using experimental data. This method is 
a compromise that provides reliable results and a rele-
vant calculation time at the same time as the process 
knowledge becomes systematic, thus creating a tool for 
analysing new process solutions. At Chalmers Energy 
Technology, such a semi-empirical model has success-
fully been developed in the past 10 years for describ-
ing the combustion process in a CFB. This model is built 
up in modules and the development of one module for 
describing the gasification process has been initiated. 
There is a need for creating a mathematical model that 
describes the whole process from ingoing biomass to 
outgoing gas. This will be continually updated with the 
knowledge gained from the Centre for Indirect Gasifi-
cation of Biomass and act as a tool for direct focus on 
where the knowledge is to be taken from. It will also 
serve as a basis to scale up and optimize the process but 
also to define the needs in the experimental activities. 

To optimize the indirect gasification process, there is a 
need for fundamental understanding of how gas and 
particle flows and mixing rates in the process are influ-
enced by e.g., the fuel feeding points, the bed material, 
and the reactor geometry. The focus here is on optimiz-
ing, adapting, and scaling up the process using math-
ematical modelling and experiments in physical small-
scale models in order to increase the understanding of 
the fluid dynamics in an indirect fluidized bed system.

Project objectives (1a) 
•  Develop a mathematical model where the different 

mechanisms within the gasification process are de-
scribed by semi-empirical sub-models. The model 
will be general for the indirect gasification process 
and complement existing combustion models for a 
CFB boiler.

•  Contribute a reliable simulation tool for Reactor De-
velopment.

•  Contribute a dedicated analysis of the different 
mechanisms’ influence on the process and assist 
the Process Evaluation

•  Contribute input data for the different process con-
figurations, the dedicated analysis of the sub-pro-
cesses and for the Gas Cleaning and Rest Product 
Management

•  Identify critical knowledge weaknesses in the pro-
cess and thus give a basis to the work on Funda-
mental Conversion Mechanisms and Process Diag-
nostics

•  Make efficient the experimental activities via rapid 
on-site model analysis of measurement data.

 Project objectives (2a):
•  Optimize the indirect gasification technique using 

new process and reactor elements

•  Evaluate the possibility to adapt/apply the process 
to systems using combustion in BB.

•  Evaluate the effects associated with scale-up of the 
indirect gasification technique

•  Evaluate fluidized systems of interest for the indi-
rect gasification technique and for the downstream 
gas cleaning part

Experimental
In addition to the Chalmers gasifier and the lab-reactor 
at SP, two fluid-dynamically downscaled units have been 
used equipped with coil detection system and magnetic 
particle tracking system for evaluation of the bulk and 
fuel mixing, respectively. These are detailed in the publi-
cation referred below.

Projects (a): 
Modelling and Evaluation of the Indirect 
Gasification Process (1a) 
Reactor Development and Fluid Dynamics (2a)
Project leader: David Pallarès (Chalmers ET), david.pallares@chalmers.se 

PhD student(s): Anna Köhler, Louise Lundberg, Erik Sette

Other participants: Robert Johansson (Chalmers ET)

Budget: 2400 kSEK per year

Duration: 2013-2017
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Summary of results
•  A 1-dimensional model built-up by semi-empirical 

sub-models is developed which includes mass bal-
ance of bed material, fuel (with different conversion 
classes) and gas species and heat balance.

•  The model has been validated against experimental 
data from the Chalmers indirect gasifier. 

•  The model can determine the char gasification rate 
and raw gas composition as a function of the system 
(combustor + gasifier) geometry and operational con-
ditions, which is used for process diagnostics and gas 
cleaning predictions. 

•  The model is used to investigate up-scaling of the 
process to commercial scale, proposing tentative de-
signs and operational conditions. The limited char 
gasification rate is identified as a critical weakness in 
the process. Thereby focus has been set on studying 
char kinetics and fuel mixing.

 o  As for gasification kinetics, a strong dependency 
of char reactivity on the vertical location of the fuel 
(bed surface/immersed in bed) is identified, influ-
encing with a factor up to 2. The use of active bed 
material has also been shown to speed-up gasifica-
tion kinetics by a factor of up to 4.

 o  As for fuel mixing, the validity of fluid dynamic 
downscaling of the fuel mixing has been experi-
mentally confirmed. A novel experimental method 
for continuous 3-dimensional magnetic tracking of 
fuel particles in a cold flow model has been devel-
oped (see exemplification of results in figures be-
low). This, combined with measurements with a 
camera probe and digital image analysis, has led to 
valuable measurements and modelling expressions 
for the axial segregation and lateral mixing rate of 
fuel particles.

	 	 n  The lateral fuel mixing can be successfully de-
scribed by a convection-diffusion equation, in 
which the dispersive mixing represents that in-
duced by the bubbling and the convective one 
that induced by the solids crossflow. The fuel 
lateral dispersion coefficient is estimated in the 
order of 10-3-10-2 m2/s for both pellets and 
wood chips and they increase approximately lin-
early with excess gas velocity. 

	 	 n  The fuel mixing in the vertical direction can be 
described by means of the external forces act-
ing on the fuel particle: gravity, buoyancy, drag 
and added mass. For the first time, data, and 
expressions for the drag coefficient between a 
fuel particle and the solids emulsion have been 
obtained. 

	 	 n  The insertion of internals (tube bank, walls, and 
baffle) for the control of the residence times of 
the fuel and bulk solids has shown a large influ-
ence on the fuel mixing and its effect has been 
quantitatively characterized.

	 	 n  The fluid dynamic feasibility of using a fuel feed-
ing chamber to avoid the inhibition of char gas-
ification by volatile species has been confirmed 
experimentally in a fluid-dynamically downscaled 
unit. The arrangement provides a one-way valve 
function with the possibility to control the res-
idence time in the feeding chamber through 
adjusting the chamber pressure and providing 
a valuable raw gas to the downstream process 
steps.

a. 

b.

Figure 1. Probability density function of fuel location. Hb =0.05 
m, u0 = 0.1 m/s (values on downscaled basis). a) Low-pressure 
drop gas distributor, b) high-pressure drop gas distributor

Figure 2. Fuel flow structures of the central vertical bed slice. 
Background color indicates magnitude of the vertical veloc-ity. 
Hb=0.07 m, u0=0.2 m/s (values on downscaled basis) 
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Motivation
Extensive knowledge can be reached through experi-
ments in lab-scale, but the problems and questions that 
arise will never be like those derived from larger reactors 
in industrial scale. However, most often, experiments in 
lab reactors provide more information than industrial 
facilities, as the latter often show limited accessibility 
for sampling (bed, gas, etc.) and limited possibility for 
analysis. There is thus a gap in the knowledge of the 
gasification between the information the smaller scale 
can provide and the actual needs of the industrial scale 
when it comes to developing and using the gasification 
technique. In this sense, the Chalmers gasifier, with its 
size, accessibility for diverse samplings (ports for probe 
insertion etc.) and integration in an active research envi-
ronment, is unique and plays an important role for the 
technique’s commercialization. Some of the important 
activities to focus on include: 

•  Evaluation of the indirect gasification technique 
through experiment in principally the Chalmers 2-4 
MW gasifier, but also the 150 kW at Mid Sweden 
University (project 3d). 

•  Gaining knowledge that enables biomass gasifica-
tion with high content of alkali and or/phosphorus 
and preparing for scaling up the technique in the 
100 MW scale.

A concrete problem that needs to be handled in connec-
tion with sampling in a gasification system is associated 
with the condensation of tars in the different measuring 
instruments. In order to address this complication, new 
methods will be developed, or existing ones improved 
and adapted to this specific problem, especially consid-
ering the alkali, tars and sulphur contents. These com-
ponents will be measured with high precision at differ-

ent positions in the process of indirect gasification. The 
activities within this area will also focus on development 
of measurement methods for process-related evaluation 
of indirect gasifiers.

Project objectives (3b)
•  Understand the thermal coupling between the 

combustion and gasification processes

•  Describe the gasifier through follow-up of the con-
version process ”in-situ” using gas sampling, bed 
and fuel particle sampling and visually monitor the 
process with a camera probe.

•  Contribute to improving the design of new gasifier 
reactors

•  Investigate the different bed materials’ influence on 
primary (devolatilization, char gasification) and sec-
ondary (Shift reactions, formation, and destruction 
of tars) conversion processes

•  Investigate the effect of fluidization on the fuel con-
version, the residence time, the fuel dispersion in 
the bed and the degree of mixing

•  Study the properties of different fuels regarding the 
sintering risk, contamination and gas quality

•  Identify and describe the possible problems with 
different materials in the different parts of the gas-
ification process

•  Generate input data to projects 1 and 2, and con-
tribute a formulation of relevant interrogations to 
projects 3-6

•  Solve technical problems that may arise, e.g., im-
prove the fuel feeding system, etc.

Projects (b): 
Evaluation of the Indirect Gasification 
Technique in Industrial Scale (3b)
Methods for Continuous Measurements and Process 
Evaluation of Industrial Gasifiers (6b)
Project leader: Martin Seemann (Chalmers ET), martin.seemann@chalmers.se 

PhD student(s): Teresa Berdugo Vilches, Sébastien Pissot

Other participants: Anton Larsson, Jelena Marinkovic, Nicolas Berguerand, Mikael Israelsson

Budget: 8250 kSEK per year

Duration: 2013-2017
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Summary of results
Evaluation of the Indirect Gasification Technique in In-
dustrial Scale (3b)

Emphasis was put on the understanding of catalytic bed 
materials and their effect on the gasifica-tion process. 
In a DFB gasification process, the bed material, which 
is crucial for the process, can have two roles: to provide 
the heat needed for the gasification reaction and if it 
has catalytic prop-erties to improve the quality of the 
produced gas. Besides the bed material, ash forming el-
ements, which interact with the bed material, represent 
a catalytic potential themselves. Based on earlier results 
it was concluded that potassium and the transport of 
alkalis from the boiler to the gasifier, where they are 
released, is the major factor influencing the gas compo-
sition. The improved under-standing the importance of 
potassium transport was crucial in salvaging the com-
missioning and start-up of the GoBiGas gasification sys-
tem, which had suffered from the problem of insuffi-
cient gas quality. 

Recent activities

•  Comparison of the effect of temperature on the 
gas quality at different levels of activation

•  Development of a new loop-seal design, implemen-
tation at the Chalmers gasifier

•  effect of different additives on the gas quality was 
tested; ash, olivine fines, limestone and bauxite, 
evaluation is ongoing (presentation at EUBCE2017)

•  The potential of feldspar as bed material was tested 
successfully, (Berguerand et.al 2017)

Figure 1: Levels of tar components in raw gas, present-ed as 
yields of specific tar groups (in gtar/kg daf fuel) ver-sus time 
comparing the operation at 750 and 820 °C.  

Figure 2. Schematic of the Chalmers Dual Fluidized Bed Sys-
tem. Red sign X correspond to the sampling point while red 
circles represent connection point between loop seal 2 and 
down-comer to the boiler.  
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Project objectives (6b)
•  Summarize which measurement methods are avail-

able on the market and detailed in the literature

•  Test these methods to characterize the raw gas 
from the Chalmers pilot gasifier.

•  Examine the different methods for sulphur mea-
surement through invitation of relevant research 
groups to measurement campaigns.

•  Choose suitable analysis methods and instruments 
to invest into with the goal to integrate them in the 
GoBiGas project

•  Develop the sampling methodologies

•  Gain experience of process control for an indirect 
gasifier using the new analysis methods and pro-
cess instruments and thus increase the knowledge 
and know-how of the operating staff that will work 
in the GoBiGas project.

Experimental
During Q4 and Q1 several tests regarding the activation 
of olivine were performed. Special focus was put on the 
recirculation of ashes and the influence of temperature 
under different states of activity. Closely related to those 
investigations is the ERANET BESTF project BioProGReSs 
that aims to utilize the circulation of a fine fraction of 
additive for improvement of the gas upgrading. Bio-
ProGReSs that has received funding from the European 
Union’s Seventh programme for research, technological 
development and demonstration under grant agree-
ment 321477.” 
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Methods for Continuous Measurements and Process 
Evaluation of Industrial Gasifiers (6b)

To perform meaningful experiments the carbon and 
mass balance around the gasifier must be closed to a 
reasonable degree, otherwise misinterpretation of dilut-
ing effects is commonly unidentified. For that reason, 
a systematic was established to measure all relevant 
streams to characterize the performance. Focus was put 
on three aspects, the determination of the dry gas flow, 
the establishing and refining of the SPA sampling meth-
od (Israelsson et.al 2014) and the assessment of the 
total carbon content in the raw gas (Neves et.al 2014 
Israelsson et.al 2014). The increased level of quality on 
those measurements enabled the evaluation of varia-
tions due to the bed material aging as described above 
and are utilized as well in process modelling activities 
(Alamia et.al 2015). 

Recent activities:

•  In context with the experiments on feldspar and 
olivine joint alkali measurement + online methods 
for particle tar and alkali were applied during 2016.

•  Laser induced Fluorescence measurement of Tars in 
collaboration with TU-Berlin was tested (BioPRoG-
ReSs), upcoming measurement campaign February 
2017

Future issues 
(3b) The fact that the catalytic properties do depend on 
gaseous alkali species and not purely on heterogeneous 
catalysis by surface bound species is a paradigm shift for 
the reactor design. For that reason, deeper understand-
ing of the impact of alkali in DFB systems is required to 
be able to optimize the processes further (lower gasifi-
cation temperatures, better gas quality)

(6b) Development of an online system for alkali moni-
toring to be used in evaluation campaigns at GoBiGas
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Motivation
The raw gas produced in an indirect gasification plant 
contains several undesirable components, such as tar, 
alkali, nitrogen, and sulphur components. These com-
ponents complicate the production of such second-gen-
eration fuels and need to be removed from the raw gas 
in an energy-efficient and environmentally sound man-
ner. An important aspect is also to investigate how ex-
haust streams of water, particles, chemicals, and ashes 
from the system can be handled with limited impact on 
the environment.

Project objectives (3c)
Develop an understanding on the possibilities of:

•  ”Co-Gasification”, i.e. investigate the synergy ef-
fects between the ash in the added fuel in the boil-
er section and the gasifier-fuel. This opportunity is 
unique in indirect gasification where the different 
reactors (boiler and gasifier) are interconnected, 
and the same bed material is circulated between 
them.

•  ”Alternative bed materials”, i.e. investigate the 
consequences of replacing the bed material con-
sisting of silica sand (SiO2) with other materials e.g. 
olivine (Mg, Fe-based), blast furnace sand (slag) or 
dolomite/limestone. This method can be used to 
avoid the need for co-gasification and give similar 
effects to that of ash synergy from e.g., sewage 
slurry or coal.

•  ”Additives”, i.e. investigate the consequences of 
adding and ash-forming compounds consisting of 
clay minerals such as kaoline or bentonite clay that 
ties up and neutralizes alkali in Potassium-alumini-
um silicates with a high melting point.

•  ”Low temperature gasification”, i.e. investigate 
special operating configurations to increase the 
conversion degree while minimizing the effect of 
alkalis. This project includes particle capture us-
ing high temperature filters and filter leaching of 
captured fly ash from the high temperature before 
reinjection of the char/ash fraction to the boiler sec-
tion of the indirect gasification loop.

Project objectives (4c)
Identify the problems that can occur when handling en-
vironmentally hazardous compounds in a larger indirect 
gasifier (100 MW) and how these can be solved in an 
environmentally acceptable manner.

Results
The effect of alkali compounds and the possibility to 
control these have been studied on different bed mate-
rial and temperatures. Sand, olivine, bauxite, and ilmen-
ite were tested and compared in different combinations. 
Focus has been put on the interactions between the al-
kalis released from the biomass and the bed material.  

The effect of a range of alkali salts have been studied 
under conditions like the one in commercial gasifiers. 
The effect of the state of the salt was examined– by bed 
material impregnations or solid-state contact under ex-
posure. Furthermore, the alkali-capturing abilities of the 
bed materials were tested as to the maximum amount 
of salt in different states that could be captured under 
varying conditions. 

Bed materials leaching was performed with metal ion 
monitoring to evaluate the transitions of alkali under 
exposure and the change in the water solubility of the 
formed compounds. Further ongoing screenings are 
performed to test the possibility for material recapture 
and therewith metal recycling and/or further deposition 
of the bed materials.

Project (c): 
Ash-related problems (K, Na, Cl, P, Al, Ca, Si, Mg, Fe)  
in the Chalmers Gasifier (3c)
Rest Products Management (4c)
Project leader: Britt-Marie Steenari (Chalmers OO), bms@chalmers.se 

PhD student(s): 

Other participants: Georg Schwebel, Pavleta Knutsson

Budget: 750 kSEK per year

Duration: 2013-2017
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Publications
Most results from this project are related to chemical 
analysis and presented in publications in oth-er project 
within CIGB

1.  Knutsson, P., Velde Vilg, J., Knutsson, J., Steenari, B.-
M. (2016). Phycoremediation of heavy metals from 
biomass ash, International Multidisciplinary Scientific 
GeoConference Surveying Geology and Mining Ecol-
ogy Management, SGEM – 2016

2.  Marinkovic, J., Thunman, H. Knutsson, P., Seemann 
M. (2015).Characteristics of olivine as a bed material 
in an indirect biomass gasifier. Chemical Engineering 
Journal 279: p. 555-566.

3.  Knutsson, P., Schwebel, G., Steenari, B.M., Leion, H. 
(2014). Effect of bed material mixing on the observed 
bed sintering”, 11th International Conference on Cir-
culating Fluidized bed  technology, 14-17 May 2014, 
Beijing, China

4.  Corcoran, A. ; Marinkovic, J. ; Lind, F.  et al. (2014). 
Ash Properties of Ilmenite Used as Bed Material for 
Combustion of Biomass in a Circulating Fluidized Bed 
Boiler. Energy & Fuels. 28 (12) s. 7672-7679.

5.  Olsson, J., Larsson, J. (2013). Modelling and optimi-
zation of fuel conversion in an indirect bubbling flu-
idized bed gasifier. Master Thesis. Received an award 
from the International Flame Research Foundation 
(IFRF) for Best Master Thesis 2013 within the area of 
Combustion technology.

Figure 1. Schematic representation of the laboratory reactor 
developed for simultaneous detection of alkali and CO, CO2, 
H2, SO2 in the flue gases under varying conditions

Figure 2.  Schematic representation of common phenomena observed on tested bed materials (Fe-segregation, Ca,K-enriched 
layer formation, ash layer)

To explain the mechanism behind the observed effects, 
a new lab-scale system was built (Figure 1), that allows 
simultaneous measurement of K, Na in gas phase, as 
well as CO, CO2, H2 and SO2, which made it possible to 
study in a more thorough way the mass balance in the 
test reactor. The new system provided the possibility to 
relate the bed material capacity for alkali uptake to the 
measured total amount of alkali in gas phase. Such a 
relation could point on the form/structure of the con-
stituents that have catalytic properties in the gasification 
process. 

The obtained results pointed out on three substantial 
transformations that could trigger the activa-tion of the 
bed material; iron migration, ash layer formation and 
particle enrichment in alkali (as can be seen in Figure  2).

All materials displayed signs of all three transformations 
while their response on the gasifier performance dif-
fered. In most of the tested materials there were con-
tributions from all three effects, however, there were 
indications that the different structures (Al-Si, Mg-Si, 
Fe-Ti) adsorbed alkali metals in a different manner and 
thereby differed in activity. Surface adsorption of K in 
a Ca-enriched layer formed at an earlier stage led to a 
highest measured activity, where diffusion to the core of 
the particle was coupled to loss of activity.  
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Motivation
The raw gas produced in an indirect gasification plant 
contains several undesirable components, such as tar, 
alkali, nitrogen, and sulphur components. These com-
ponents complicate the production of such second-gen-
eration fuels and need to be removed from the raw gas 
in an energy-efficient and environmentally sound man-
ner. They are formed in different ways depending on 
the reactor design, but also the bed material used or 
the operating temperature. An alternative to reforming 
the tars is to use partial oxidation and/or catalytic bed 
materials and conduct testing in an internal reforming 
reactor design.

Project objectives (3d) 
•  Identify different bed material properties and the 

possibility to use these over a wide range of tem-
peratures. 

•  Obtain reference cases to compare the different 
catalytic properties of the bed materials.

•  Evaluate the possibility to clean the raw gas – partic-
ularly from tars and other hydrocarbons – through 
internal reforming and partial oxidation of the gas 
using oxygen.

•  Investigate how experimental results in a small indi-
rect gasifier can be transferred and used in a gasifi-
er of industrial scale.

Project objectives (4d) 
To understand how the internal reformer should be de-
signed and under what fluid dynamic conditions one 
can optimize the destruction of tar and possibly meth-
ane.

Experimental
A 150 kW biomass dual fluidized bed gasifier pilot plant 
was installed at Mid Sweden University, Härnösand, in 
2007 and used in this subproject. 

Summary of results
Based on indirect gasification technology, two mathe-
matic models, TMP+BIGCC and TMP+BtSNG are devel-
oped using ASPEN Plus. The models are evaluated under 
the present economic situation in Sweden.  In the first 
model, the energy balance, and the techno-economic 
analysis of the TMP+BIGCC mill are done in comparison 
with other combinations of TMP+CHP and TMP+Boiler. 
The calculation results show that it is more profitable to 
invest in BIGCC than in CHP when more biomass is used 
for heat and power production and when the market 
electricity price is higher. The economic profitability of 
a TMP mill is more sensitive to the electricity price than 
the pulpwood price in Today’s TMP industry. Rejection 
of low-quality pulp fibres and their reuse in BIGCC for 
self-production of electricity, and electricity certificate 
are highly attractive measures to raise the profitability 
of a TMP mill. The profits are ranked as TMP+BIGCC 
> TMP+CHP > TMP+Boiler.  In the second model, the 
profitability of the TMP+BtSNG mill is evaluated in com-
parison with the TMP+BIGCC mill. The model prediction 
shows that the scale of the TMP+BtSNG mill and SNG 
price are two strong factors for the implementation of 
BtSNG in a TMP mill. A BtSNG plant associated to a TMP 
mill should be built at a scale above 100 MW of biomass 
thermal input. Compared to the case of TMP+BIGCC, 
the NR and IRR of TMP+BtSNG are much lower. This is 
attributed to 3 reasons, 1) the specific investment cost 
is much higher for BtSNG, 2) The electricity certificate 
instrument in Sweden has added a credit to the elec-
tricity production, and 3) Much more DH is produced by 
BIGCC, which has a price unusually high (higher than 
electricity), in Sweden. Political instruments to support 
commercialization of bio-transport fuel are necessary.

An experimental test on the in-bed catalytic materials, 
olivine and 10%Fe/olivine (with reference to silica sand), 
were carried out in the BFB and DFB modes of the 150 
kW pilot-scale Miun indirect biomass gasifier at different 
gasification temperatures and S/C ratios. From the mea-
surement results, a much lower concentration of H2 + 
CO in the DFB mode with Fe/olivine and olivine catalytic 

Project (d): 
Evaluation of the Indirect Gasification 
Technique in Experimental Scale (3d)
Internal Tar Reforming in the Gasifier (4d)
Project leader: Wennan Zhang (MiUn), Wennan.Zhang@miun.se 

PhD student(s): Kristina Göransson, Ulf Söderlind, Jie He

Other participants: 

Budget: 900 kSEK per year

Duration: 2013-2017
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bed materials suggests the syngas partial oxidation by 
the Fe-based catalysts through oxygen transport from 
the riser to the gasifier.  The lower tar and CH4 con-
tents in the BFB mode might be attributed to the higher 
concentrations of char and ash (while the fine catalyst 
particles are carried over from the DFB riser) in the BFB 
gasifier, and a higher temperature in the freeboard.

A novel internal reformer for tar reduction, “FreeRef”, 
has been developed and installed inside the MiUn gasifi-
er. The patent application has been made.  The reformer 
is developed for in-situ catalytic reforming of tar and 
methane (CH4) in allothermal gasifiers. The study has 
been performed in the fluidised bed biomass gasifier 
(DFB) at Mid Sweden University (MIUN). This work is an 
initial study on the internal reformer operated with and 
without Ni-catalytic pellets, by evaluation of the syngas 
composition and tar/CH4 content. A novel application 
of Ni-catalyst in DFB gasifiers is proposed and studied in 
this work.  It can be concluded that the reformer with 
Ni-catalytic pellets clearly gives a higher H2 content to-
gether with lower CH4 and tar contents in the syngas 
than the reformer without Ni-catalytic pellets. The grav-
imetric tar content decreases down to 5 g/m3 and the 
CH4 content down below 6% in the syngas. The tar 
content can be decreased further to lower levels, with 
increased gas contact to the specific surface area of the 
catalyst and increased catalyst surface-to-volume ratio. 
The novel design in the MIUN gasifier increases the gas-
ification efficiency, suppresses the tar generation and 
upgrades the syngas quality.

Publications
1.  Wennan Zhang, Till Henschel, Ulf Söderlind, Khanh-

Quang Tran and Xu Han, (2017). ”Evalua-tion of var-
ious biomass feedstocks by using thermogravimetric 
and online gas analysis”, En-ergy Procedia, Volume 
105, Pages 162-167 

2.  Zhe Zhang, Ningchen Tian, Wennan Zhang, Xiaodong 
Huang, Le Ruan and Ling Wu, (2016) “Inhibition of 
carbon steel corrosion in phase-change-materialsso-
lution by methionine and proline”, Corrosion Science 
111, 675–689

3.  Khanh-Quang Tran, Aksel Junge Klemsdala, Wennan 
Zhang and Judit Sandquist, (2016) “Fast hydrother-
mal liquefaction of native and torrefied wood”, Ener-
gy Procedia, in press.

4.  Göransson K., Söderlind U., Henschel T., Engstrand P. 
& Zhang W. (2015). Internal tar/CH4 reforming in a 
biomass dual fluidised bed gasifier, Biomass Conver-
sion and Biorefinery, 5, 355-366. 

5.  Göransson K., Söderlind U., Engstrand P. & Zhang W. 
(2015). An experimental study on cata-lytic bed ma-
terials in a biomass dual fluidised bed gasifier, Renew-
able energy, 81, pp. 251-261. 

6.  Zhang W., He J., Engstrand P. & Björkqvist O. (2015). 
Economic evaluation on bio-synthetic natural gas 
production integrated in a thermomechanical pulp 
mill, Energies, 8 (11), pp. 12795-12809. 

7.  Jiang X., Song X., Chen Y. & Zhang W. (2014). Re-
search on biogas production potential of aquatic 
plants, Renewable energy, 69, p. 97-102. 

8.  He, J., Engstrand, P., Björkqvist, O. and Zhang, W., 
“Bio-SNG production in a TMP mill in comparison 
with BIGCC”, Energy Procedia 61, 2894-2897, (2014)

9.  He J., Engstrand P., Björkqvist O. & Zhang W. (2013). 
Techno-economic evaluation of a me-chanical pulp 
mill with gasification, Nordic Pulp & Paper Research 
Journal, 28 (3), pp. 349-357. 

Figure 1. The 150 kW biomass dual fluidized bed gasifier at Miun and its internal reformer. 
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Motivation
The raw gas produced in an indirect gasification plant 
contains several undesirable components, such as tar, 
alkali, nitrogen, and sulphur components. These com-
ponents complicate the production of such second-gen-
eration fuels. The issue addressed in this project is about 
the conceptual idea of using two-stage reforming or 
Chemical-Looping Reforming (CLR) for gas cleaning and 
whether this can meet expectations. An advantage of 
CLR is the ability to regenerate the catalyst and carry 
unwanted components from one reactor to the second. 
The CLR unit can be a downstream of the gasifier, but it 
is also possible to use the catalyst material mixed in with 
the bed material of the indirect gasifier.  

Project objectives (4e) 
•  To examine the ability of the CLR concept to break 

down tars without catalyst deactivation 

•  To test different bed materials that – in addition to 
the cracking of tars ¬– have the capability to trans-
port unwanted components such as sulphur or car-
bon dioxide from the raw gas to the regeneration 
reactor

Experimental
Experiments were conducted in a small-scale fluidized 
bed reactor. To emulate the circulation of the bed ma-
terial between the regenerator and the reformer of a 
continuous CLR unit, the bed material was alternatingly 
exposed to reducing and oxidizing conditions in a cyclic 
manner. In between these exposures, the reactor was 
flushed with N2. Reducing conditions in the reformer 
were emulated by a synthetic gasification with addition 
of benzene or toluene, and during oxidizing conditions 
the sample was exposed to air. The system was operat-
ed at atmospheric pressure and the temperature was 
varied between 600°C and 850°C. The wet effluent gas 
was transported in heated lines to a Thermo-Scientific 
iS50 FT-IR analyser equipped with a heated gas cell.

Summary of results
The CLR concept, where a second reactor is added after 
the gasifier is not anymore in focus within the node, 
as results from the other projects within the node has 
shown that the same result can be obtained by primary 
measures in the gasifier. This means that the activity in 
this project during the last year has been dedicated to 
give experimental support to the other project within 
CIGB. Metal oxide bed materials for efficient solid fuel 
gasification and gas clean-up in fluidized beds have 
been investigated. In the primary loop of a DFB gasifier 
or a CLC fuel reactor, employing such active bed mate-
rials can be an effective measure to increase the char 
gasification rate. An increase in gasification rate can be 
the result of 1) a decrease in hydrogen inhibition by ef-
ficient removal of hydrogen from the vicinity of the gas-
ifying char particle, or of 2) the transfer of a catalyst via 
the bed material to the char, which in turn catalyzes the 
steam-carbon gasification reaction.

Metal oxide bed materials can also be utilized down-
stream of the primary gasifier loop in a dual-fluidized 
bed CLR process. The main purpose of such a system is 
to condition the raw gasification gas by reforming tars 
and hydrocarbons. More than 45 metal oxide-based ma-
terials were developed and/or investigated for applica-
tion in the CLR process. Two promising groups of metal 
oxide bed materials were identified: 1) Cu-impregnated 
alumina and 2) Fe,Sr-doped lanthanum zirconates. 

All investigated Cu-impregnated bed materials exhibit-
ed only minor reactivity towards benzene. Further, the 
presence of monoaromatics effectively inhibited the 
conversion of ethylene on these materials. However, for 
Cu impregnated on commercial activated alumina PU-
RALOX support, this inhibition was found to be rather 
weak. Fe,Sr-doped lanthanum zirconates achieved high 
degrees of ethylene and benzene conversion via steam 
reforming. With these materials the benzene and eth-
ylene conversion could be further increased by co-feed-
ing O2 with the gasification gas. With 2 mol-% O2 in 
the feed a benzene conversion of 80% and an ethylene 
conversion of about 95% at T=850°C and at a high Gas 
Hourly Space Velocity of 6800 h-1 was achieved.

Project (e): Chemical-Looping Reforming of Tars (4e)
Project leader: Henrik Leion (Chalmers OO), leion@chalmers.se 

PhD student(s): Martin Keller

Other participants: Tobias Mattisson, Pavleta Knutsson

Budget: 825 kSEK per year

Duration: 2013-2017
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Publications
1.  Keller, M., Leion, H. and Mattisson, T. (2016), Use 

of CuO/MgAl2O4 and La0.8Sr0.2FeO3/γ-Al2O3 in 
chemical looping reforming system for tar removal 
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tisson (2016). Cu-impregnated alumina/silica bed ma-
terials for Chemical Looping Reforming of biomass 
gasification gas, Fuel, Volume 180, Pages 448-456

3.  Keller, M.; Leion, H.; Mattisson, T. (2014). Use of CuO/
MgAl2O4 and LSFO/γ-Al2O3 as a Bed Material in a 
Chemical Looping Reforming System for Tar Removal 
from Biomass-derived Gasification Gas, 3rd Interna-
tional Conference on Chemical Looping, Göteborg, 
Sweden, 2014

4.  Keller, M.; Leion, H.; Mattisson, T., Thunman, H. 
(2014). Investigation of natural and synthet-ic bed 
materials for their utilization in Chemical-Looping 
Reforming for tar elimination in biomass-derived gas-
ification gas, Energy & Fuels, 2014, 28 (6), pp 3833–
3840

5.  Keller, M.; Leion, H.; Mattisson, T. (2013). Mecha-
nisms of Solid Fuel Conversion by Chemical- Looping 
Combustion (CLC) using Manganese Ore: Catalytic 
Gasification by Potassium Com-pounds, Energy Tech-
nology 2013, 1, 273 – 282
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Motivation
The raw gas produced in an indirect gasification plant 
contains several undesirable components, such as tar, 
alkali, nitrogen, and sulphur components. These com-
ponents complicate the production of such second-gen-
eration fuels. The issue addressed in this project is about 
the conceptual idea of using two-stage reforming or 
Chemical-Looping Reforming (CLR) for gas cleaning and 
whether this can meet expectations. An advantage of 
CLR is the ability to regenerate the catalyst and carry 
unwanted components from one reactor to the second. 
In parallel, a mechanism and associated kinetics for the 
raw gas evolution focusing on tar decomposition needs 
to be developed to define and design the implementa-
tion strategy for gas upgrading.

Project objectives (4f):
The main objectives are to:

•  examine the ability of the CLR concept to break 
down tars without catalyst deactivation 

•  test different materials that apart from cracking 
of tars have the capability to transport unwanted 
components such as sulphur or carbon dioxide 
from the raw gas to the regeneration reactor 

Project objectives (5f):
The main objectives are to:

•  increase the knowledge about the formation and 
decomposition of longer hydrocarbons. 

•  develop a kinetics model based on both homoge-
neous and heterogeneous reactions

Project (f): 
Chemical-Looping Reforming of Tars (4f)
Tar Decomposition Mechanisms (5f)
Project leader: Nicolas Berguerand (Chalmers ET), nicoberg@chalmers.se 

PhD student(s): Huong Nguyen, Teresa Berdugo Vilches, Jelena Marinkovic

Other participants: Fredrik Lind, Martin Seemann

Budget: 1575 kSEK per year

Duration: 2013-2017

Figure 1. First design of the CLR
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Experimental
Three experimental reactors were built and operated 
within project (f) using slip streams of raw gas from the 
Chalmers gasifier. The first reactor in Fig. 1 served to 
prove the concept of catalytic raw gas cleaning using a 
Dual-Fluid Bed (DFB) configuration allowing reforming 
of the tars in one reactor (FR) and regeneration of the 
catalyst in another (AR). The second reactor, Fig. 2, was 
intended to further improve the concept: the reformer 
was changed from a Bubbling-Bed (BB) to a riser and 
the use of smaller catalyst particles - with comparative-
ly higher catalytic surfaces – was implemented. Finally, 
to separate the effect of oxygen transport on the gas 
upgrading from the actual catalysis and to yield infor-
mation for developing the mechanisms and kinetics as-
sociated, a batch-reactor was constructed and operated 
with alternating gas atmospheres, Fig. 3.

The Chalmers 2 MW indirect gasifier (described Project 
(b)) was also the object of experiments to investigate 
the activity of a bed material as a primary gas upgrading 
measure.

Summary of results
During the end of March 2016, reference experiments 
using B28 sand (Geldart B size) in the CLR tube reac-
tor were performed to assess whether the combination 
of this material and the reactor was inert towards hy-
drocarbon reforming and investigate thermal cracking 
(to include into the de-composition model and kinetics 
developed by Nguyen et al.). Several gas-contact times 
where yielded. Results showed a high propensity to dis-
place the WGS towards the production of H2 and CO2. 
Tar data were analyzed. A test with ilmenite at 850 C 
(Geldart A size) was also performed in the purpose of 
completing the kinetics study with this material. Further 
result is the evaluation of the reaction pathways of con-
densable hydrocarbons in the gasification process car-
ried out by Israelsson, where the closure of the carbon 
balance has been used as input for the evaluation.

Figure 2 and 3. Second design of the CLR and batch reactor.
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Motivation
5g: The fate of inorganic components – i.e., compounds 
comprising several metals, Cl and S – is of interest in 
the gasification process. In combustion these elements 
are known to cause agglomeration and corrosive de-
posits. This could also happen in gasification, but the 
release mechanisms may be different. In addition, the 
tar formation processes, and downstream catalysts may 
be affected. The mechanisms that lead to the release of 
alkali, Cl and S are of special interest, and is coupled to 
the structural changes of the fuel and char. Therefore, 
the behaviours of these elements are studied in small-
scale pyrolysis and steam gasification of biofuels.

6g: To optimize the gasification process, it is necessary to 
be able to measure the composition of the product gas 
online in a reliable manner. Of particular interest are to 
measure particles, tars and alkali compounds. However, 
methods that may work in combustion do not necessar-
ily work in gasification because of the high tar load. To 
be able to monitor essential parameters in the gasifica-
tion process, new or adapted methods that circumvent 
or eliminate the tar condensation problem must be de-
veloped. Such methods are not commercially available 
but are intended to be developed in this project.

Project objectives (5g)
•  to provide input to modelling of the conversion of 

fuel particles in fluidised-bed steam gasification in 
terms of mechanisms that explain the release of al-
kali, Cl and S.

Project objectives (6g)
•  Primarily, to develop online measurement tech-

niques for particles, tars and alkali for application 
in gasification.

•  Secondarily, to develop measurement techniques 
with potential to be standard instruments in gasifi-
cation facilities.

Project (g) 
Conversion of Single Fuel Particles (5g)
Measurements Methods for Alkali, Tars,  
Sulphur and Nitrogen (6g)
Project leader: Dr Kent Davidsson (SP), kent.davidsson@sp.se 

PhD student(s): Placid Tchoffor, Dan Gall, Mohit Pushp

Other people: Prof Jan Pettersson (GU)

Budget: 3600 kSEK per year

Duration: 2013-2017

Experimental
5g: Most experiments of fuel conversion have been 
made in a lab-scale fluidised bed reactor, where a fuel 
sample of some 20 pellets is immersed in the bed. The 
contents of the resulting char and the virgin fuel are 
compared while changing operational parameters. In 
addition to standard fuel analyses, fractional leaching, 
surface measurements, thermogravimetric analysis and 
gas chromatography among others have been applied.

6g: Impactor: A standard low-pressure impactor was de-
veloped for gasification and has served as a comparison 
for other particle measurement devices in full scale the 
project.

Fourier Transform Infra-Red spectroscopy (FTIR): A stan-
dard FTIR instrument was developed for gasification by 
use of an external cell. The instrument has been applied 
in lab studies.

Volatility Tandem Differential Mobility Analyser (VTDMA): 
VTDMA is based on rapid cooling of the product gas from 
the gasifier, resulting in the formation of particles, which 
are thereafter subjected to controlled heating whereby 
the thermal stability of the particles is determined.

Alkali Aerosol Mass Spectrometer (Alkali-AMS) and Sur-
face Ionisation Detector (SID): These instruments work 
by surface ionisation, which means that an atom on a 
surface gets ionised upon leaving it. In this case, the 
surface is chosen to ionise only alkali metals. The Alkali 
AMS is highly sensitive and coupled with an MS which 
makes it a selective instrument for Na and K, whereas 
the SID, also sensitive, detects Na+K and has the poten-
tial of becoming an alkali sensor for industrial purposes.

The sampling system: The instruments are situated 
downstream of the sampling system. It performs ex-
traction of the product gas and then dilutes and cools it 
in a controlled manner, which results in an aerosol with 
particles of condensable tars and inorganics. This makes 
the aerosol accessible by standard instruments for par-
ticle measurements such as SMPS. The system consists 
of a heated probe and diluters. The exact arrangement 
differs depending on pressures of the gasifier and re-
quired dilution.
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Summary of results
5g: Insights in various mechanisms under different con-
ditions have been obtained. This is important for the 
prediction of where different types of problems can 
arise in a gasifier. The results are also applicable in other 
thermal conversion processes. The interaction of alkali 
with other ash-forming elements and with the bed ma-
terial has been investigated, as shown in Figure 1.

The char structure and its importance for the release of 
alkali and other elements have been studied.

6g: The research program has resulted in several new 
methods for on-line measurements of alkali, tar and 
particles in gasifiers. The various methods have been in 
operation during four seasons in the CTH gasifier, and 
during two measurement campaigns at GoBiGas. Vari-
ations of parameters such as bed material, fluidisation 
velocity and various additions of e.g., alkali have been 
made during these measurements. A low-pressure im-
pactor has been adapted for measurements in tar-laden 
gas and successfully employed in field measurements at 
the Chalmers gasifier. A new volatility tandem differen-
tial mobility analyser (VTDMA) method has been devel-
oped for the characterization of condensable tar and 
alkali compounds and successfully used at the Chalm-
ers gasifier and at GoBiGas. A simplified version of the 
VTDMA has been evaluated and has the potential to 
become a robust instrument for long-term measure-
ments of heavy tars. A surface ionization detector (SID) 
shown in Figure 2 has been evaluated in the laborato-
ry and successfully employed at the Chalmers gasifier 
and at GoBiGas. The SID has been shown to provide 
quantitative on-line measurements of alkali concentra-
tions and typical alkali concentrations during start-up 
and operation of GoBiGas have been determined. An 

Figure 1. Distributions of potassium, chlorine, and sulphur in fuel that enters the gasification chamber in dual fluidized bed gas-
ification.
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Alkali Aerosol Mass spectrometer for on-line K and Na 
measurements has for the first time been employed in 
gasification research. Most recently a new version of SID 
has been developed for on-line detection of Na and K 
and new methodology has been evaluated to determine 
the types of alkali salt in product gas from gasifiers.

 

Figure 2. The SID detector for online measurements of alkali 
compounds (height 0.1 m). This low-cost instrument has been 
shown to provide quantitative alkali concentration measure-
ments and has recently been developed to distinguish be-
tween K and Na in on-line measurements.
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Motivation
The chemical reactions in pressurized gasification are 
to a great extent governed by thermochemistry, i.e., 
chemical phase equilibria and thermal properties like 
melting points, viscosity, and surface tension. Particu-
larly ash-related issues and reactions between reactor 
walls and ash are critical. Chemical phases formed are 
not yet well described and new information is needed, 
both on an experimental and a theoretical level. A con-
sistent thermodynamic database combined with process 
tools based on sound scientific principles would make it 
possible to avoid costly experiments in large prototype 
gasifiers regarding development, operation, and process 
integration in full scale.

Project objectives
The work focuses on the development of thermochem-
ical and thermo-mechanical databases and sub-mod-
els, which can be subsequently used in various process 
models, both for pilot scale equipment and full-scale 
plants. Experiments are performed on viscosity, melt-
ing and transformation ash temperatures, and phase 
identification in ashes. Data for both equilibrium and 
non-equilibrium states are gathered and sub-models for 
property calculations are being developed. The work is 
closely related to UP4 and AP4.

Experimental
The work is to a great extent theoretical and uses soft-
ware for assessments and evaluations of thermodynam-
ic data, such as FactSage™ and HSC Chemistry®. A 
high temperature viscometer was installed in September 
2016, so far only tests with standard glass have been 
performed. Sharp ex-periments within the K2O-CaO-
SiO2 system are planned for the spring 2017. Comple-
menting exper-iments have been done with SEM/EDS, 
XRD, HTM and TGA, available at TEC-Lab.

Summary of results
The work to develop a consistent thermodynamic data-
base for the system C-H-O-S-Cl-Ca-K-Na-Mg-Al-Fe-(N) is 
completed including all relevant solution phases (liquid 

slag and salt). It is being tested in several applications: (i) 
fine particle and slag formation in biomass combustion 
[see ref 1], (ii) Alkali interaction in gas cleaning in gasifi-
cation (CCGB-4, KTH), (iii) updraft gasification of wood 
(LTU based on result from [2]), (iv) mechanism of quartz 
bed particle layer formation (LTU) [6], (v) alkali effect on 
tar formation (VTT), based on results from [3]), (vi) ce-
ment- and limestone processes [4], and (vii) prediction 
of bed agglomeration tendency  in dual FB gasification 
(Univ. Borås) [7]. The model is further developed to in-
clude phosphates and some trace metals [5].

An example of the use of the thermodynamic model is 
shown in Figure 1 where the composition of the melt at 
1000oC has been calculated as a function of CO2 pres-
sure-melting diagram (phase diagram) K2CO3-CaCO3 is 
calculated and indicates that a consisting of potassium 
in the system SiO2-K2O-CaO-CO2. At 20 bar, half of Ca 
and K are in the form of molten carbonate in solution 
with molten K2O, CaO, and SiO2 (not shown). The rhe-
ology of such a melt is unknown.

Cooperation has been established with Forschungsz-
entrum Jülich GmbH, Institut für Energie- und Klima-
forschung (IEK-2) regarding thermodynamic data and 
viscosity modelling. New data evaluations using an as-
sociate solution model, developed at the institute, are 
tested and possibilities for further development of the 
model are evaluated. A novel slag viscosity model, also 
developed at IEK-2 will be tested in this cooperation.

A deposition model for biomass ash on a vertical wall 
based on chemistry and viscosity is developed. The first 
version of the model is ready, and it will be further de-
veloped to also consider temperature and composition 
gradients in the deposit. Transport equations of parti-
cles to the deposit surface are implemented on data 
produced in the B4G project “Development of experi-
mental methods for characterization of fuel conversion 
processes (UP2)). A schematic of the model is shown in 
Figure 2 showing the sub-phenomena to consider in a 
steady-state model. It is the intention to develop a ge-
neric model for “slag design”, i.e., a predicting tool that 
relates deposit properties to biomass gasifier fuel/addi-
tive mixture, operation conditions and design.

Thermochemistry (UP1)                               
Project leader Rainer Backman (UmU): rainer.backman@umu.se 

PhD student(s): Markus Carlborg, Jonathan Fagerström (UmU); Charlie Ma (LTU)

Other participants: Christoffer Boman, Dan Boström, Marcus Broström (UmU), Marcus Öhman (LTU), 

Budget: 1800 kSEK per year

Duration: 2015-2017
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1.  Kramb, J., Konttinen, J., Backman, R., Salo, K., Rob-

erts, M. (2016). Elimination of arsenic containing 
emissions from gasification of chromated copper ar-
senate wood. Fuel, 181, 319-324.

2.  He, H., Ji, X., Boström, D., Backman. R., Öhman, M. 
(2016). Mechanism of Quartz Bed Particle Layer For-
mation in Fluidized Bed Combustion of Wood-De-
rived Fuels” Energy & Fuels 30, 2227-2232.

3.  Farzad, M., Tchoffor, P., Danielsson, K., Pettersson, A., 
Backman. R. (2016). Thermodynamic equilibrium pre-
diction of bed-agglomeration tendency in dual-bed 
gasification of forest residues” Fuel Processing Tech-
nology 154, 82-90.

4.  Tuomi, S., Kurkela, E., Simell, P., Reinikainen, M. 
(2015). Behaviour of gas on the filter of high-tem-
perature filtration of biomass-based gasification gas” 
Fuel 139, 220-231.

5.  Fagerström, J. (2015). Fine particle emissions and slag 
formation in fixed bed biomass combustion – aspects 
of fuel engineering”, PhD dissertation, Umeå Univer-
sity

6.  Eriksson, M. (2015). Sustainability measures in quick-
lime and cement clinker production. PhD dissertation 
Umeå University

7.  Olwa, J., Öhman, M., Pettersson, E., Boström, D., 
Okure, M., Kjellström, B. (2013). Potassium Retention 
in Updraft Gasification of Wood” Energy & Fuels 27, 
6718−6724.

 

Figure UP1-1. Calculated phase diagram K2CO3-CaCO3-CO2.

Figure UP1-2. Schematic description of horizontal deposit ash 
mechanisms
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Motivation
Results from experimental work of high quality are 
important for both development and validation of ge-
neric modelling work, but also for answering specific 
questions related to applied research and problem-solv-
ing research. Collecting development of experimental 
methods in a separate work package, separated from 
the research projects, was made to strengthen com-
munication and coordination of experimental activities 
within the B4G node. 

Project objectives
The main project objectives include: i) development of 
several new facilities for diagnostics and for character-
ization of fuel conversion processes, enabling experi-
mental results useful for studies in the other work pack-
ages, and ii) coordinating and communicating ongoing 
experimental development.

Summary of results
This work package contains many different develop-
ment tasks in connection to ongoing research in other 
projects (UP, AP, POP). The achievements are summa-
rized in the list below:

•  Laser pyrolysis equipment was developed, and ex-
periments were carried out. (LTU, ETC)

•  Co-funding for development of experimental 
equipment has been granted from Kempe foun-
dation, Solander Science Park, LTU laboratory fund 
and UmU faculty equipment fund. (LTU, UmU)

•  A laser Raman holography methodology was de-
veloped for 2D or 3D measurement of major gas 
components. (LTU)

•  A small laminar entrained flow reactor, a flat flame 
reactor and an isothermal macro-TGA reactor were 
commissioned. (LTU)

•  A 4 kW entrained flow reactor with in-situ high 
speed shape-PIV has been designed, constructed 
and put in use. 

•  A drop tube reactor at ETC was commissioned and 
used.

•  The TG lab (UmU) was equipped with MS, FTIR and 
an advanced steam generator, used in projects to 
enable detailed investigations of fuel and material 
reactions.

•  3CCD pyrometer (LTU) was developed and used for 
measurement of solid surface temperature

•  A wire mesh reactor was designed and constructed 
for the development of pyrolysis model with the fo-
cus on heavy volatiles such as tar (LTU)

•  An advanced flame dynamics reactor was designed 
and constructed (LTU)

•  Methods for characterization of powder properties 
for improved feeding of thermal reactors were de-
veloped (UmU)

•  Robust Laser spectroscopy for water, temperature, 
and potassium (UmU)

Development of experimental methods for  
characterization of fuel conversion processes (UP2)
Project leader: Markus Broström (UmU): markus.brostrom@umu.se 

PhD student(s): Anna Persson, Per Holmgren (UmU); Charlie Ma, Burak Göktepe, Albert Bach-Oller (LTU)

Other participants: Rainer Backman, Florian Schmidt (UmU); Per Gren, Mikael Sjödahl, Kentaro Umeki, Eynas Amer, 
Marcus Öhman, Rikard Gebart (LTU), Henrik Wiinikka, Magnus Marklund, Roger Molinder (SP ETC)

Budget: 2600 kSEK per year

Duration: 2013-2016

Fig UP2. Fuel particle dispersion using a synthetic jet [15,16].
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In the final stage of the program when almost all ma-
jor experimental developments planned was finalized 
and commissioned, the UP2 activities were focused on 
fine-tuning and adaption of equip-ment, development 
of a new fuel particle dispersion method, and continu-
ing ongoing development of diagnostic tools. Main 
achievements:

-  Development of Simulation Raman Scattering (SRS) 
for holography of gas emitting from de-volatilizing 
fuel particles has continued. It was established that 
the Raman response de-pends only on the transi-
tion area for the prevailing spontaneous Raman 
shift, without reso-nance background. It was also 
established that the constant is linear to molecular 
concen-trations and light intensity. Spatial quan-
tification of ethylene and methane mixtures was 
demonstrated. [22,23] (LTU)

-  High temperature viscometer commissioned (UmU)

-  Modifications of the UmU-entrained flow reactor 
to allow optical monitoring of fuel/ash par-ticle-wall 
interactions. Commissioned and initial tests per-
formed. (UmU)

-  Experimental methods for acoustic fuel particle dis-
persion aiming at soot reduction was de-veloped 
and validated and presented in two publications. In 
the first one, a cold flow model described a syn-
thetic jet actuator to disperse pulverized biomass 
particles by vortex rings. Two-phase particle image 
velocimetry was used to measure particle and gas 
flows. It was found that particles converted radially 
by rotational motions of the vortex rings. The flame 
was affected by particle size, loading ratio, forcing 
frequency and amplitude [15].

       In the second paper, the synthetic jet actuator was 
used to disperse pulverized biomass par-ticles to 
reduce soot formation. Particle dispersion was im-
proved, and aggregates broke up in both hot and 
cold gas flows. Soot yield was significantly reduced 
with the application of a synthetic jet actuator [16]. 
(LTU)

-  For the diagnostics, an article on wide dynamic 
range atomic potassium detection in combustion 
and gasification processes with tunable diode la-
ser absorption spectroscopy (TDLAS) was published 
[17]. The results of a joint campaign between ETC 
and Umeå University on TDLAS measurements in 
an atmospheric, pilot-scale entrained-flow biomass 
gasifier was published and presented (36th Inter-
national Symposium on Combustion, Seoul, Korea) 
[18]. During 2016, another campaign at ETC con-
cerning TDLAS sensor validation in entrained-flow 
biomass combustion was conducted (manuscript). 

A paper comparing optical techniques for en-
trained-flow gasifier diagnostics was published [19]. 
A conference paper about detection of atomic po-
tassium detection in an entrained-flow reactor was 
written and presented [20]. Furthermore, detection 
of OH in a laboratory flat flame with optical fre-
quency comb spectroscopy was demonstrated [21]. 
(UmU, ETC)

Publications
1.  Sepman, A., Y. Ögren, Z. Qu, H. Wiinikka, and F.M. 

Schmidt. (2017). Real-time in situ multi-parameter TD-
LAS sensing in the reactor core of an entrained-flow 
biomass gasifier. Proceedings of the Combustion In-
stitute 36(3): p. 4541-4548.

2.  Saber, A.H., Göktepe, B., Umeki, K., Lundström, S., 
Gebart, R. (2016). Active fuel particles dispersion by 
synthetic jet in an entrained flow gasifier of biomass: 
Cold flow. Powder Tech-nology 302: p. 275-282.

3.  Göktepe, B., Umeki, K., Saber, A.H., Lundström, S., 
Gebart, R. (2016). Soot reduction in an entrained 
flow gasifier of biomass by active dispersion of fuel 
particles. Fuel. in press.

4.  Qu, Z., E. Steinvall, R. Ghorbani, and F.M. Schmidt 
(2016). Tunable diode laser atomic absorption spec-
troscopy for detection of potassium under optically 
thick conditions. Analytical Chemistry 88(7): p. 3754-
3760.

5.  Qu, Z., P. Holmgren, N. Skoglund, D.R. Wagner, M. 
Broström, F.M. Schmidt. (2016). TDLAS-based in situ 
detection of atomic potassium during combustion of 
biomass in an entrained-flow reactor. in Impacts of 
Fuel Quality on Power Production, Praque, Czech Re-
public.

6.  Rutkowski, L., A.C. Johansson, D. Valiev, A. Khoda-
bakhsh, A. Tkacz, F.M. Schmidt, and A. Foltynowicz. 
(2016). Detection of OH in an atmospheric flame at 
1.5 um using optical frequency comb spectroscopy. 
Photonics Letters of Poland 8(4): p. 110-112.

7.  Amer,E., Gren, P., Edenharder, S., Sjödahl, M. (2016). 
Stimulated Raman scattering detection for chemical-
ly specific time-resolved imaging of gases," Opt. Ex-
press 24, 9984-9993 

8.  Falk J, Berry RJ, Broström M, Larsson SH. (2015). 
Mass flow and variability in screw feeding of biomass 
powders — Relations to particle and bulk properties. 
Powder Technology 276(0):80-8.

9.  Molinder R, Wiinikka H. Feeding small biomass 
particles at low rates. (2015). Powder Tech-nology 
269(0):240-6.
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10.  Werner, K., Pommer, L., Broström, M. (2014). Ther-
mal decomposition of hemicelluloses. Journal of An-
alytical and Applied Pyrolysis, 110, 130-137, 2014.

11.  Bach Oller, A., Furusjö, E., Umeki, K. (2014) Fuel 
conversion characteristics of black liquor and pyroly-
sis oil mixture for efficient gasification with inherent 
catalyst, 22nd European Bi-omass Conference and 
Exhibition, Hamburg, Germany.

12.  Göktepe, B., Umeki, K., Gebart, R. (2014) Soot 
formation from biomass in an idealized en-trained 
flow gasifier atmosphere, 4th International Sympo-
sium on Gasification and its Appli-cations, Vienna, 
Austria.

13.  Holmgren, P., Umeki, K., Strandberg, A., Wag-
ner, D.R., Molinder, R., Wiinikka, H., Broström, M. 
(2014) Size, shape and density changes of biomass 
particles during devolatilization in a drop tube fur-
nace, Impacts of Fuel Quality on Power Production, 
Snowbird, Utah, USA.

14.  Wagner, D.R., Broström, M. (2014). The effect of 
particle size, temperature, and residence time on 
biomass devolatilization behavior in a wire-mesh re-
actor, Impacts of Fuel Quality on Power Production, 
Snowbird, Utah, USA.

15.  Wagner, D.R., Holmgren, P., Strandberg, A., Wiinik-
ka, H., Molinder, R., Broström, M. (2014). Fate of 
Inorganic Species during Biomass Devolatilization 
in a Drop Tube Furnace, Impacts of Fuel Quality on 
Power Production, Snowbird, Utah, USA.

16.  Zhechao, Q., Fagerström, J., Steinvall, E., Broström, 
M., Boman, C., Schmidt, F. (2014). Real-time In-Situ 
Detection of Potassium Release during Combustion 
of Pelletized Biomass using Tunable Diode Laser Ab-
sorption Spectroscopy, Impacts of Fuel Quality on 
Power Production, Snowbird, Utah, USA.

17.  Carlsson, P., Lycksam, H., Green, P., Gebart, R., Wi-
inikka, H., and Iisa, K (2013) High-speed imaging 
of biomass particles heated with a laser, Journal of 
Analytical and Applied Pyrolysis, 103, pp. 278-286.

18.  Amer, E., Stenvall, J., Gren, P., Sjödahl, M. (2013)  
Stimulated LIF studied using pulsed digital hologra-
phy and modeling, Optical Measurement Systems 
for Industrial Inspection VIII. 

19.  Amer, E., Gren, P., Sjödahl, M. (2013) Stimulated 
laser induced fluorescence holography for imaging 
fluorescent species, Optics Communications 311, 
pp 124-128

20.  Amer, E., Gren, P., Sjödahl, M. (2013) UV laser in-
teraction with a fluorescent dye solution studied us-
ing pulsed digital holography ,Optics Express 21, pp 
25316-25323
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ders. 22nd European Biomass Conference and Exhi-
bition 2013; Copenhagen.
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Motivation
Numerical simulation of biomass gasification is a pow-
erful tool for up-scaling and optimization of the design 
and operation. It is essential for successful simulation to 
have precise and computationally inexpensive fuel con-
version sub-models. Such fuel conversion sub-models 
can be developed by continuous refining through dedi-
cated lab-scale experiments, development of sub-mod-
els, implementation to gasifier models and validation 
with pilot-scale experiments.

Project objectives
The goal is to develop theoretical or semi-empirical 
sub-models for fuel conversion related phenomena and 
to implement them in gasifier simulation code. The fo-
cus is set on four specific tasks.

•  General models for devolatilization of a wide range 
of biomass species. The special focuses are (1) ef-
fect of alkali catalysts, (2) interactions among cellu-
lose, hemicellulose, lignin, and extractives, and (3) 
the yields of condensable

•  Empirical models for transformation of particle 
morphology during devolatilization and its effect 
on particulate flow.

•  Simplified model for the overall fuel conversion of 
biomass particles including transport phenomena. 
To be able to be implemented in reactor or plant 
scale simulations (i.e., CFD and process integra-
tions), the model should not contain any differen-
tial equations.

•  Homogeneous reactions related to tar/soot forma-
tion. Instead of existing empirical models, the sim-
plified reaction scheme will be developed based on 
the detailed reaction models.

Developed sub-models will be implemented to gas-
ifier simulation, and prediction will be compared to 
pilot-scale experimental data. In the devolatilization 
models and particle-scale fuel conversion models, joint 
efforts are made with CDBG node.

Fuel conversion sub-models for entrained 
flow gasifiers of biomass (UP3)
Project leader: Kentaro Umeki (LTU): kentaro.umeki@ltu.se 

PhD student(s): Charlie Ma, Amit Biswas (LTU), Anna Strandberg, Per Holmgren (UmU)

Other participants: Mikael Risberg, Rikard Gebart, Marcus Öhman (LTU); Rainer Backman, Markus Broström (UmU); 
Marcus Gullberg, Henrik Wiinikka, Magnus Marklund (SP ETC)

Budget: 1200 kSEK per year

Duration: 2013-2017

Experimental
Experiments have been carried out in thermogravimetric 
analyzers (TGA), a laminar entrained flow reactor (or a 
drop tube furnace), a wire-mesh reactor, a flat flame 
reactor and an isothermal macro-TGA reactor. Time re-
solved data for the residual mass of fuels are used to 
validate the kinetics of fuel conversion including the 
effect of heat and mass transfer. Product yields, mea-
sured by µGC and GC-FID/GC-MS, are used to validate 
the models that describe the volatile yields. Finally, the 
shape information of fuel particles measured by SEM 
and dynamic image analyzer (Camsizer XT, Retsch Inc.) 
and particle velocity measured by high-speed imaging 
and particle tracking velocimetry (PTV) are statistically 
analyzed to create the empirical models for fuel mor-
phology and its effect on particulate flow.

Summary of results
•  Models for char gasification kinetics have been de-

veloped including the descriptions of catalytic ac-
tivity of ash in various types of samples (untreated 
biomass, alkali impregnated biomass and lignin, 
black liquor, black liquor/pyrolysis oil mixture, and 
black liquor/glycerol mixture). The developed mod-
els have been integrated into the models for both 
internal and external mass diffusion based on the 
effectiveness factors.

•  The effects of devolatilization conditions and ash 
formation on char gasification reactivities were 
also investigated. Reactivity dependence on orig-
inal particle size was found only for small wood 
particles that had higher intrinsic char gasification 
rates. Observations on the ash formation highlight 
that the reactivity was influenced by ash forming 
elements not only at the active char sites, but also 
through prohibition of the contact between char 
and gasification agent by ash layer formation de-
pending on ash composition (Fig. UP3).

•  Detailed particle simulations were conducted for 
devolatilization to investigate appropriate mod-



210

Appendix 2. Summaries of research projects, SFC phase 3, 2017-2021

elling strategies for each physical and chemical 
parameter, showing wood logs (low density and 
anisotropic) and wood pellets (high density and 
isotropic) require different sub-models for effective 
thermal conductivity and heat of reactions. Then, 
a constitutive equation, i.e., analytical solution of 
the shrinking core model, was developed for heat 
conduction system. Both detailed and simplified 
particle models were validated with the experimen-
tal data in an isothermal macro thermogravimeter.

•  A statistical thermogravimetric method to charac-
terize char properties was developed and demon-
strated. After calibration, it can be used to quantify 
char conversion degree in gasification residues.

•  Comprehensive experiments were carried out in 
laminar DTF to generate database of tar and soot 
yields from various biomass type with various reac-
tion temperature, atmosphere, and residence time. 

•  Fuel particle properties during rapid devolatilization 
were presented in two papers. In the first one, a 
particle conversion model based on optical particle 
properties was presented. Shape and density trans-
formations of devolatilizing biomass particles were 
quantified. Shape descriptors for biomass particles 
were assessed with important differences found. 
The method and model are suitable for implement-
ing in in-situ applications.

•  Developed simplified particle models including the 
effect of chemical reactions and transport phenom-
ena have been implemented into various simula-
tion models at larger scales, such as CFD models 
and equivalent reactor network of entrained flow 
gasifiers, and process integration models of a bub-
bling fluidized bed gasifier via a semi-kinetic gas-
ifier model. The results have demonstrated that 
it is possible to include the effect of particle-scale 
phenomena into such simulations with high com-
putational loads, and the prediction performance 
improves significantly.

Fig. UP3: Char conversion and conversion rates for chars of pine wood and wheat straw prepared at 1100 °C 
(a, c), and 900 °C (b, d) during isothermal gasification measured at 800 °C.
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los, P., Umeki, K., Furusjö, E. (2017) Ki-netic study of 
catalytic gasification of wood char impregnated with 
different alkali salts, En-ergy 118, 1055-1065.
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118-129.

8.  Biswas, A.K., Umeki, K. (2015). Simplification of 
devolatilization models for thermally-thick wood par-
ticles: differences between wood logs and pellets, 
Chemical Engineering Journal, 274, 181-191.

9.  Bach-Oller, A., Furusjö, E., Umeki, K. (2015). Fuel con-
version characteristics of black liquor and pyrolysis oil 
mixtures: efficient gasification with inherent catalyst, 
Biomass and Bioenergy, 79, 155-165.

10.  Tanaka, Y., Mesfun, S., Umeki, K., Toffolo, A., Tam-
aura, Y., Yoshikawa, K. (2015). Thermodynamic 
performance of a hybrid power generation system 
using biomass gasification and concentrated solar 
thermal processes, Applied Energy, 160, 664-672.
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Motivation
Because of the very reactive ash produced in biomass 
gasification, material problems have been identified as 
one of the most critical ones to solve. The high tem-
peratures in entrained flow reactors and pressures up to 
30 bar introduce new challenges for material choices. 
Experience gained from coal gasification is of only limit-
ed value, due to fundamental differences in ash chem-
istry between coal and biomass. Experimental work is 
needed to identify feasible refractory wall materials that 
fulfil the demands of both high durability and affordable 
costs.

Project objectives
The work is both theoretical and experimental using 
thermodynamic high temperature melting models, and 
high temperature exposure of several combinations 
of ceramic material and ash composition. Addition of 
different kinds of fluxing agents has been made. Long-
term exposure experiments are made with synthetic 
mixtures representing realistic biomass compositions. 
Several types of high temperature refractory lining mate-
rials are tested, both standard fireproof bricks and more 
advanced materials, like chromite. A thorough chemical 
characterization of the chemical attack as a function of 
depth is made. The potential for damage is estimated 
based on advanced materials thermodynamics. Risk de-
scription and guidelines are presented. 

Experimental
Exposure experiments have been done in a furnace with 
flowing gas atmosphere. Chemical and structural analy-
ses of the samples were done with SEM/EDS, XRD, HTM 
and TGA, available at TEC-Lab.  8 different refractory 
materials have been exposed for up to 27 hours in the 
VAFF reactor at SP-ETC, Piteå and analyzed at UmU to 
identify suitable lining materials. Ash penetration depth, 
dissolution of refractory elements and formation of re-
action products are in focus. Different types of spinels 
(MgAl2O4) materials from the hot face and backup lin-
ing in the black liquor gasifier has been extracted and 
analyzed after 1 400-14 000 hours of operation. Theo-
retical volume increase of this kind of bricks as they react 
with Na from the black liquor has been calculated. The 
analysis work and report of these works, as well as an 

Material-ash interaction (UP4)                    
Project leader: Rainer Backman (UmU): rainer.backman@umu.se 

PhD student(s): Markus Carlborg, Henrik Hagman (UmU) 

Other participants: Dan Boström, Marcus Broström (UmU)

Budget: 810 kSEK per year

Duration: 2015-2017

article on chemical attack on mullite based refractories 
will be finished spring 2017.

Summary of results
Results from experiments done earlier in the project 
where two mullite based refractory materials, Vibron 
160H and Victor 85BP, were exposed to potassium, cal-
cium carbonate and silicate at 1000oC, have been fur-
ther examined layer for layer by SEM/EDS and XRD to 
determine the penetration depth of alkali and changes 
in physical structure. SEM/EDS analysis shows that the 
alkali attack is different for the two materials and for 
different particles in the matrix (Figure UP4-1), where 
Vibron is to the left and Victor to the right. 

Publications
None

 

Figure UP4- 1:  1st row is unexposed material. 2nd row is pure 
K2CO3; transition between pristine and affected matrix visible 
in Vibron and attacked grains with two layers in Victor. 3rd 
row from exposure with K2CO3–CaCO3–SiO2 Vibrons matrix 
is not as infiltrated as in Victor.
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Motivation
Torrefaction has been identified as a promising thermal 
pre-treatment method to potentially facilitate large-scale 
cost-efficient pressurized entrained flow biomass gasifi-
cation (PEBG), but very few experimental studies have 
been performed. Several critical material properties are 
significantly improved to the benefit of storage, transport, 
and handling as well as for subsequent conversion. By 
comparing different pre-treatment methods and supply 
systems for biomass feeding of large-scale PEBG plants, it 
has been concluded that a feedstock based on torrefied 
materials is the preferable route for introducing biomass 
to pressurized entrained flow gasification systems already 
developed and available for coal. 

The changes imposed on the biomass during torrefac-
tion may however also result in reduced performance 
in the PEBG process as volatile matter is decreased and 
reactivity changed. The process chemistry and behavior 
of the fuel particles are significantly influenced by the 
volatile content, particle size distribution and morphol-
ogy, where the reduced volatile content could decrease 
reactivity, but the smaller particle sizes instead increase 
the conversion rate during gasification. It should how-
ever be stated that the higher reactivity of biomass may 
in fact allow fewer requirements on size reduction than 
what is experienced with coal and facilitate sufficiently 
high gasification efficiency at a somewhat lower tem-
perature. 

Torrefied wood chips have indicated superior milling 
and feeding properties compared to un-treated wood 
chips and may easily be ground to very fine particle siz-
es below 250μm depending on the torrefaction sever-
ity. These fine particle sizes may well compensate for 
the somewhat lower reactivity compared to untreated 
white wood powder.

Project objectives
The special characteristics of torrefied biomass materials 
are promising for development of several different feed-
ing systems (dense, liquid, slurry and paste phase feed-
ing) to be evaluated within the project. Dedicated mix-
tures and large batches of torrefied materials will also be 
produced and gasified in both short- and long-term test 

campaigns to evaluate the new fuels, gain experience 
and collect slag samples for validation of models devel-
oped, as well as to study reactivity and process behav-
ior in general (gas composition, products of incomplete 
gasification etc.). There is also a significant interest in 
validating the extensive experience from coal with ex-
tensive experimental tests runs utilizing different bio-
mass materials, as well as for evaluation of the potential 
of controlling (decreasing) the operating temperature 
while retaining the high conversion efficiency. The lat-
ter also incorporates identifying the slowest reactions in 
real-scale processes and comparing these findings with 
the fundamental modelling and experimental findings 
developed in the underpinning part of the project.

In summary, the project aims to evaluate and develop 
torrefied materials for facilitating feeding and process 
operation of pressurized gasifiers preserving or improv-
ing the reactivity in the flame, and to elucidate the influ-
ence of mixing different biomass raw material with vary-
ing characteristics pre-treatment conditions and particle 
size in entrained flow gasifiers.

Experimental
The end-use performance of torrefied biomass in a pres-
surized entrained flow gasifier have been evaluated and 
compared to corresponding reference fuel performanc-
es. During the last four years, totally five different ex-
perimental EFG campaigns were carried out within the 
evaluation program (Table AP1). The MEVA small-scale 
CHP technology based on entrained flow cyclone gasifi-
cation was included by both pilot- (0.5 MW) and com-
mercial-scale (1.2 MWel + 2.4 MWheat) campaigns. A 
pressurized (2 bar) oxygen blown EFG campaigns with 
extensive process characterization work were carried 
out in the 1 MW pressurized entrained flow biomass 
gasifier (PEBG) at SP Energy Technology Centre (SP-ETC) 
and reported by Weiland et al 2014. Finally in the paral-
lel on-going project, full-scale evaluation campaigns of 
co-gasification of torrefied biomass with coal were car-
ried out by Vattenfall/Nuon in their 240 MW coal fired 
EFG in Buggenum, the Netherlands and compiled with 
our own findings. A brief compilation of the gasifiers, 
settings and the different fuels are given in Table 1 be-
low and for all other details, consult references 1-5.

Evaluation of torrefied materials in  
entrained flow gasifiers (AP1)
Project leader: Anders Nordin (UmU): anders.nordin@umu.se 

PhD student(s): Martin Nordwaeger (UmU)

Other participants: Linda Pommer, Katarina Åberg (UmU); Ingemar Olofsson (BioEndev); Henrik Wiinikka, Fredrik 
Weiland (SP ETC); Mikael Risberg (LTU)

Budget: 2717 kSEK in total

Duration: 2013-2015
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Summary of results
•  A feasibility study of entrained flow gasification 

(EFG) of torrefied materials showed no additional 
challenges with respect to the raw material. EFG of 
torrefied materials worked well with respect to fuel 
handling, milling, feeding, as well as concerning 
burner and process behavior. The total gasification 
plant efficiency was benefitted from the lower mill-
ing energy consumption for torrefied fuels. A rec-
ommendation for further gasification studies is to 
use constant ROC (relative oxygen content) instead 
of the usual oxygen equivalence ratio (λ) that were 
demonstrated to be unsuitable for comparing fuels 
with different degrees of torrefaction.

•  Syngas composition and quality remained approxi-
mately the same as for the reference fuel, and close 
to chemical equilibrium values. The carbon conver-
sion efficiency from gasification was enhanced by 
an intermediate torrefaction pretreatment, whereas 
both less severe torrefaction and more severe torre-
faction resulted in reduced carbon conversions. The 
CH4 yield was significantly reduced for the most 
severely torrefied fuel.

•  A centralized large scale entrained flow gasification 
plant will be benefitted by fuel transports from de-
centralized torrefaction plants because the biomass 
supply area should increase since long distance 
transports are favorable and thus biomass cost de-
crease. Other benefits from pretreatment by torre-
faction for a commercial entrained flow gasifier is 
the improved powder properties, increased heating 
value, and enhanced syngas.

•  All campaigns performed are compiled by Salik et al 
[3] with the following conclusions:

     o  No major challenges were encountered during 
transport, handling, unloading, milling, and 

Appendix 2. Summaries of research projects, SFC phase 3, 2017-2021

Facility 0.5 MW  
Cyclone EFG 

3.6 MW  
Cyclone EFG 

1 MW  
PEFG 

1 MW  
PEFG 

240 MWe PEFG 

Load 100% 100% ~27% 60-80% 52% 
Pressure Atm. Atm. 2 bar 7 bar 27 bar 
Objective Feasibility, 

comparing fuels 
Feasibility, 
comparing fuels 

Feasibility, 
comparing fuels 

Feasibility, PIC 
generation 

Co-gasification 
70% (e/e) 
torrefied mtrl 

Feedstocks Ref. wood, 
bark, peat,  
rice husk,  
torrefied wood 

Ref. wood, 
torrefied wood 
residues 

3 torrefied 
fuels, ref wood 

Spruce wood, 
torrefied spruce 
wood 

Coal 
torrefied wood 
residues 

Compaction Briquettes Pellets Wood chips 
and pellets 

Pellets Pellets 

Variables Fuel types ROC, process 
temperature 

Temp, constant 
λ 

Varying load 
and ROC 

Feasibility, 
load fraction 

Temperature  ~800°C 900-950°C 1190-1270°C 1100-1250°C 1425°C 
λ or ROC  λ=0.2  ROC=0.3/0.4  λ=0.44 ROC=0.3/0.4 λ=0.3 

 

feeding of the torrefied biomass. Since powders 
from milled torrefied biomass are finer and show 
higher energy densities and are easier to grind, 
they are more suited for feeding to EF gasifiers. 
Small-scale tests showed improved plant effi-
ciency due to the lower milling energy for torre-
fied fuels. Tar production was decreased during 
gasification of torrefied biomass. Generation of 
products of incomplete gasification (PAHs) was 
significantly reduced with the use of torrefied 
wood. Large-scale tests indicated syngas com-
position of biomass fuels according to equilibri-
um calculations, an increase in CO2 content and 
a potential decrease in CH4 levels. Gasification 
performance and efficiencies were reported to 
be either improved or in the same range for tor-
refied materials compared to reference fuels. 

     o  An overall conclusion is that, despite the room 
for further optimization, torrefaction enhances 
the use of biomass in entrained flow gasifiers.

Publications
1.  Salik, K., Weiland, F., Pettersson, E., Wiinikka, H., 

Wingren, A., Strandberg, M., Pommer, L., Padban, 
N., Hinderson, A., Khodayari, R., Carbo, M., Nordin, 
A. (2016). Entrained Flow Gasification of Torrefied 
Lignocellulosic Biomass. EUROPEAN BIOMASS CON-
FERENCE AND EXHIBITION.

2.  Risberg, M., Öhrman, O. G. W., Gebart, B. R., Nilsson, 
P. T., Gudmundsson, A., Sanati, M. (2014). Influence 
from fuel type on the performance of an air-blown 
cyclone gasifier. Fuel, 116, 751–759.

3.  Weiland F., Nordwaeger, M., Olofsson, I., Wiinikka, H. 
and Nordin, A. (2014) Entrained flow gasification of 
torrefied wood residues. Fuel Processing Technology, 
125, pp.51-58.

Table AP1: Summary of experimental campaign conditions
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Motivation
Fast response of a gasifier process control system is an 
important factor, since dangerous operation conditions 
may occur suddenly. A measurement system that moni-
tors the gasification process should therefore be fast, so 
that the operator can get instantaneous data and make 
appropriate changes to the process. Furthermore, the 
measurement system should give information, so it is 
possible to optimize the performance of the gasifier. The 
measurement system should operate 24×7 (24 hours a 
day, 7 days a week) with minimal attention by operators 
without technical background. The system should also 
be relatively cheap. 

Project objectives
The aim of this project is to develop inexpensive and 
reliable non-intrusive sensor-based systems (e.g., small 
cameras, diode-laser) for in situ monitoring of practical 
gasification process. These sensor-systems should finally 
be used to control the process, and to improve the ef-
ficiency of the gasifier and provide information for safe 
operation of the gasifier. 

To do that one first needs to get information of how dif-
ferent sensor signals are coupled to different important 
gasification parameters such as temperatures, gas com-
position, and particle concentration. To get this infor-
mation, sensor-based measurements of different types 
of flames (laboratory, pilot and industrial), together with 
traditional characterization will be performed. Further-
more, industrial gasification process needs to be charac-
terized (temperature, gas composition (main and trace), 
particulate matter and energy efficiency) to know the 
optimal operation condition of the gasifier with respect 
to different applications of the produced gas.  

Experimental
The following main experimental facilities and experi-
mental equipment’s have been used during the project 

•  3 MWth pressurized (30 bar), oxygen blown 
high-temperature black liquor gasifier (DP1), 
owned by LTU Green Fuels AB and operated by LTU.

•  1 MWth, pressurized (10 bar), oxygen blown 
high-temperature biomass entrained flow gasifier 
(PEBG), owned by BioGreen and operated by ETC. 

•  0.1 MWth atmospheric air blown biomass entrained 
flow gasifier (VAFF), owned and operated by ETC. 
The VAFF gasifier has recently been upgraded so 
that oxygen and steam can be used instead of air 
as oxidising medium. 

•  McKenna burner test rig (x,y and z movable board) 
and laser laboratory, owned and operated by ETC.

•  20 kWth atmospheric oxygen blown fixed bed 
gasifier (FOXBG) has been constructed and com-
missioned during 2016. The FOXBG is owned and 
operated by SP ETC. 

Summary of results 
The following main activities have been performed un-
der 2016, often in collaboration with other project with-
in B4G or other project where B4G partners also were 
involved. 

•  The SP ETC TDLAS sensor system has been upgrad-
ed with a 1.4 µm laser for H2O and gas temperature 
detection and a 2.0 µm laser for CO2 detection.

•  Together with the B4G project UP2 (Florian Schmidt, 
UmU) an oxygen doped experimental combustion 
campaign were performed in the VAFF under May 
2016. During the campaign ETC measured CO, 
H2O, CO2 and soot concentration and UmU mea-
sured temperature, H2O, K (g) and soot concen-
tration with different TDLAS systems in the reactor 
core of the VAFF. Simultaneously with the gas mea-
surements SP ETC measures the fuel fluctuation 
in the fuel feeding pipe with a diode laser at fixed 
wavelength. The first aim of the campaign was to 
evaluate the performance of the TDLAS sensors.  To 
access the accuracy of the laser measurements, we 
run the VAFF in combustion mode, since the com-
bustion environment facilitates the comparison of 
the TDLAS measurements with the data from the 
conventional diagnostics and equilibrium calcu-
lations.  Different oxygen levels were used in the 
combustion air to produce different CO, CO2 and 
H2O concentrations in the reactor. Simultaneously 
with the TDLAS measurements the flue gas concen-
tration in the flue gas pipe was measured with FTIR 
and micro-GC. The results are under evaluation. 
The second goal of the campaign was to investi-

Process control and optimisation 
of entrained flow gasifiers (AP2)
Project leader: Henrik Wiinikka (SP ETC): henrik.wiinikka@sp.se 

PhD student(s): Yngve Ögren (SP ETC)

Other participants: Alexey Sepman, Marcus Gullberg, Calle Ylipää, Mattias Lundgren, Esbjörn Pettersson (SP ETC)

Budget: 2500 kSEK per year

Duration: 2014-2017
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gate how powder fluctuation affects the combus-
tion behavior in the reactor and if these variations 
could be detected with a TDLAS sensor system. 

•  One of the bottle necks with entrained flow gasifi-
cation is the milling of the fuel to a powder. Insert-
ing of the fuel as a pellets or wood chips will signifi-
cantly improve the overall efficiency of the gasifier 
facility. To show that it is possible achieve a high 
cold gas efficiency and a clean gas with wood pel-
lets as fuel, SP ETC design a pure oxygen fixed-bed 
gasifier (FOXBG) which was equipped with a high 
temperature freeboard section under the spring 
of 2016. The experimental results obtained under 
the summer of 2016 clearly show that the perfor-
mance of the FOXBG in terms of syngas composi-
tion, syngas production and gasification efficiency 
were the same as during pressurized oxygen blown 
entrained biomass gasification performed in the 
PEBG. The high quality of the syngas produced in 
the FOXBG from fuel pellets is promising and, in the 
future, much of the cost associated with milling of 
the fuel to a fine powder can be avoided. 

•  The influence of burner design on the performance 
of oxygen blown entrained flow gasifier was inves-
tigated with CFD. 5 different burners have been 
manufactured based on the CFD results. On ex-
perimental camping with the 5 test burners will be 
performed in the VAFF in the beginning of 2017.  

•  Flame monitoring with a CCD camera has been 
used to predict the lambda of a small gaseous 
flame. 

•  In the PEBG II project a probe for high temperature 
sampling of gas and particles in the reactor core of 
the PEBG reactor was constructed and tested in the 
reactor. The results from these experiments have 
been evaluated in AP2. The results show that the 
gasification process was not complete in the low-
er part of the reactor. The results from this project 
have been published in the peer-review journal En-
ergy and Fuels. 

Publications
1.  Sepman, A., Ögren, Y., Qu, Z., Wiinikka, H., Schmidt. 

F.M. (2017). Real-time in situ multi-parameter TDLAS 
sensing in the reactor core of an entrained-flow bio-
mass gasifier, Proceed-ings of the Combustion Insti-
tute, 36, 4541-4548

2.  Wiinikka, H., Wennebro, J., Gullberg, M., Pettersson, 
E., Weiland, F. (2017). Pure oxygen fixed-bed gasifi-
cation of wood under high temperature (>1000 °C) 
freeboard conditions, Applied Energy, 191, 153-162

3.  Sepman, A., Ögren, Y., Qu, Z., Wiinikka, H., Schmidt, 
F.M. (2017). Real-time in situ multi-parameter TDLAS 
sensing in the reactor core of an entrained-flow bio-
mass gasifier, Proceedings of the Combustion Insti-
tute, 36, 4541-4548

4.  Weiland, F., Hedman, H., Wiinikka, H., Marklund, 
M. (2016). Pressurized entrained flow gasification 
of pulverized biomass – experience from pilot scale 
operation, Chemical Engineering Transactions, 50, 
325-330

5.  Weiland, F., Sweeney, D.J., Wiinikka, H (2016). Ex-
tractive sampling of gas and particulates from the 
reactor core of an entrained flow biomass gasifier, 
Energy and Fuels, 30, 6405-6412                                                                                     

6.  Simonsson, J., Bladh, H., Gullberg, M., Pettersson, E., 
Sepman, A., Ögren, Y., Wiinikka, H., Bengtsson, P.E. 
(2016). Soot concentrations in an atmospheric en-
trained flow gasifier with variations in fuel and burn-
er configuration studied using diode-laser extinction 
measurements, Energy and Fuels, 30, 2174-2186

7.  Sepman, A., Ögren, Y., Gullberg, M., Wiinikka, H. 
(2016)  Development of TDLAS sensor for diagnostics 
of CO, H2O and soot concentration in reactor core 
of pilot-scale gasifier, Applied Physics B: Lasers and 
Optics, 122, 29-40

8.  Wiinikka, H., Johansson, A.C., Wennebro, J., Carls-
son, P., Öhrman, O.G.W. (2015). Evaluation of black 
liquor gasification intended for synthetic fuel or pow-
er production, Fuel Processing Technology, 139, 216-
225

9.  Weiland, F., Wiinikka, H., Hedman, H., Wennebro, J., 
Pettersson, E., Gebart, R. (2015). Influence of process 
parameters on the performance of an oxygen blown 
entrained flow biomass gasifier, Fuel, 153, 510-519

10.  Weiland, F., Nilsson, P.T., Wiinikka, H., Gebart, R., 
Gudmundsson, A., Sanati, M. (2014). Online char-
acterization of syngas particulates using aerosol 
mass spectrometry in entrained-flow biomass gasifi-
cation, Aerosol Science and Technology, 48, 1145-
1155   

11.  Weiland, F., Nordwaeger, M., Olofsson, I, Wiinikka, 
H., Nordin, A. (2014). Entrained flow gasification of 
torrefied wood residue, Fuel Processing Technology, 
125, (2014) 51-58

12.  Wiinikka, H., Weiland, F., Pettersson, E., Öhrman, 
O.G.W., Carlsson, P., Stjernberg, J. (2014)  Charac-
terisation of submicron particles produced during 
oxygen blown entrained flow gasification of bio-
mass, Combustion and Flame, 161, 1923-1934

13.  Weiland, F., Hedman, H., Marklund, M., Wiinikka, 
H., Öhrman, O., Gebart, R. (2013). Pressurised ox-
ygen blown entrained-flow gasification of wood 
powder, Energy and Fuels, 27 (2013) 932-941
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Motivation
Laser diagnostic techniques have unique potential to 
non-intrusively probe various parameters in reactive 
systems at high temperatures, and research within laser 
diagnostics has been a strong field at Lund University for 
more than 30 years. In this project the aim is to devel-
op and apply laser diagnostic techniques to improve the 
understanding of entrained flow gasification, especially 
regarding soot, tar, and ash formation.

Project objectives
The goal of this project is to develop and apply laser 
diagnostic techniques to gain increased understanding 
about soot, tar, and ash particles in biofuel combustion. 
The main techniques will be extinction, elastic light scat-
tering (ELS) and laser-induced incandescence (LII). Two 
projects were outlined from project start. The first was 
to develop a system that can measure soot concentra-
tions through extinction measurements and apply it to 
an entrained flow gasifier. The second was to improve 
the understanding of the coupling between ash-form-
ing species and soot formation in biofuel gasification. 
For this purpose, various salts were introduced to the 
rich flames, and their effect on soot formation was in-
vestigated using LII and ELS. 

Summary of results
A diode laser-based setup was developed and used in 
laboratory flames as well as in entrained flow gasifiers. 
The setup applied in the entrained flow gasifier is shown 
in Fig. AP3-1. The setup was initially used for extinction 
measurements at various heights in two flat premixed 
sooting ethylene/air flames to investigate the wave-
length dependence of extinction [1]. Twelve laser wave-
lengths were used in the interval 405 to 1064 nm, and 
with this setup a sensitivity of 10-4 was achieved for the 
extinction. Soot volume fractions inferred from the ex-
tinction measurements were always higher in the visible 
spectral region than in the infrared, an effect associated 
with additional absorption by large hydrocarbons, such 
as polycyclic aromatic hydrocarbons (PAHs). For wave-
lengths longer than around 700 nm and at high heights 
above burner (HAB), the extinction shows an inverse de-
pendence with wavelength, in concurrence with wave-
length-independent optical properties of soot. In the 
same spectral region at lower HAB the wavelength de-
pendence is observed to be stronger, indicating that the 
soot optical properties show variation with wavelength. 
Furthermore, a continuous change in the wavelength 
dependence of the absorption function E(m) is shown 
from nascent soot at lower heights to more mature soot 
at higher heights. The presented results are of impor-
tance for soot diagnostics relying on the efficiency of 
light absorption by soot, such as LII [2].

Laser diagnostics for soot, tar, and ash  
in biomass gasification (AP3)
Project manager: Per-Erik Bengtsson (LU): per-erik.bengtsson@forbrf.lth.se 

PhD student(s): Johan Simonsson (LU)

Other participants:  Mehri Sanati, Henrik Bladh (LU), and researchers from other projects within B4G.

Budget: 1200 kSEK per year

Duration: April 2013–April 2017

Fig. AP3-1. Experimental scheme of the diode-laser setup applied to the entrained flow gasifier [3].
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Soot concentration measurements were performed us-
ing diode-laser extinction in an atmospheric air-blown 
entrained flow gasifier at SP-ETC in Piteå at two vertical 
levels, in collaboration with activities within AP2 [3]. The 
gasifier shown in Figure AP3-2 was operated at differ-
ent air-fuel equivalence ratios and with variations in fuel 

Fig. AP3-2. 

Left figure: Photo of experimental setup of the diode-laser sys-
tem applied to the entrained flow gasifier [3] 

Right figures: Soot volume fractions as function of air-fuel 
equivalence ratio, level, and burner injector type.

Fig. AP3-3. 

Left Figure: Experimental setup for combined laser-induced 
incandescence (LII) and elastic light scattering measurements 
(ELS).

Right figure: Two-dimensional soot volume frac¬tions derived 
from LII measurements showing the effect of increasing con-
centrations of added KCl.

and burner configurations. Two fuels were investigated: 
wood powder and peat powder. These were burned 
using two burner configurations, one giving a rotating 
flow inside the gasifier (named swirl), and one where 
the fuel and air were injected parallel with the gasifier 
axis (named jet). The diode-laser measure¬ments were 
performed at the wavelength 808 nm from which the 
soot concentrations were estimated, and additionally at 
450 nm to gain insight into the spectral dependence 
of the extinction to estimate measurement quality. The 
results show that wood powder produces higher soot 
concentrations than peat powder, see Fig. AP3-2. Gen-
erally, the burner configuration had much less impact 
than the choice of fuel on the soot concentration.



219

Appendix 2. Summaries of research projects, SFC phase 3, 2017-2021

LII, ELS, and extinction were used to investigate the ear-
ly stages of soot formation when seeding metal salts 
at various concentrations into premixed ethylene/air 
flames on a PerkinElmer burner, see the experimental 
setup in Fig. AP3-3 [4]. The complete investigation con-
tained seven salts, while the first paper about the results 
focused on two salts, potassium chloride (KCl) and iron 
chloride (FeCl3), as these for mature soot resulted in the 
largest reduction and highest increase in soot concen-
tration [4]. In Fig. AP3-3, an example of a result is shown 
where two-dimensional information of soot volume 
fractions is shown, derived from 2-D LII. 

By combining LII and ELS, size information can be re-
trieved from these optical measurements. The results 
show that potassium chloride significantly reduces 
the size of soot precursors and the sizes of the prima-
ry soot particles. This is also confirmed by analysis of 
transmission electron microscopy (TEM) images, which 
clearly show smaller primary soot particles for the po-
tassium chloride-seeded flame, see Fig AP3-4. The iron 
chloride-seeded flames were found to have marginal 
influence on the primary particle sizes based on similar 
analysis.

    

Fig. AP3-4. 

Transmission electron micro¬scopy (TEM) ima¬ges.

Left figure: reference flame 

Right figure: reference flame with KCl-addition. Note the 
smaller particles from the case with KCl-addition.

In collaboration with the team of Prof. K. Andersson, 
Energy and Environment, Chalmers University of Tech-
nology, soot measurements were performed in an 
oxy-fuel reactor using LII and extinction. The LII data was 
used to obtain instantaneous two-dimensional images 
of soot volume fraction, while the extinction was used 
to calibrate the LII in terms of absolute values. The ex-
perimental setup is shown in Fig. AP3-5, together with 
an example of an instantaneous soot volume fraction 
image. In this project various types of flames were used; 
flames burning propane either in air, in oxygen-enriched 
flames, or in pure oxygen. In addition, various additives 
(NO, SO2, KCl) were added to the flames, and their ef-
fect on the soot formation was investigated.

   

 

Fig. AP3-5. 

Left figure: Experimental setup for simultaneous laser-induced 
incandescence and extinction measurements in an oxy-fuel 
reactor.

Top figure: Instantaneous LII image during operation of the 
oxy-fuel reactor showing the distribution of soot volume frac-
tion. The imaged area corresponds approximately to 156 x 45 
mm in the reactor.
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Motivation
Several ash-related questions need answers before the 
entrained flow biomass gasification concept can come 
to demonstration. Such are wall deposition and the ash 
transport out from the hot reactor as well as ash solu-
bility in the water quench and volatile inorganic matter 
in the exit gas. Several of the chemical mechanisms in-
volved are studied in the fundamental work packages of 
B4G, but characterization of ash fractions in operating 
systems is essential. The knowledge gained in this way 
can partly be used directly for design and operational 
purposes, but also constitute a valuable basis for confir-
mation and validation of generic models.

Project objectives
The overall objective of the work is to elucidate the 
behaviour of inorganic species, i.e. volatile matter, ash 
and slagging material from different biomass species 
in entrained flow gasifiers and to understand how the 
operation and maintenance of gasifiers are affected 
by changes in fuel composition, mixing and additives. 
The work is experimental and focuses on several types 
of measurements in pilot-scale entrained flow gasifi-
ers. Samples are taken, both during operation and at 
stops of slags and ceramics, as well as from exit gas and 
quench. Thorough chemical and physical characteriza-
tion is made and the results are evaluated in the light of 
theoretical considerations.

Experimental
Measurements of slag composition is made in the pi-
lot-plant for pressurized entrained-flow biomass gasifi-
cation (PEBG) at SP ETC in Piteå described e.g., in [1]. 
Chemical and structural analyses are made using SEM/
EDS, XRD, HTM and TGA, available at TEC-Lab.

Summary of results
A thermodynamic equilibrium study of the slag forma-
tion in pressurized gasification of wood and bark was 
done in broad ranges for temperature and pressure [2]. 
At typical wall conditions (1000-1400oC, 10 bar), the 
molar fractions of K2O in the molten slag is expected 
to be as high as 0.3…0.5. A comprehensive description 
of slag formation in gasification of woody biomasses is 
given in [3]. 

A measurement campaign in the pilot PEBG has been 
accomplished for bark and bark/peat mixtures. Com-

position of (i) raw syngas particles, (ii) reactor slag, (iii) 
quench solids, and (iv) quench effluent was determined.  
Results show differences in slag formation and alkali re-
lease giving considerable impact on operation with dif-
ferent fuel mixtures. The compositions of reactor slags 
were very dif-ferent compared with the ash composi-
tions of the original fuels and were generally enriched 
in Si (Figure AP4-1).

Chemical analysis if the quench effluent shows that po-
tassium is the element that is most exten-sively enriched 
in the water (Figure AP4-2). For bark 30-70 % of the 
potassium is found in the quench effluent. For the BMP 
fuel the corresponding portion is 25-55 %. 

 

Ash in entrained flow gasifiers (AP4)        
Project manager: RainerBackman (UmU): rainer.backman@umu.se 

PhD student(s): Charlie Ma (LTU); Markus Carlborg, Anna Persson (UmU)

Other participants: Dan Boström, Marcus Broström (UmU); Marcus Öhman (LTU)

Budget: 680 kSEK per year

Duration: 2013-2017

Figure AP4-1. Distribution of major inorganic elements in reac-
tor slag and quench solids for two fuels [4].
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Publications
1.  Ma, C., Carlborg, M., Hedman, H., Wennebro, J., 

Weiland, F., Wiinikka, H., Backman. R., Öhman, M. 
(2016). Ash formation in Pilot-Scale Pressurized En-
trained-Flow Gasification of Bark and a Bark/Peat 
Mixture” Energy and Fuels 30, pp. 10543-10554.

2.  Ma, C., Backman, R., Öhman, M. (2015). Thermo-
dynamic Equilibrium Study of Slag Formation During 
Pressurized Entrained Flow Gasification of Woody 
Biomass”, Energy and Fuels 29, pp.4399-4406.

Figure AP4-2. Inorganic concentrations in quench effluent [4].

3.  Ma, C. (2014). Slag Formation during Pressurized En-
trained-Flow Gasification of Woody Biomass, Licenti-
ate thesis, Luleå University of Technology.

4.  Ma, C., Weiland, F., Hedman, H., Boström, D., Back-
man. R., Öhman, M. (2013). Characterization of Re-
actor Ash Deposits from Pilot-Scale Pressurized En-
trained-Flow Gasification of Woody Biomass” Energy 
and Fuels 27, pp.6801-6814.
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Motivation
Cyclone gasification is a robust gasification process that 
can work with a variety of low-grade fuels and that has 
the potential to be profitable in relatively small scale (1 
– 20 MW). At the same time, the varying fuel properties 
and the range of scales present a challenge to the pro-
cess designer. A validated process simulation tool that is 
based on sound scientific principles would make it pos-
sible to meet this challenge without having to resort to 
costly experiments in large prototype gasifiers.

Project objectives
The goal of this project is to improve a process model 
based on a detailed CFD model that accounts for multi-
phase flow with turbulent heat transfer and chemical re-
actions. The model should be able to predict, with high 
accuracy, cold gas efficiency, the amount of unconvert-
ed char from the gasifier, carry-over of small particles in 
the syngas and the detailed composition of the syngas.

Summary of results
Mikael Risberg defended his thesis in January 2014. A 
new PhD student, Pantea Hadi Jafari was employed later 
in 2014. The results below are divided accordingly:

•  PhD thesis of Mikael Risberg:

   o  Experiments in a pilot scale (500 kW) gasifier with 
four different fuels (Table AP5)

   o  Experiments in a full scale (4 MW) gasifier with 
one fuel

   o  Experiments in a full scale (4 MW) gasifier with 
one fuel

   o  Development of a first approximation CFD model 
for the process (Fig. AP5-1)

   o  Validation experiments in a 4 MW commercial 
cyclone gasifier

   o  Design optimization of a 4 MW commercial cy-
clone gasifier

•  PhD project of Pantea Hadi Jafari:

   o  Assessment of advanced turbulence models by 
comparison with detailed single-phase flow ex-
periments in a cyclone (Fig. AP5-2).

   o  Assessment of advanced turbulent multi-phase 
flow models by comparison to detailed multi-
phase flow experiments in a cyclone 

   o  Estimation of the combined effect on numerical 
errors from the gas phase and solid phase model 
in strongly swirling flows

Cyclone gasification (AP5)
Project manager: Rikard Gebart (LTU): rikard.gebart@ltu.se 

PhD student(s): Pantea Hadi Jafari (LTU)

Other participants: Mikael Risberg, Kentaro Umeki (LTU), Gunnar Hellström,Anders Wingren (MEVA), 

Niclas Davidsson (MEVA), Daniel Eriksson (Pite Energi)

Budget: 900 kSEK per year

Duration: 2013-2017

Table AP5: Experimental results from experiments described in reference 1)
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Publications
1.  Risberg M, Carlsson P, Gebart R. (2015). Numerical 

modeling of a 500 kW air-blown cyclone gasifier”. 
Appl Therm Eng. 90, 694-702

2.  Risberg M, Öhrman OGW, Gebart BR, Nilsson PT, 
Gudmundsson A, Sanati M. (2014). Influ-ence from 
fuel type on the performance of an air-blown cyclone 
gasifier” Fuel 116, 751-759

3.  Hadi Jafari, P., Gebart, R., Hellström, G. (2014). On 
the influence from turbulence modelling on particle 
suspension flow in cyclone gasifiers", Symposium 
on Thermal and Catalytic Sci-ences for Biofuels and 
Biobased Products, Denver, Colorado, Sep. 2-5, 2014

 

 

Fig. AP5-1: Numerical results with Risberg's model described 
in reference 2 (Predicted temperature distribution inside the 
cyclone gasifier and the camera location)

Figure AP2-2. Flow field from the LES model in two cut planes: 
(a) Instantaneous flow field in the (vertical) x-z cut plane 
through the center of the cyclone geometry (at y = 0), (b) De-
tail of the instantaneous flow in the in the entry region of the 
vortex finder tube, (c) Instantaneous realization of the flow 
field in a (horizontal) x-y cut plane at z = 2.47D 
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Motivation
The general purpose of Bio4Gasification (B4G) is to cre-
ate a national centre of competence on entrained flow 
gasification concepts for different biomasses to acceler-
ate the technology development and possible process 
implementations. The purpose of the current Problem 
Oriented Project (POP) is to consider specific applied 
problems of interest through activities performed in 
close collaboration with the industrial partners in B4G.

Project objectives
The main overall goal of B4G II-POP is to provide applied 
research studies of industry-related problems that are of 
relevance for the companies within B4G. Furthermore, 
specific goals are to:

•  Perform at least two experimental studies of new 
end applications for syngas.

•  Evaluate the suitability of two or more potentially 
new raw materials for use in entrained flow gasifi-
cation concepts.

•  Consider one possible case of industrial implemen-
tation of considered technologies within B4G.

Methods
Appropriate experimental or modelling methods were 
selected for each project.

Summary of results (each specific B4G POP project 
is summarized under a single bullet point)

•  To make the PEBG technology commercially viable 
it is of great importance to ensure safe refueling of 
the fuel hoppers in the plant. Therefore, one proj-
ect investigated the needs and possibilities to im-
prove pressurization and ensure stable fuel feeding 
at pressurized conditions in the PEBG process. The 
goal of this project was to install gas tight hopper 
valves at the fuel hopper outlets to ensure safe and 
robust refueling at high gasification pressure. Fur-
thermore, other reconstruction requirements were 
identified and corrected to improve the robustness 
of the fuel feeding. According to the investigation, 
fuel hopper outlets in the PEBG pilot plant were 

Problem Oriented research Projects (POP)
Project manager: Fredrik Weiland (ETC) fredrik.weiland@sp.se 

PhD student(s): 

Other participants: B4G partners

Budget: 10.8 MSEK (total funding)

Duration: 2013-2017

reconstructed, and experimentally validated per-
formance during pressurized gasification, with re-
peated hopper switches and refueling. As a result, 
robustness of the fuel feeding was improved and 
resulted in significant improvement of mass and 
energy balances.

•  In order to achieve the highest gasification efficien-
cy for cyclone gasifiers, CFD simulations were car-
ried out to understand which design and operation 
parameters that is most critical for the gasification 
performance (e.g., cold gas efficiency). Some ex-
amples of design parameters are the inlet velocity, 
number of inlets, vortex tube diameter or length 
etc. Examples of operation parameters are equiva-
lence ratio, fuel load or particle size etc. First, exper-
iments were conducted, and gas composition was 
measured for a reference case in a full scale 4.4 
MWth cyclone gasifier. Then, the data was used for 
the validation of a cyclone gasification CFD-model 
developed in the AP5 project. Numerical simulation 
was used to propose possible changes in design or 
operation parameters (the number of inlets, equiv-
alence ratio, fuel load, particle size, inlet radius, 
vortex finder dimensions, pressure, and fuel load) 
(see fig POP1). The suggested design modification 
was utilized in the improvement of the commercial 
cyclone gasifier.

•  The end-use performance of torrefied biomass in a 
pressurized entrained flow gasifier have been eval-
uated and compared to corresponding reference 
fuel performances. Cold gas efficiencies attained 
for torrefied materials were improved or approxi-
mately in the same range as for the reference fuel. 
Overall plant efficiency, i.e., considering the pow-
er consumption for milling, was also improved by 
torrefaction because of the reduced milling ener-
gies. Syngas composition and quality remained 
approximately the same as for the reference fuel, 
and close to chemical equilibrium values. Tar (PAH) 
fingerprints in the syngas (benzene) were in low 
concentrations and approximately the same for 
gasification white and black pellets However, the 
results from one of the studies indicated somewhat 
enhanced soot/char formation from the torrefied 
fuel compared to the reference fuel.
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•  LKAB uses a large coal flame to sinter the iron ore 
pellet in a rotational kiln and in the process the pel-
let is also partially oxidized. In this work numeri-
cal combustion model, owned by LKAB, is utilized 
to investigate if it is possible to substitute the coal 
with gas from an entrained flow biomass gasifier. 
Simulations were first made of a pilot scale com-
bustion kiln, with coal, natural gas and gasification 
gas, also studying the influence from iron ore dust. 
Later the LKAB kiln in the KK2 plant was simulated 
with coal and gasification gas. The gasification gas 
used was from oxygen blown entrained flow gas-
ification, which contained limited amounts of soot 
forming species. It is showed that soot and particles 
have a large influence on the radiation properties 
which is critical for the process. Furthermore, the 
simulations showed that gas could substitute the 
coal flame if the radiation properties of the flame 
can be enforced. Other entrained flow gasification 
processes should be considered where the product 
gas contains higher amounts of soot forming spe-
cies.

•  The aim with another project within B4G POP was 
to investigate the needs and possibilities to improve 
the outlet section of the PEBG reactor, to facilitate 
operation with highly ash containing feedstock. 
The main challenge to allow for great fuel flexibil-
ity for the PEBG concept is that the reactor should 
be able to handle highly viscous slag with varying 
properties during continuous operation. The ash 
from the various fuel mixtures must melt and flow, 
like a liquid (at least partly liquefied) onto the hot 
ceramic wall to the outlet and into the combined 
quench/ash separator without causing operation-
al disturbances and severe plugging of the outlet. 
This issue is very important from a process opera-
bility point of view and a key issue to solve for a 
successful commercialization of the PEBG concept. 
The emphasis in this project was to further build up 
knowledge and practical know-how to design and 
construct an optimal reactor outlet for the PEBG 
type of gasifier. A pressurized entrained flow gasifi-
er outlet must have a temperature high enough to 
ensure enough ash-melt. It can be accomplished by 
either raising the temperature at the outlet (oxygen 
lances and/or more insulation) or by altering the 
fuel ash composition (by additives or fuel mixing). 
Thermal cycling cannot be avoided in pilot scale en-
trained flow biomass gasifiers (e.g., PEBG). There-
fore, hot-phase refractory in such gasifiers should 
preferably be made of a porous material with low 
porosity and small pores. The material is suggested 
to be composed mainly of inert Al2O3 with small 
portion of reactive silica. Silica reacts with the fuel 
ash and forms a glass, which seal the pores and 
prevent further reaction inside the stone.

•  The development and implementation of optical 
techniques for characterization of fast variations in 
biomass particle flow was aimed at in another B4G 
POP project. Online extinction measurements of the 
woody biomass flow in laboratory and pilot-scale 
equipment were demonstrated. In both situations, 
the time-averaged extinction appeared to be linear-
ly related to the real particle mass flow. In laborato-
ry experiments, the relatively fast variations in bio-
mass feeding rate measured by the balance with 1 
s time resolution are in quantitative agreement with 
those derived from the extinction measurements. 
The variations in the biomass flow rate measured 
by the extinction in the fuel transport line of the 
pilot-scale gasifier causes variations of the equiva-
lence ratio in the combustion zone. The variations 
are very well correlated with the variations in the 
biomass combustion products (CO and H2O) mea-
sured by TDL sensor in the reactor core of the en-
trained flow gasifier. 

•  New fuels and feeding systems suited for the PEBG 
technology was studied in close collaboration with 
University of Utah and the B4G organizations SP 
ETC and Umeå University. Pressurized feeding ex-
periments were carried out with three fuels, (i) for-
est residue, (ii) corn stover, and (iii) grass. The fuels 
were milled and fed at rates of 11.7 – 39.5 kg h-1 
at pressures of 2 and 7 bar. Experiences from de-
velopment of the PEBG concept and from the pres-
surized feeding experiments were gathered and a 
literature review of state of the art in the field of 
pressurized feeding was carried out. The collected 
information was summarized so it can be used as 
a knowledge base for decisions regarding biomass 
fuels and feeding systems.

•  An ongoing collaboration project (until March 
2017) between ETC, UmU and LTU focuses on field 
test of different refractory materials in entrained 
flow gasification. The aim with this project is to find 
the optimal refractory material to be used as lining 
in high temperature oxygen blown biomass fired 
gasifiers, i.e., to find a ceramic insulation that has 
a better resistance to the biomass ash and can be 
used as ceramic lining in the PEBG gasifier and in 
future commercial plants. The project started with 
a short literature review and inventory of possible 
commercial ceramics. Eight identified ceramics 
were thereafter tested during atmospheric oxygen 
blown gasification in the VAFF (Vertical Atmospher-
ic Flexi Fuel) furnace at ETC. Evaluation of the ash 
and refractory interaction takes place by using SEM 
EDS and XRD. The results from this study can also 
be used as input for the fundamental research per-
formed in B4G UP 4 (Interaction between product 
streams and containment materials) as well as be-
ing useful for the research performed in B4G AP4 
(Ash behavior in entrained flow gasifiers).
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•  The final POP-project within this phase of B4G (phase 
II) will continue until March 2017. It focuses on ap-
plying TDLAS diagnostics in the pilot scale MEVA 
gasifier in Hortlax for improving the understanding 
of the conversion processes. The MEVA gasifier is of 
the entrained-flow type with very short residence 
times and, thus, even small variations in fuel and 
airflow may severely affect the gasifier operation 
conditions. Drifts in operational conditions (e.g. 
changes in the overall equivalence ratio caused by 
random variations in the biomass powder feeding 
flow), can significantly decrease the performance 
of the system by reducing the yield of syngas, while 
increasing the production of unwanted by-products 
such as soot, tar and char. Conventional analytical 
process gas instruments (such as a micro-GC) have 
a measurement time scale of the order of minutes 
and, thus, cannot detect such rapid variations. At 
present, tunable diode laser absorption spectrosco-
py (TDLAS) is one of the most promising and rap-
idly developing technologies for online and in-situ 
diagnostics in thermochemical conversion systems. 
In the frame of the earlier B4G POP project ‘‘Optical 
techniques for online characterization of biomass 
flows’’, the main applicant demonstrated the ben-

efits of the TDLAS and extinction sensors for diag-
nostics of the conversion processes. It was shown 
that the variations in the biomass flow rate mea-
sured by the extinction in the fuel transport line of 
the SP ETC entrained flow pilot-scale gasifier causes 
variations of the equivalence ratio in the combus-
tion zone. These variations were very well correlat-
ed with the variations in the biomass combustion 
products (CO and H2O) measured by TDL sensor 
in the reactor core of the gasifier. Optical sensors 
available at SP ETC (T, H2O, CO, CO2, particles) 
will, in this ongoing project, be used in pilot-scale 
MEVA gasifier. The measurements are planned 
during February 2017.

Publications 
1.  Sepman A., Ögren, Y., Wiinikka H. (2017). Optical 

techniques for characterizing the biomass particle 
flow fluctuations in lab- and pilot-scale thermochem-
ical systems, Powder Technolo-gy, 313, pp. 129-134.

2.  Weiland, F., Nordwaeger, M., Olofsson, I., Wiinikka, 
H., Nordin, A. (2014). Entrained flow gasification of 
torrefied wood residues. Fuel Processing Technology, 
125, pp.51-58.

 

Figure POP1: Cold Gas Efficiency for different inlet radius from a simulation of a 4 MW cyclone 
gasifier with 1 or 2 inlets at an equivalence ratio of 0.28.
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List of Abbreviations
ATR:   Autothermal Reforming

AP:  Applied research Projects

B4G:   Bio4Gasification

BFB:   Bubbling Fluidized Bed 

BIGCC:   Biomass Integrated Biomass Gasification Combined Cycle

BLG:   Black Liquor Gasification

BtSNG:  Biomass to Syntetic Natural Gas

CCD:    Charged-Coupled Device

CDBG:   Centre for Direct Biomass Gasification

CFB:   Circulating Fluidized Bed 

CFD:   Computational Fluid Dynamics

CHP:   Combined Heat and Power

CIGB:   Centre for Indirect Biomass Gasification

CLR:   Chemical-Looping Reforming

DFB:   Dual Fluidized Bed

EDS:  Energy Dispersive x-ray Spectroscopy

ELPI:  Electrical Low-Pressure Impactor

FB:   Fluidized Bed

FTIR:   Fourier Transform Infrared Spectroscopy

HRTEM:  High-Resolution Transmission Electron Microscopy

PEBG:   Pressurized Entrained Flow Gasification

PIV:  Particle Image Velocimetry

POP:  Problem Oriented research Project

PMDR:   Pulp Mill Debarking Residue

RME:   Rapeseed Methyl Ester

ROC:  Relative Oxygen Content

SAED:   Selected Area Electron Diffraction

SEM-EDS:  Scanning Electron Microscopy - Energy Dispersive x-ray Spectroscopy

SFC:   Swedish Centre for Biomass Gasification 

TDLAS:  Tunable diode laser absorption spectroscopy

TGA:   Thermogravimetric Analysis

TMP:   Thermomechanical Pulping

UP_  Underpinning research Projects

VAFF:   Vertical Atmospheric Flexi Fuel Rig 

VTDMA:  Volatility Tandem Differential Mobility Analyzer

WMS:  Wavelength Modulation Spectroscopy

XRD:  X-Ray Diffraction
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Appendix 5. SFC Alumnis

SFC post-graduate Current employment

Charlie Ma, Luleå University of Technology Researcher, Umeå University

Ilman Nuran Zaini, Royal Institute of Technology KTH Postdoctoral Researcher, Royal Institute of Technology KTH

Manu Mannazhi, Lund university Researcher, Lund university

Aekjuthon Phounglamcheik, Luleå University of Technology Researcher, Tampere University, Finland

Sébastien Pissot, Chalmers University of Technology Researcher, Chalmers University of Technology

Anna Köhler, Chalmers University of Technology Project and development engineer, BioShare AB

Tove Djerf, Chalmers University of Technology Researcher, Chalmers University of Technology

Adam Jareteg, Chalmers University of Technology Researcher, Chalmers University of Technology

Yngve Ögren, Luleå University of Technology Research engineer, RISE ETC

Angelica Gyllén, Chalmers University of Technology Chief Technology Officer, Ways2H, USA

Ramiar Sadegh Vaziri, Royal Institute of Technology KTH Global technology engineer, Alfa Laval

Albert Bach-Oller, Luleå University of Technology Engineer, GRIT Gases Research Innovation & Technology

Dan Gall, Gothenburg University Postdoctoral Researcher, Chalmers University of Technology

Johan Simonsson, Lund university Unknown

Louise Lundberg, Chalmers University of Technology Cell Simulation Engineer, Volvo Cars

Mario Morgalla, Linnaeus University Senior Improvement Engineer, The Dow Chemical Company, 
Germany

Markus Carlborg, Umeå University Researcher, Umeå University

Per Holmgren, Umeå University Associate Professor, Umeå University

Teresa Berdugo Vilches, Chalmers University of Technology Researcher and Head of Unit, Chalmers University of Technol-
ogy

Huong Nguyen, Chalmers University of Technology Project and development engineer, BioShare AB

Katarina Åberg, Umeå University Energy Manager and Environmental Analyst, Mondi Group

Pouya Haghighi Moud, Royal Institute of Technology KTH Application Manager, Technology Lead, myFC AB

Jelena Maric (prev. Marinkovic), Chalmers University of Tech-
nology

Operational and heat production manager Kraftcentralen 
Chalmers, Akademiska Hus

Alberto Alamia, Chalmers University of Technology Research and development engineer, AFRY ÅF

Placid Atongka Tchoffor, Chalmers University of Technology Researcher and Project Manager, RISE Research Institutes of 
Sweden AB

Mikael Israelsson, Chalmers University of Technology Project Manager, Höganäs AB

Erik Sette, Chalmers University of Technology Senior feature engineer, Arriver

Amit Biswas, Luleå University of Technology Energy and Development Engineer, Scania Group

Angelica Gonzalez Arcos, Royal Institute of Technology KTH Portfolio manager, Sandvik Coromant

Martin Keller, Chalmers University of Technology Research Scientist (Tenure Track), National Institute of Ad-
vanced Industrial Science and Technology (AIST), Japan

Martin Strandberg, Umeå University Consultant, AFRY - Energy & Process technology

Lina Norberg Samuelsson, Royal Institute of Technology KTH Product Specialist, COMSOL AB

Kristina Göransson, Mid-Sweden University Researcher, Mid-Sweden University

Anton Larsson, Chalmers University of Technology Development Engineer, BioShare AB

Vera Nemanova, Royal Institute of Technology KTH Project Manager, Swedish Energy Agency

Mikael Risberg, Luleå University of Technology Ass. Senior Lecturer, Luleå University of Technology

Lin Leteng, Linnaeus University Associate Professor, Linnaeus University

Mozghan Svensson Researcher, Kinectrics, UK
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Part. Group Equipment

LTU Energiteknik Wire-mesh reactor

  Drop tube furnace

  Flat flame gasifier

  Isothermal macroTG

  Fluidized bed reactor

  Flame dynamics reactor

 Exp./Flu. Mek. Laser heating pyrolyzer

 LTU Green Fuels DP-1*

 (pilot scale)* Methanol/DME synthesis*

UmU TEC-lab Macro-TGA (optical, isothermal)

  Entrained Flow reactor (optical)

  Fluidized bed gasifier

  Seedable Flat flame (Cambridge)

LTH Förbränningsfysik Small and medium-scale laboratory burners

RISE-ETC  PEBG

  HICK

  VAFF

  Drop tube furnace

Part. Group Equipment Model nr. or detail

LTU Energiteknik Sieve shakers Retsch Technology, AS200 basic

  Sample divider Retsch Technology, PT100

  3CCD camera JAI, CV-M9GE (2dimentional ratio 
pyrometer)

  micro GC Agilent, 490

  Particle impactor  

  Size and shape analyser Retsch Technology, Camsizer XT

  Bomb calorie meter IKA, C200h

  microbalance Radwag, MYA 5.3 Y.F

  Black body furnace Dias, model Pyrotherm CS1500

  Flue gas analyser TESTO

  Thermal camera FLIR

  Laser extinsion for soot Qioptiq, iFLEX-Gemini (laser), 
Newport, 818-UV/DB (sensors)

 Exp./Flu. Mek. Raman holography Continuum Nd:YAG and OPO

  High speed camera Photron SA-1 and Redlake HSX-3

  X-ray microtomography Vill be purchased 2015

  PIV 2 systems, one Dantec and one 
LaVision, Litron pulsed lasers

UmU TEC-lab SEM-EDS Philips

  XRD Bruker

  TGA TA

Reactors  

Analyzers etc.

* not directly included in B4G 
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  DTA TA

  DSC TA

  FTIR (Thermal analysis) PerkinElmer

  MS (Thermal analysis) Hiden

  Hot stage microscope  

  Extensive aerosol sampling equipment TSI o Decati mostly

  PIV+shape LaVision particle master (slightly 
modified)

  Low temp plasma asher  

  Deposit and corrosion probes  

  EMC-cells  

  Lasers for K(g), H2O, temp  

LTH Förbränningfysik Lasers ~15 laser systems (ns/ps/fs/
high-repetition)

  CCD cameras ~15 CCD-cameras 

  High speed cameras  

  Spectrometers  

  Photomultipliers  

RISE-ETC  GC-GC  

  FTIR  

  microGC  

  Ordinary GC  

  ELPI  

  30 and 20 liters DLIP  

  LDA/PDA  

  TDLAS 2.3 microns (CO, H2O)  

  Homemade 2 color pyrometer  
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CIGB

Partner Group Type Equipment Model No. Or detail, year

RISE - Reactor lab-scale fluidized bed -

RISE - Reactor fluidized bed -

RISE - Reactor Horizontal tube reactor -

RISE - Reactor PEBG -

RISE - Reactor HICK -

RISE - Reactor VAFF -

RISE - Reactor Grate fired reactor -

RISE - Reactor Drop tube furnace -

RISE - Analyzer etc. GC-GC -

RISE - Analyzer etc. FTIR -

RISE - Analyzer etc. Micro GC -

RISE - Analyzer etc. Ordinary GC -

RISE - Analyzer etc. ELPI -

RISE - Analyzer etc. 30 and 20 liters DLIP -

RISE - Analyzer etc. LDA/PDA -

RISE - Analyzer etc. TDLA 2.3 microns (CO, H2O) -

RISE - Analyzer etc. Homemade 2 color pyrometer -

RISE - Analyzer etc. FTIR -

RISE - Analyzer etc. CO/CO2 analyzer (3 % CO, 20 %CO2) -

RISE - Analyzer etc. CO/CO2 analyzer (2% CO, 5 %CO2) -

RISE - Analyzer etc. ICP-MS -

RISE - Analyzer etc. -

RISE - Analyzer etc. Horiba PG 350 NOx, SO2, CO, CO2, O2 -

RISE - Analyzer etc. THC -

RISE - Analyzer etc. ELPI -

RISE - Analyzer etc. DLPI -

RISE - Analyzer etc. Hand held XRF -

RISE - Analyzer etc. ICP-AES -

RISE - Analyzer etc. ICP-OES -

RISE - Analyzer etc. Online corrosion probes -

RISE - Analyzer etc. SEM_EDX -

MIUN Bioenergy Reactor Small and medium-scale laboratory 
burners

-

MIUN Bioenergy Reactor DME synthesis GIEC

MIUN Bioenergy Reactor Fluidized bed reactor DFBG MIUN gasifier

MIUN Bioenergy Reactor Fuel feeding system  Cellfeeder+ two screw convey-
ers, own design

MIUN Bioenergy Reactor Flame dynamics reactor  Used as incinerator

MIUN Bioenergy Reactor Catalytic/thermal reformers Electrically heated

MIUN Bioenergy Reactor Scrubber  water/organic

MIUN Bioenergy Reactor Hammer mill Fuel production

MIUN Bioenergy Reactor Pelletizer Fuel production

MIUN Bioenergy Reactor Logger system  Intab

MIUN Bioenergy Reactor revolving Particle dryer for catalytic bed 
material  

Homemade propane fired
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MIUN Bioenergy Analyzer etc. Bomb calorie meter IKA, C200h

MIUN Bioenergy Analyzer etc. microbalance Precisa

MIUN Bioenergy Analyzer etc. microbalance2 -

MIUN Bioenergy Analyzer etc. GC TCD+FID with automatic sample 
valves

Varian combination with three 
columns and two ovens

MIUN Bioenergy Analyzer etc. Flue gas analyzer TESTO

MIUN Bioenergy Analyzer etc. Flue gas analyzer 2 TESTO

MIUN Bioenergy Analyzer etc. Thermal camera FLIR

MIUN Bioenergy Analyzer etc. TGA Netzch TG 449 F3 Jupiter

MIUN Bioenergy Analyzer etc. Gas analyzer On-line  O2, CH4, CO, H2, 
CO2

Rosmount

MIUN Bioenergy Analyzer etc. Rotor evaporator IKA

MIUN Bioenergy Analyzer etc. Hot bath JULABO

MIUN Bioenergy Analyzer etc. Cold bath JULABO

MIUN Bioenergy Analyzer etc. 2 Laboratory oven/dryer Tremaks

MIUN Bioenergy Analyzer etc. High temperature electric oven (tube) Carbilite

MIUN Bioenergy Analyzer etc. Fluid bed heat exchange test unit PA Hilton

MIUN Bioenergy Analyzer etc. GC for tar analysis with auto sampler Varian,  Not configured

GU Atmospheric 
Science

Analyzer etc. Surface Ionization Detector (SID) Custom made

GU Atmospheric 
Science

Analyzer etc. Alkali Aerosol Mass Spec (AMS) Custom made

GU Atmospheric 
Science

Analyzer etc. VTDMA TSI

GU Atmospheric 
Science

Analyzer etc. SMPS TSI 3080

GU Atmospheric 
Science

Analyzer etc. CPC TSI 3010

GU Atmospheric 
Science

Analyzer etc. Atomizer TSI

GU Atmospheric 
Science

Analyzer etc. Dilution system for raw gas Custom made

CTH Chemistry Reactor 4 Small fluidized bed reactors  

CTH Chemistry Analyzer etc. TGA Q500 TA

CTH Chemistry Analyzer etc. Gas analyzer On-line NOx PAD750, CLD 700EL ht

CTH Chemistry Analyzer etc. Gas analyzer On-line  O2, CH4, CO, H2, 
CO2

Rosmount

CTH Chemistry Analyzer etc. 4 Laboratory ovens/dryers -

CTH Chemistry Analyzer etc. 8 Fixed bed horizontal furnaces -

CTH Chemistry Analyzer etc. FTIR (Fourier Transform Infrared Spectros-
copy)

Thermo iS50FT-IR

CTH Chemistry Analyzer etc. Crushing strength Shimpo FGN-5

CTH Chemistry Analyzer etc. XRD (X-ray diffractometer) Siemens D5000

CTH Chemistry Analyzer etc. AAS (Atomic Absorption Spectrometer) Perkin Emer Aanalyst 800

CTH Chemistry Analyzer etc. BET (Brunauer–Emmett–Teller) surface 
area measurement

Micromeritics, TriStar 3000

CTH Chemistry Analyzer etc. Tabletop SEM (Scanning Electron Micro-
scope)

Phenom

CTH Chemistry Analyzer etc. Titrator units for leaching experiments at 
constant pH

Experimental equipment
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CTH Chemistry Analyzer etc. Cells for studying diffusion of elements 
through solids, such as concrete

Experimental equipment

CTH Chemistry Analyzer etc. Possibility to use radioactive isotopes for 
marking elements

Experimental equipment

CTH Chemistry Analyzer etc. including detection Experimental equipment

CTH Chemistry Analyzer etc. Glove boxes for work in specific atmo-
sphere

Experimental equipment

CTH Chemistry Analyzer etc. Pyrolysis oven Experimental equipment

CTH Chemistry Analyzer etc. Other ovens Experimental equipment

CTH Chemistry Analyzer etc. Ion chromatograph for an ion analysis in 
aqueous solutions

Analysis equipment and methods

CTH Chemistry Analyzer etc. ICP-OES Analysis equipment and methods

CTH Chemistry Analyzer etc. ICP-MS Analysis equipment and methods

CTH Chemistry Analyzer etc. Specific surface area determination by 
BET method

Analysis equipment and methods

CTH Chemistry Analyzer etc. Laser diffraction (particle size distribu-
tion) in the range <10 micron

Analysis equipment and methods

CTH Chemistry Analyzer etc. Competence to do measurements and 
data analysis of syncrotron based X-ray 
absorption spectrometry

Analysis equipment and methods

CTH Energy Tech-
nology

Reactor Research boiler, circulating fluidized bed- 
CFB. Connected to Gothenburg District 
Heating network and central heating 
system of CTH. 100 measurement pints/
sockets in the boiler spread on the 14 m 
high burner area and in convection areas 
up to stack.

Generator  - 1989

CTH Energy Tech-
nology

Reactor Biomass gasifier, bubbling fluidized bed 
– BFB. 

Metso Power (Valmet)  - 2007

CTH Energy Tech-
nology

Reactor Gasifier platform: gas preparation 
includes 3 separate stations (gasifier and 
CLR) 

Building start 2007, continuous 
extensions and improvements

CTH Energy Tech-
nology

Reactor Reactor oven 8 kW Team Combustion Group, Elektro 
Heat  - 2009

CTH Energy Tech-
nology

Reactor Reactor with two communicating vessels 
(CFB and BFB) for catalytic reformation 
of raw gas from the gasifier. Compatible 
with the reactor oven.

Team Combustion Group  - 2009

CTH Energy Tech-
nology

Reactor Reactor with two communicating vessels 
(CFB and BFB) for catalytic reformation 
of raw gas from the gasifier. Compatible 
with the reactor oven.

Team Combustion Group  - 2012

CTH Energy Tech-
nology

Reactor Reactor with one vessel (BFB) for re-
search in tar degradation.  Compatible 
with the reactor oven.

Team Combustion Group  - 2012

CTH Energy Tech-
nology

Reactor System containing of a reactor and 
control system that can be heated up 
to 1700 °C. Purpose of the reactor is to 
thermally crack the components in the 
raw gas from the gasifier to measurable 
components such as CO, H2 and H2o to 
be able to close the carbon and nitrogen 
balance from the gasifier.

ENTEK  - 2013
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CTH Energy Tech-
nology

Analyzer etc. New laboratory for fuel preparation, sift-
ing, TGA, fuel drying and water analysis. 
The premises have 2 draught hoods and 
one draught cabin.

2015

CTH Energy Tech-
nology

Analyzer etc. New laboratory for handling of wet 
chemistry, complete equipped for refin-
ing of tars for analysis (SPA-method). 
There is two draught cabins and two 
high precision scales for weighing in 
chemicals.

2015

CTH Energy Tech-
nology

Analyzer etc. New laboratory for analysis and opera-
tion of bench scale reactors. Currently 
there is a fully developed system for 
analyzing tars in two GC-FID units with 
accompanying nitrogen generator. The 
purpose is that the laboratory shall be 
the base for all ags analyses connected 
to the research boiler, gasifier and the 
CLR-unit.

2015

CTH Energy Tech-
nology

Analyzer etc. Analysis instrument that measures the, 
based on weight, amount of ash, volatile 
matter and moisture content in biofuels, 
ashes and coal.

LECO  - TGA701

CTH Energy Tech-
nology

Analyzer etc. Gas chromatograph for analysis of gases Varian  - CP-4900

CTH Energy Tech-
nology

Analyzer etc. Heated dilution unit for the dilution of 
exhaust gases before they reach the 
analysis instruments. Can also be used 
for e.g. FTIR and as mass spectrometer.

J.U.M Engineering  - 108 (1:10)

CTH Energy Tech-
nology

Analyzer etc. Gas chromatograph Varian  - 490-GC

CTH Energy Tech-
nology

Analyzer etc. Gas analysis instrument for monitoring 
CO, CH4, CO2 (0-100%) and SO2 (0-
3000ppm) and O2 (0-25%).

Rosemount  - NGA 2000

CTH Energy Tech-
nology

Analyzer etc. Chemistry luminescence analyzer for NO/
NO(x) (0-500ppm)

ECO Physics  - CLD 700 EL

CTH Energy Tech-
nology

Analyzer etc. Chemistry luminescence analyzer for NO/
NO(x) (0-500ppm)

ECO Physics  - CLD 700 EL

CTH Energy Tech-
nology

Analyzer etc. Infra-red analyzer without direction 
optics (NDIR) for CO2 (0-20%) and SO2 
(0-300ppm)

MAIHAK  - SIDOR

CTH Energy Tech-
nology

Analyzer etc. Infra-red analysator without direction 
optics (NDIR) for CO2 (0-10%) and SO2 
(0-1000ppm)

MAIHAK  - SIDOR

CTH Energy Tech-
nology

Analyzer etc. Fourier transformed infra-red analyzer BOMEM  - MB9100

CTH Energy Tech-
nology

Analyzer etc. Automatic sifting unit for developing 
of different sand fractions and sifting 
curves.

Haver & Boecker  - EML 200

CTH Energy Tech-
nology

Analyzer etc. Mill for milling of different fuels such as 
wood, coal and sludge

Retsch Muhle  - SM1

CTH Energy Tech-
nology

Analyzer etc. Pump station for pumping fluids into the 
boiler

Vattenfall 

CTH Energy Tech-
nology

Analyzer etc. Pump for supply and feeding of sludge Saxlund/Frekvensomvandlare 
Danfoss  - 2153/2-19141A
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CTH Energy Tech-
nology

Analyzer etc. Sample divider for splitting in representa-
tive parts. Used for heterogenic samples, 
e.g. bed samples.

-

CTH Energy Tech-
nology

Analyzer etc. Small grinder for limited amounts. 
Used for grinding bed samples for TGA 
analysis

IKA-Werken  - A10 Yellow line

CTH Energy Tech-
nology

Analyzer etc. Oven for drying and determination of 
surface moisture in fuel

Hereaus Instruments  - UT 6420

CTH Energy Tech-
nology

Analyzer etc. Food processor for mixing samples Bosch  - MUM 8 professional

CTH Energy Tech-
nology

Analyzer etc. Thermometer for measuring low tem-
peratures -50 to 300 degrees Celsius. 
Operated by 1 1,5V R6 battery. Used 
today for controlling drying oven tem-
perature

Termometerfabriken Viking AB  - 

CTH Energy Tech-
nology

Analyzer etc. Harness including safety cord and hook. 
Used when working with sludge pump

  - 

CTH Energy Tech-
nology

Analyzer etc. Harness including safety cord and hook. 
Used when working with sludge pump

  - 

CTH Energy Tech-
nology

Analyzer etc. Measurement of CO low (0-1%) and CO 
high (0-20%).

MAIHAK  - S710

CTH Energy Tech-
nology

Analyzer etc. Monitoring CO2 (0-100%) and 02 (0-
50%)

Rosemount  - Binos 100 2M

CTH Energy Tech-
nology

Analyzer etc. Used for determination of tars from 
pre-gasifier samples and as online TGA.

Bruker  - 450-GC

CTH Energy Tech-
nology

Analyzer etc. Air cooled probe where rings is connect-
ed to the probe tip that is later analyzed 
for control of coating and corrosion. 

-

CTH Energy Tech-
nology

Analyzer etc. Control area 0-6 bar, stainless for the 
instrument Helium

Linde/AGA  - C200/1 Prod 
nr:316279

CTH Energy Tech-
nology

Analyzer etc. Control area 0-10,5 bar, brass for the 
instrument Helium 5.0 (Detector). 

Linde/AGA  - C106/1 Prod 
nr:320854

CTH Energy Tech-
nology

Analyzer etc. Gas analysis instrument that monitors 
SO2 (0-300/3000 ppm) and O2 (o-21%).

Rosemount  - NGA 2000

CTH Energy Tech-
nology

Analyzer etc. Monitors over- and under pressure, +/- 
2000 mbar = +/-200 kPa

Kimo Instrument AB  - MP 112 E

CTH Energy Tech-
nology

Analyzer etc. Monitors over- and under pressure, +/- 
500 mbar = +/-50 kPa

Kimo Instrument AB  - MP 112 E

CTH Energy Tech-
nology

Analyzer etc. Handheld temperature indicator for 
seven different thermocouple types that 
may  well be used for demanding appli-
cations (calibrated 2010-11-24)

Pentronic  - Microtherma 1

CTH Energy Tech-
nology

Analyzer etc. Rebuilt blood pressure meter Medistore.se  - Mastermed A1 
(svart

CTH Energy Tech-
nology

Analyzer etc. Portable box containing spray pump, 
needle valve, mass flow meter and a 
stainless injection oven

Gasmet Technologies Oy  - Gas-
met Calibrator

CTH Energy Tech-
nology

Analyzer etc. Voltage stabilisator used for 2 GC and 
1 computer for even operation and to 
counteract dips and peaks in the electric-
ity grid.

UPS-teknik i Väst AB Rattgatan 
25 442 40 Kungälv  - UPS KR11 
3kVA on-line, 1-fas, inkl 5min 
batteritid

CTH Energy Tech-
nology

Analyzer etc. GC with three columns Agilent  - Micro GC Quad

CTH Energy Tech-
nology

Analyzer etc. Titration for setting the pH. Byrett, stand, 
magnethic stire. Used by the Oxyfuel 
group.

-
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CTH Energy Tech-
nology

Analyzer etc. Tar analysis instrument Bruker  - 430 GC-FID

CTH Energy Tech-
nology

Analyzer etc. Membrane pump for A- & B-system and 
G101

KNF 

CTH Energy Tech-
nology

Analyzer etc. Membrane pump for A- & B-system and 
G101

KNF 

CTH Energy Tech-
nology

Analyzer etc. Membrane pump for A- & B-system and 
G101

KNF 

CTH Energy Tech-
nology

Analyzer etc. Membrane pump for A- & B-system and 
G101

KNF 

CTH Energy Tech-
nology

Analyzer etc. Membrane pump for A- & B-system and 
G101

KNF 

CTH Energy Tech-
nology

Analyzer etc. Membrane pump for A- & B-system and 
G101

KNF 

CTH Energy Tech-
nology

Analyzer etc. Membrane pump for A- & B-system and 
G101

KNF 

CTH Energy Tech-
nology

Analyzer etc. Generates nitrogen for the GC-FID. The 
nitrogen is both carry gas and detector 
gas.

Dominick Hunter  - NITROX UHP 
Modell 60 (Sigmas art nr 27750-
U)

CTH Energy Tech-
nology

Analyzer etc. Robust vacuum cleaner classified for 
asbestos if special bags is used.

Kärcher  - NT 35/1 ECO H

CTH Energy Tech-
nology

Analyzer etc. Robust vacuum cleaner classified for 
asbestos if special bags is used.

Kärcher  - NT 35/1 ECO H

CTH Energy Tech-
nology

Analyzer etc. Water cooled bed sample probe with 
pressurized air back flushing (alt. Nitro-
gen) as well as cyclone for bed sepa-
ration. Connected to internal vacuum 
system.

Own construction 

CTH Energy Tech-
nology

Analyzer etc. Water cooled gas exhaust probe with 
temperature regulation for the gas sam-
ple (up to 250 °C). 

Own construction 

CTH Energy Tech-
nology

Analyzer etc. Suction pyrometer for temperature mea-
surements, mainly in the research boiler. 
Connected to internal vacuum system.

Own construction 

CTH Energy Tech-
nology

Analyzer etc. Mobile system for measurements of raw 
gas from gasifier. Includes gas suction 
probe, cooling system, gas pump, 
scrubber with isopropanol adapted for 
gas analysis with Micro-GC Qad with 
accompanying carry gas.

Own construction 

GoBi-
Gas

Gasification Analyzer etc. Gas analyzer online O2 (3 st) ABB CEMS EL3000

GoBi-
Gas

Gasification Analyzer etc. Gas analyzer online H2, CO, CO2, CH4 ABB CEMS EL3000

GoBi-
Gas

Gasification Analyzer etc. Gas analyzer online O2 (3 st) ABB AZ20

GoBi-
Gas

Gasification Analyzer etc. Gas analyzer online O2, NH3, N2O, H2O, 
CO, NOx, CO2

ABB ACF-NT

GoBi-
Gas

Methanation Analyzer etc. Gas analyzer online CO, CO2, CH4, H2 Siemens MicroSAM

GoBi-
Gas

Methanation Analyzer etc. Gas analyzer online CO2, CH4, H2, N2 Siemens MicroSAM

GoBi-
Gas

Methanation Analyzer etc. Gas analyzer online CO2 Siemens Ultramat
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GoBi-
Gas

Laboratory Analyzer etc. Gas chromatograph, SNG-components Bruker 456-GC TCD/TCD/FID

GoBi-
Gas

Laboratory Analyzer etc. Gas chromatograph, sulphur in gas Bruker 456-GC PFPD

GoBi-
Gas

Laboratory Analyzer etc. Gas chromatograph, tars Bruker 436-GC FID

GoBi-
Gas

Laboratory Analyzer etc. Karl Fischer Titration equipment Metrohm

GoBi-
Gas

Laboratory Analyzer etc. Automatic titration equipment Metrohm 916 Ti-touch

CTH Energy Tech-
nology

Reactors 6 Cold flow models including air fans 
and helium system. Circulating systems 
0.5 m - 6 m high, bubbling beds 2 cm to 
2 m width (2 and 3D beds)

Own construction 

CTH Energy Tech-
nology

Analyzer etc. Video camera and Ultraviolet light emit-
ting source (Blacklight)

-

CTH Energy Tech-
nology

Analyzer etc. Pressure transducers Huba control

CTH Energy Tech-
nology

Analyzer etc. Anisotropic magneto resistive sensors for 
3D particle tracking

Honeywell

CDGB
Partner Group Type Equipment, name, description Model No. Or detail, year

KTH KET Reactor Lab scale FB rig 5 kW  

KTH KET Reactor Bench scale FB rig 50 kW  

KTH KET Reactor Pilot scale pressurized FB 100 kW + filter 
and reformer

 

KTH KET Reactor Pressurized mobile ATR reactor in con-
tainer Flow = 10 m3/h, P= 23 bar

2015

KTH KET Reactor Three reactor bench-scale set up for 
catalyst/adsorption tests (pressurized, 
mobile)

2015

KTH KET Filter Filter bench-scale set up (pressurized, 
mobile)

2015

KTH KET Reactor Micro reactor for WGS catalyst tests  

KTH KET Reactor Micro reactor for tar catalyst tests 2013

KTH EOU Reactor 500 kW high-temperature air/steam 
gasification 

2005

KTH EOU Reactor 10 kW FB pyrolysis/gasifier 2011

KTH EOU Instruments Py-GC-MS 2012

KTH KET Instruments GC for sulphur (Chemiluminicens detec-
tor)

Perkin Elmer

KTH KET Instruments GC-MS, Varian 2012

KTH KET Instruments Micro-GC, Thermo Fischer 2012

KTH KET Instruments Micro-GC, Thermo Fischer 2012

KTH KET Instruments TGA/DSC 1250 C atmospheric (steam 
and dry gases)

2010

KTH KET Instruments BET  

KTH KET Instruments Gas analyzer O2 paramagnetic  

KTH KET Instruments Gas analyzer O2 paramagnetic  

KTH KET Instruments MS Hiden  
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KTH KET Instruments TPD/TPO  

KTH KET Instruments Gas analyzer CO  

KTH KET Instruments Gas analyzer CO2  

KTH KET Instruments Gas analyzer Total HC  

KTH KET Instruments Gas analyzer CO2  

KTH KET Instruments Gas analyzer CO  

KTH KET Instruments Gas analyzer Total HC  

KTH KET Instruments Gas analyzer H2  

KTH KET Instruments Gas analyzer H2  

KTH KET Reactor Micro-reactor pressurized catalyst tests  

KTH KET Reactor Micro-reactor pressurized catalyst tests  

KTH EOU Instruments Micro-GC 2010

KTH EOU Reactor bench scale fixed bed rig 5 kW 2015

KTH KET Instruments XRD  

KTH KET Instruments Chemisorption  

KTH KET Instruments Mercury porositymeter  

KTH KET Instruments Ordinary GC Perkin Elmer

KTH KET Instruments Ordinary GC Varian

KTH KET Instruments Ordinary GC Varian

LNU BET Reactor Lab scale FB rig 3 kW  

LNU BET Reactor Pressurized reactor for catalyst activity 
test

 

LNU BET Instruments Aerosol instrument: SMPS, 0,01-1 µm TSI

LNU BET Instruments Aerosol instrument: APS, 1-20 µm TSI

LNU BET Instruments Aerosol instrument: ELPI, 0,03-10 µm Dekati

LNU BET Instruments Aerosol cascade impactor: DPLI, 0.03-10 
µm

Dekati

LNU BET Instruments Aerosol instrument: TEOM, online, total 
mass

 

LNU BET Instruments Gas analyzer IR/paramagn.  CO, CO2, 
O2, NO, NO2

 

LNU BET Instruments Gas analyzer IR/paramagn.  CO, CO2, 
SO2

 

LNU BET Instruments Gas analyzer FTIR  

LNU BET Instruments Gas analyzer micro-GC, 3 columns  

LNU BET Instruments GC-MS  

LNU BET Instruments GC-FID  

LNU BET Instruments TGA  

LNU BET Instruments DTA  

LNU BET Instruments BET  

LNU BET Instruments Mercury porositymeter  

LNU BET Instruments Low range CO2 meter  

LNU BET Instruments High resolution balance (1 µg)  
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Appendix 7. Swedish biofuel production and the role of gasification   

Background
In June 2017, the Swedish Parliament passed a law on 
the Climate Policy Framework with the overall goal that 
Sweden should have no net greenhouse gas emissions 
to the atmosphere by 2045, and thereafter achieve neg-
ative emissions. Several sub targets have also been set. 
Emissions from domestic road transport should be at 
least 70 % lower in 2030 than in 2010. Biofuels have 
in recent years increased significantly and in a relative-
ly short time and have contributed to a reduction of 
greenhouse gas emissions from the transport sector in 
EU as well as in Sweden. With a biofuel share of 22 %35 
in the sector (year 2018), Sweden is at the top of the 
EU-countries.

In October 2018, the Government commissioned the 
Swedish Energy Agency to investigate certain issues re-
garding the Reduction Obligation System. This included, 
amongst other things, preparing proposals for reduction 
levels for the years 2021 to 2030. Currently, about 90 %  
of the biofuels used in Sweden are imported, ei-
ther in terms of feedstock or fuels. According to the 
reduction obligation quota, the increased blending tar-
get to 2030 will result in more than a doubling of the use 
of biofuels compared to the current level (to about 40 
% of total road transportation fuel use). To this, biofuels 
for use in domestic and international shipping and air 
traffic should be added. A recent investigation has pro-
posed a quota obligation also for bio jet fuels of 30 %  
by 2030.36

Through the changes in the updated Renewable Ener-
gy Directive (RED II), including defined maximum levels 
of biofuels from cultivated crops (conventional biofuels) 
and targets for so-called advanced biofuels, as well as 
several ambitious targets in other countries, the de-
mand for biofuels will increase also internationally. This 
will make it more difficult to increase the use of biofuels 
in Sweden that is, as previously mentioned, to a large 
extent based on imports. A further increased import of 
biofuels is thus neither a long-term sustainable alterna-
tive from a supply nor from a financial perspective. This 
is even truer for advanced biofuels, whose production is 
very modest today, but where the target for all Member 
States is 3.5% (with double counting) of final energy 
use for land-based transport by 2030.

Appendix 7.  
Swedish biofuel production and the role of gasification   

Sweden, together with Finland, has very large assets 
of forest raw materials and thus plays a central role 
within Europe in developing technologies to produce 
advanced, forest-based biofuels. Investment in such 
biofuels production in Sweden will lead to job creation, 
rural development, increased security of supply and an 
improved trade balance, in addition to reducing the cli-
mate impact of transport. All in all, strong efforts are 
now required to create viable market conditions to favor 
domestic production of advanced biofuels.

Efforts to secure domestic production must be in line 
with the ambitious goals

Sweden has a great potential to replace fossil fuels with, 
above all, domestic forest raw materials, but also crops 
and waste. Investments in production and broad com-
mercialization of advanced biofuels technologies have 
so far not been sufficiently made in Sweden. It is there-
fore both desirable and necessary that Sweden creates 
the conditions for achieving large-scale production of 
advanced biofuels from domestic raw materials, in ad-
dition to those that are currently produced using tall oil 
as a base or that may be extracted from a limited part 
stream of the forest industry's black liquor.

The biofuels produced and used in Sweden must have 
the best possible climate and energy performance. The 
initiators of this position document believe that gas-
ification is one of the most cost-effective and en-
vironmentally friendly technologies to produce 
advanced biofuels. This is because the conversion 
process has

•  a high energy efficiency

•  low production costs at large scale capacities

•  a high greenhouse gas reduction (highest default 
values in RED II Annex V)

•  a high feedstock flexibility, i.e., manages to convert 
forest raw materials, other bio raw materials and 
waste

•  a high product flexibility, i.e., products such as hy-
drocarbons, alcohols, biomethane and hydrogen

•  large integration opportunities with existing and 
future industries

35 Swedish Energy Agency, 2020 (Totally 78 TWh was used for road transports in 2018, of which 17.5 TWh was biofuels
36 Biojet för flyget, Betänkande av Utredningen om styrmedel föratt främja användning av biobränsle för flyget. SOU 2019:11
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In addition, gasification technologies have a high tech-
nological readiness level (TRL) and can be implemented 
broadly and on a large scale already today if the right 
surrounding conditions prevail. Swedish companies like 
Domsjö, E. ON, Gothenburg Energy, Rottneros and oth-
ers have had far-reaching project plans that have not 
been realized due to too large uncertainties in politically 
decided instruments.

There is an immediate need for powerful policy mea-
sures beyond the generally benevolent wording to sup-
port the expansion of a Swedish biofuel industry and 
which strongly contribute to the goals set in the Climate 
Policy Framework. Such measures must aim at making 
investments in large-scale domestic biofuel production 
economically sustainable over time.

We therefore call for…

…fast and effective measures from the Swedish Par-
liament and the government to enable investments in 
large-scale production of advanced biofuels based on 
domestic raw materials as a central part of Swedish cli-
mate policy. 

In addition to the already existing reduction obligation, 
new effective instruments should be introduced as soon 
as possible, for example by:

•  Targeted instruments such as so-called Contract for 
Difference (CFD) for the first large-scale production 
facility, possibly in combination with governmental 
participation through industrial players and as a 
financier. This is deemed necessary to ensure that 
the politically decided added value in green prod-
ucts compared to fossil fuels provides sufficient 
cash flow during the time the loans, interest rates 
and returns are paid.  This is also because the first 
industrial plants have higher costs and economic 
risks than a fully established and mature technolo-
gy, while competing in the short term with existing 
plant's marginal price

•  Introducing an investment support as a comple-
ment to the existing Industrial and Climate Pro-
grams with the aim of enabling the installations of 
large pilot and demonstration plants for biofuels 
in Sweden based on feedstocks in RED II Annex IX 
A. The level of support shall be adjusted so that it 
provides a significant contribution to the financing 
of such investments. At the same time, it should 
enable additional public financing through grants 
and loans at Swedish or EU level in accordance with 
current regulations, this in addition to investments 
of equity from financiers

•  Introduction of a blending quota for advanced bio-
fuels based on feedstocks in the RED II Annex IX A. 
The blending levels should gradually be increased 
and in 2045 constitute a significant share of Swe-
den's needs for domestic transport fuels. This quota 
should be fulfilled by the fuel distributors. A sanc-
tion cost of the same order of magnitude as that in 
the current reduction obligation system should be 
paid if the quota is not filled.

Initiators and support organizations for this position 
document

The Swedish Gasification Center (SFC), with the support 
of The Swedish Bioenergy Association (SVEBIO), is the 
initiator of this position document. The document has 
partly been formulated by the SFC's management group 
and program council and partly based on discussions at 
two workshops, "New instruments for renewable fuels 
and their impact on future gasification establishments" 
held in Stockholm 2019-01-31, and "New instruments 
for investments in Swedish bio refineries” held in Stock-
holm 2019-04-08.

A total of approximately 65 people from universities, au-
thorities, institutes, associations, companies, and indus-
tries participated with a common interest in reducing 
climate impact and accelerating the transition to a fos-
sil-free transport sector. Based on a draft of the present 
position paper, a large majority of participants support-
ed the content.

However, this does not mean that every participant, and 
by extension, the organizations they represent, shares 
the views expressed in this document in its entirety or 
in its various parts. The document mainly expresses the 
SFC's position and does not claim to express the views 
of any other person or organization beyond what is stat-
ed above.
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