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Summary

Development of the MILENA gasification technology for the production of
Bio-SNG

The production of Substitute Natural Gas from bign@io-SNG) is an attractive
option to reduce COemissions and replace declining fossil natural rgasrves.
The Energy research Center of the Netherlands (EGNWwarking on the
development of the MILENA gasification technologyathis ideally suited to
convert a wide range of biomass fuels into a gas ¢an be upgraded into Bio-
SNG.

Production of a synthetic natural gas that candaality injected into the
existing natural gas infrastructure is a major lemgle to make a big step into
bringing renewable energy to the public. To achisweh a goal it is necessary to
produce an SNG with similar properties as natued gnd also at a price that
makes it competitive with current and future prices

This goal is translated into some major scientified atechnological
challenges. The process, in which the gasificaskep is a major one, should have
the highest possible thermodynamic efficiency, meathat most of the calorific
value of the input biomass is retained in the pebdas. Next to this the quality of
the gas should be such that it can be effectivielgned to allow for a long lasting
high efficiency SNG synthesis. This requirementtrenslated into the goal of
making a product gas with minimum non convertildenponents like nitrogen and
H,O and CQ. The inherent production of tar like componentsusth be such that
these can be beneficially re-used in the procesiseoconverted to components
adding to the amount and quality of the SNG.

On top of this the major technical challenge id tha design of the process
should be such that it can be up scaled into aeswith capacities of well over

several hundreds of Megawatts input.



The gasification process fulfilling these techniaall scientific challenges is
designed to produce a medium calorific value gapr@imately 16 MJ Nrion
dry basis) with a high content of hydrocarbons hikethane and ethylene.

The available knowledge from an existing 500 kWtbnfess gasifier was
used to make the first design of the MILENA gasifién the basis of this the final
MILENA gasification process has been establishecclwiis best described as an
Indirect or Allothermal fluidized bed gasifier. O the major advantages of
Indirect gasifiers is the near 100% conversionhef fuel into a combustible gas
and latent heat. The residual ash is virtually carfiree (< 1 wt.% C), which means
that the loss in heating value of the remains iiclg the ash is close to zero. The
overall efficiency of the MILENA gasifier is relaty high, compared to the
alternatives, because of the complete fuel conmerand the relatively low amount
of steam required in the process.

The objective of the development described in thesis was to design an
up-scalable biomass gasification process with b bad gas efficiency (> 80% for
dry wood) producing a gas which is suitable to beverted into Bio-SNG with a
higher overall efficiency than the alternative basa gasification processes. The
nitrogen content of the producer gas should bew@laol.%, to prevent dilution
of the Bio-SNG.

Verified relations to calculate the gas composijtioompound and energy
balances are required for the design of a comniesci@le demonstration plant
which is scheduled for construction in 2011. Rdé&alelations for carbon
conversion and hydrocarbon yields in an indirebthated riser gasifier as function
of temperature were not available from literatubata from an extensive test
program was used to produce and verify the requiedations. The models to
describe the process were designed by the authttiisothesis. The relations for
hydrocarbon yield can also be used for comparabl®dss gasification processes
(e.g. BFB and CFB gasification), but experimentification is recommended.

An introduction into Bio-SNG is given and the MILEBNdevelopment for

Bio-SNG production is given in Chapter 1.



In Chapter 2 the biomass gasification processuitlifted bed reactors and
the typical problems related to biomass fluidized Qasification are described.

In Chapter 3 background information is given ongheduction and usage of
Bio-SNG.

Chapter 4 presents an analysis of the obtainaluleSBIG process efficiency
using three different, more or less suitable, gzibn technologies and associated
gas cleaning and methanation equipment. These tieche® are: 1) Entrained
Flow, 2) Circulating Fluidized Bed (CFB) and 3) irett gasification. Overall
efficiency to SNG is highest for Indirect gasificat. The net overall efficiencies
on an LHV basis, including electricity consumpti@nd pretreatment, but
excluding transport of biomass, are 54% for Enediflow, 58% for CFB and
67% for Indirect gasification. Because of the digant differences in overall
efficiencies to SNG for the different gasifiers, EGs selected the Indirect
gasification as the preferred technology for thedpction of SNG.

A pseudo-equilibrium model is made to describe NHEENA gasification
process. This MILENA model was used to design theslkzle and pilot-scale
installations. The model is described in Chapter 5.

In 2004 the 30 kW lab-scale MILENA gasifier was built. After succadsf
operation of the MILENA lab-scale gasifier for soyears it was, at the end of
2006, decided to start the realization of a pikzis gasifier. Construction started
in 2007 and the 800 ky¥Vpilot plant was taken into operation in 2008. Fiests
with the complete system (gasifier and gas clegnimgre done in 2009. The
MILENA process and the lab-scale and pilot-scaldgalfetion are described in
Chapter 6.

An extensive test program was done in the lab-seadd pilot-scale
MILENA installations. Different fuels, such as cleavood, demolition wood,
sewage sludge and lignite were tested. Test resudt® used to verify the
MILENA model. Tests with demolition wood were donepimduce data for the
engineering of a MILENA demonstration plant. Resualt the lab-scale and pilot-

scale tests using different fuels are describ&chapter 7.






Chapter 1

| ntroduction

1.1 Sustainable Energy

Energy is one of the essential ingredients of modemciety. Nowadays energy
comes for the greater part from fossil fuels likeé patural gas and coal. The
proven fossil oil and natural gas reserves areirdegl in North America and
Europe [1]. According a study of the Energy Rese&ehtre of the Netherlands
(ECN) the global production of oil might decline kit 30 years [2]. According to
the International Energy Agency (IEA) the consummptiof primary energy is
expected to increase by 1.6% per year. By 2030urop8on is expected to have
risen by just over 45% compared to 2006 [3].

On top of the problem of securing the supply, tbmloustion of fossil fuels
produces CgQ which contributes to global warming. @@missions from fossil
fuels can, to some extent, be countered by seatiesirof CQ. This CQ
sequestration, however, lowers overall efficienigpigicantly, resulting in a higher
consumption of fossil fuels per unit of energy deded and consequently a faster
decline of fossil fuels reserves.

Sustainable alternatives like wind, solar or biognarsergy are required to
replace the declining production of fossil fuelgsheut increasing the amount of

COyin the atmosphere.
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1.2 Biomass Energy

Biomass energy is expected to make a major cotiibuo the replacement of
fossil fuels. The future world-wide available amouwit biomass for energy is
estimated to be 200 to 500 EJ per year, based oevaation of availability
studies [4]. Word wide oil consumption was 161 E2J.%8nillion barrels of oil per
day) in 2005 [1].

Biomass is considered a ¢€@®eutral fuel, as the amount of €f@leased on
burning biomass equals the amount taken from thmsihere during growth of
the biomass. Fuels like hydrogen, methane, Fisdhepsch (FT) diesel and
methanol produced from biomass have the potetiasbtome a Céhegative fuel,
because part of the biomass carbon is separatéliOasiuring the production
process and can be sequestrated. This might bitracti®e option for reducing the
level of greenhouse gases in the atmosphere.

Biomass for the production of energy is contro\aréor several reasons.
Corn is used on a large scale to produce ethaneliace fossil gasoline. Palm oll
is used to produce biodiesel. This resulted infaleé versus food discussion. Large
areas of rainforest have been cut down in Malatsiareate space for palm oil
production. On top of this, some production proesdsr Bio-fuels require a large
(fossil) energy input for logistic reasons and pmrade the fuel to an acceptable
quality. A well know example is the distillation ¢the water ethanol mixture to
produce fuel quality ethanol. Some fast growingnitagses require nitrogen
fertilizers, which are normally produced from nalugas. This has a negative
effect on the overall CObalance of the Bio-fuel. To deal with these issues
Sustainability Criteria were introduced. These aateinclude issues like the
greenhouse gas balance, competition with food, iéosity and local
environmental issues. Woody biomass performs vegll wn these criteria,

especially when the wood is converted into a lovbea fuel like methane.
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1.3 Biomass gasification

The term gasification applies to processes whiclvexrsolid or liquid fuels into a
combustible gas at high temperature. The heatregtjior the heating of the fuel
and the endothermic gasification is supplied bydbmbustion of part of the fuel
(Direct gasification) or comes from an external reeu(Indirect or Allothermal

gasification). The MILENA gasifier described in thlsesis belongs to this latter

category. Background information on biomass gadifim is given in Chapter 2.

1.4 Bio-SNG asrenewablefuel

Natural gas plays an important role as an energycsoworld wide. According to
the Energy Information Administration of the U.S. v\@ohment natural gas
consumption in 2003 was one-quarter of the woridhary energy consumption
and is expected to rise by 2.4 percent per year [5]

Natural gas is a relatively clean primary energyieaand is therefore often
the fuel of choice in many regions of the world. ®iere of natural gas in the
world energy consumption is expected to rise.

In the Netherlands natural gas contributes nedi®% 5f the primary energy
supply as it is by far the most popular fuel foatneg of buildings.

Replacing part of natural gas by a Substitute Nd@@as (SNG) or Synthetic
Natural Gas, produced out of a sustainable prineargy source, with the same
properties as natural gas makes the implementafiGustainable energy easy as
natural gas grids are widely spread in the Nethddand in many other countries.

Sustainable electricity has become popular in regears. In 2005 7 percent
of the consumers in the Netherlands used sustainalelctricity. The number
reduced to 5% in 2007. This was a consequenceeofaitt that the subsidies for
production of electricity out of biomass becames lewvailable. Presently the
majority of the growth in renewable electricity geation is due to wind power.
The majority of the electricity out of biomass isrfr co-combustion in coal fired

plants.
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Replacing heat produced from fossil fuel with sinsthle heat on a household scale
iIs more challenging than replacing fossil eledlyiavith sustainable electricity.
Direct local combustion of biomass can be attractrom an efficiency point of
view but local biomass boilers (on household scaledild require extensive and
expensive flue gas treatment equipment to keepsemis at an acceptable level
(compared to emissions from large power planthemtresently used local natural
gas fired boilers). Decentralized biomass firedeo® or combined heat and power
plants require a district heating network. In mases district heating network is
not present and the installation of such a netuogkpensive.

A Substitute Natural Gas can be produced from bgsmaith a high
efficiency and with low emissions from the SNG plétomparable with modern
power plants). Biomass transport can be limitethto central SNG plants, which
would be located next to harbors.

Bio-SNG is the obvious choice for sustainable mgaif houses in the
Netherlands and in many other countries. It islyikhat in the near future
conventional house heating boilers will be replabgdnatural gas fired Micro
Combined Heat and Power plants (Micro-CHP), whintreases overall energetic
efficiency compared to local heat production andcemdralized electricity
production. The production process of Bio-SNG vigifyaation is described in

chapter 3.

1.5 CO, balance of Bio-SNG

Biomass (wood) with 20 wt.% of moisture has, byragpnation, the composition
of CeH1», 0575 In theory biomass can be converted directly antmixture of CH

and CQ by the following exothermic reaction:

C6H12.505_75—> 3.12 CH + 2.88 CQ (11)
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After removal of CQ the Bio-SNG can be injected into the gas gridsThi
means that almost half of the carbon (on mol basiff)e fuel is separated as pure
CO, and is available for COsequestration. This makes the production of SNG
carbon negative. Figure 1-1 shows an indicativeraivé€ O, balance, including
emissions from harvesting and transport, for a &8s production facility based

on the MILENA indirect gasifier as described is tthssis.

P

70

CO, balance

Photosynthesis Harvesting, Gasification + Bio-SNG

transport, upgrading consumers
pre-treatment

T 100 CO,

Fossil oil

sequestration

Figure 1-1: Indicative C@balance for Bio-SNG system based on MILENA gaatfan.

1.6 Bio-SNG development at ECN

The Energy research Centre of the Netherlands (ECbhBnbe interested in the
production of Bio-SNG out of biomass already in tireeties. The original interest
in SNG was based on the possibility to use bion@astore sustainable hydrogen
coupled to sustainable carbon from biomass. This veahieved by the
hydrogasification process. Several studies and sotperimental work were done
on the hydrogasification process [6]. The hydrogesion process uses hydrogen

as gasification agent in a pressurized reactoratipgr around 30 bara and 800°C,
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where no external heat or oxygen supply is requidsdirogen reacts exothermally
with the carbon in the biomass to form methane. Thlrogasification
development was not continued, because it becagae tat the availability of a
surplus of sustainable hydrogen was not likely tfee near future. As a second
option the production of SNG using more conventigyasification processes for
the production of SNG gained interest.

ECN did the first SNG production tests using a steaggen blown lab-
scale gasifier in 2003. These first results werenmsmg and led to the continuation
of the research program. Indirect gasification videntified as most suitable
gasification technology for the production of SN@].[ Indirect gasification
technology was by that time already in developmEuatther research concentrated

on the production of SNG from gas coming from theN\B@ILENA gasifier.

1.7 Objective of the MILENA development

The objective of the MILENA SNG development at ECN s develop an
economically viable and up scalable process forptiogluction of Bio-SNG from
cellulosic biomass and to bring this developmernthomarket. The design of the
gasifier is made such that it should be up scalabd least 100 M.

The MILENA producer gas should contain a high corneioin of CH, (>12
vol% on dry basis), because this has a positivecetin overall efficiency to SNG.
The N, content in the producer gas should be below 3 (dig6 basis), because,N
dilutes the final Bio-SNG.

The technology will focus on woody biomass to staith, because
experiences at ECN and elsewhere (the FICFB gasifi€stissing) have shown
that woody biomass is an ideal fuel for an indirgasifier. Figure 1-2 shows the
foreseen scale-up steps and demonstration trayector

The demonstration of the technology is done with ro@ncial partners, as
they are essential for the implementation aftea@essful demonstration. One of

the demonstration steps is a 10 MWIILENA gasifier in combination with
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OLGA gas cleaning and a gas engine. The 10M¥¥mbined Heat and Power
(CHP) demo is considered to be a crucial interntedséep towards commercial
Bio-Methane plants. The CHP demo, however, is alsosidered to be a
demonstration of a commercial size CHP unit andefloee serves two goals. After
a successful CHP demonstration, further scale-upat®0 MW, Methane

demonstration unit is foreseen.

YEAR 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
1 MWith 10-15 MWith
CONSTRUCTION +
i CHP DEMO PILOT TESTS DEMONSTRATION COMMERCIAL OPERATION
Design
data
CONSTRUCTION + COMMERCIAL
72| SNG DEMO LAB-SCALE TESTS PILOT DEMONSTRATION OPERATION
0.01 MW 50 MWth

Figure 1-2: Foreseen scale up and demonstratipactoay for MILENA technology.

The development focuses on high overall energetficiezricy, because biomass is
seen as a valuable primary energy source. Thesaimhave a net overall energetic
efficiency from fresh woody biomass to SNG of mthran 70% (LHV basis).

1.8 Objective of thisthesis

This thesis has two main objectives:

1) Quantify the differences in overall efficiency fromood to Bio-SNG with
other biomass gasification processes to provethieabverall efficiency from
wood to Bio-SNG is significantly higher than folhet biomass gasification
processes that will be commercially available witten years.

2) Generate verified relations that are required toutate the gas composition,
the mass balance and the energy balance for aredtigti heated biomass
riser gasifier like the MILENA.
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The comparison on overall efficiency basis of indirgasifiers with alternatives

like Entrained Flow and Circulating Fluidized bedsifars is described in chapter

The empirical relations used in the model to preldyatrocarbon yields and

carbon conversion are based on a wide range ofiexgas described in chapter 7.
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Chapter 2

Background on Biomass gasification

Abstract

This chapter describes the biomass gasificationgssin fluidized bed reactors
and the typical problems (tars and agglomerationbed material) related to
biomass fluidized bed gasification. Indirect gassgi and the MILENA process are
described in more detail.

A clear definition of Cold Gas Efficiency (CGE) isvgn, because the

recycle of char and tar flows creates several aptto define this efficiency.

2.1 Biomass gasification technologies

Gasification processes have been in use since8D@s1 The first application was
the production of town gas from coal. From the XB@sification was used to
produce synthetic chemicals. Most well known is tduction of Fischer
Tropsch oil out of synthesis gas in Germany to hennilitary machinery during
the Second World War and, more recently in SoutiicAf

Nowadays, commercial coal gasifiers are in opematio a scale over 1 G\
[1]. The number of gasifiers based on biomass asea i still limited. The

technology of gasification to liquid and gaseouslduon the basis of biomass as
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feedstock will get a new boost as it opens the togatoduce a green alternative to
fossil fuel based energy carriers

The term gasification is applied to processes wikmhvert solid or liquid
fuels into a combustible gas at high temperatdiee heat required for the heating
of the fuel and to energize the endothermic gasifa reactions is supplied by the
combustion of part of the fuel (Direct gasificafiar is supplied from an external
source (Indirect or Allothermal gasification).

Gasifiers can be divided into high temperature fgasi (typical 1300 -
1500°C) which produce a syngas and medium temperatsiéeya (typical 850C)
which produce a producer gas. Syngas contains almmshydrocarbons like
methane. Gas coming from medium temperature gesif@ntains on energy basis
up to 50% of hydrocarbons (mainly GHC,H4 and GHg). The producer gas from
medium temperature gasifiers also contains some. tdiars are heavy
hydrocarbons, which can cause fouling problems vthergas is cooled. Producer
gas also contains several other pollutants lik8,HCOS, thiophenes, NHHCI,
HCN and dust which need to be removed before agjit of the gas.

For processes like the synthesis of Fischer Tropsekel or methanol the
presence of large quantities of hydrocarbons isamied, because only CO and H
(and probably ¢H, in the case of Fischer Tropsch synthesis) arearbed into the
desired product. Next to the fouling due to heawdrbcarbons, the other
hydrocarbons have negative effects on the dowmatedalytic process due to the
risk of deactivation. For the production of SNG tiresence of hydrocarbons is an
advantage, because most of the hydrocarbons asenpras Cil and the other
hydrocarbons can be converted into methane withgheh efficiency than the
conversion of syngas into GH

The most common type of gasifier for the productminsyngas is the
Entrained Flow (EF) gasifier. EF gasifiers operating amal are commercially
available from large companies like Shell, Gendthbdctric and Siemens. The
typical scale is over 500 M}/ The gasifiers are always operated at high pressur

(typically 30 bar), because the syngas is neededthigit pressure while the
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compression of a solid requires less energy tharcdimpression of a gas. Feeding
pulverized coal at elevated pressures using locgp&o systems is proven
technology, which is not the case for biomass. Tolel Suel (mostly coal) is
pulverized and pneumatically fed into the Entraiféalv gasifiers. N is normally
used as feeding gas, @liluted with steam) is mostly used as gasificatagent.
The gasifier is always operated above the ash rgetéimperature to keep the ash
in the liquid phase in the gasifier. The syngas pced by the gasifier is quenched
with cooled syngas to solidify the ash.

A well known example of an Entrained Flow gasifieithe Shell gasifier in
Buggenum, where the produced syngas is fired imnabaned cycle to produce 253
MW of electricity. The fuel for this plant is northacoal, but co-gasification with
up to 30 mass% of biomass has been demonstrated [2]

Entrained Flow gasifiers can in principle be usedjasify biomass if the
particles are milled. However, milling of biomasargicles is energy intensive and
the pneumatic feeding of those particles can bdlenoatic. Torrefaction is a
biomass pretreatment step under development taedtie required milling energy
and to increase the energy density of the bionassake a.o. the transport more
economic [3]. Another pretreatment option is thedoiction of bio-oil by the flash
pyrolysis process. Bio-oil as a liquid can easikyfed into a gasifier using a high
pressure pump [4]. The disadvantage of both pretesat steps is the energy loss
caused by the thermal conversion of the fresh bssmato a more manageable
fuel. The overall efficiency (including electricityconsumption) of both
pretreatment methods is still not known, as botlecesses are still under
development and data from commercial scale denatiwsir units are not yet
available. There are no known demonstrations of &stfigrs using only biomass
or pre-treated biomass as a fuel. There is a stiegest from industry in using
this coal derived gasification technology for bi@sa

The medium temperature gasifiers can be dividedkedfbed gasifiers and

fluidized bed gasifiers. The fixed bed gasifiers banseparated in Downdraft and
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Updraft gasifiers. Both are in use for biomass fgadion as well. Figure 2-1

depicts the basic operating principles of typicpbaft and Downdraft gasifiers.

Biomass Biomass

5 Pr oducer
Gas Downdr aft
Drying Drying Gasfier
T Updr aft /\
Pyrolysis Gasifier Pyrolysis
Air |: Air
é % Producer
] —_—
B || b I cas

Air

Figure 2-1: Schematic comparison of Updraft and Danaft Gasification

Downdraft gasifiers are widely in use for smalllsc@HP generation. The
typical size of a gasifier is between 100 and 1K@G, input. The fuel is normally
dry wood. The gas is mostly used to fuel a gas engiie advantage of this
technology is that the produced gas is rather c{kam tar and dust content) and
the technology is relatively simple. The gasifiexquire a well defined dry fuel for
continuous and reliable operation. The carbon edraéthe ash coming from the
bottom of the gasifiers normally is relatively highl0 wt.%), because the fuel
conversion in the gasification section is not caetgl The Downdraft technology is
not well suited for scaling up. One of the reasashat scale up requires an
increase in bed diameter. A large bed diameteeasss the risk of channeling in
the bed and leads to inhomogeneous supply of oxigére gasification zone. If a
channel in the bed occurs, a larger than averagepthe gas goes through such a
channel and not through the char bed. The charshedld help to reduce the tar
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concentration in the gas, but if the gas ‘escaghsbugh the hole the tar
concentration increases and downstream equipméntaeed.

Updraft gasifiers are better suited for scale ug Ess sensitive regarding
moisture content and geometry of the fuel, but peeda lot of tar. If tar removal
technology is applied the gas can be fired in aega@gne. Tar is normally removed
in combination with water. This water stream regsiextensive cleaning before it
can be disposed in a sewer system. The overaliezftig of the Updraft process
can be high because of the complete conversiomeffuel and the low outlet
temperature of the gasifier. The tar removal ancewelean up make the process
complex and too expensive for small scale (< 1 MWA successful example of an
Updraft gasifier is the Harbogre plant in Denmdik [

Updraft and Downdraft Fixed Bed biomass gasifiaes @perated in ‘dry’
mode. This means that the ash in the gasifierstis.molten state. This is achieved
by keeping the operating temperature below theingelemperature of the ash.
Both types of gasifiers use air as gasificatiomnagéor the production of SNG the
air needs to be replaced by oxygen, as the nitragethe gas dilutes the final
product. Replacing air by oxygen, however, is notogtion, because this would
result in a local increase in temperature, whidraases the risk of ash melting.
Fixed Bed gasifiers are not seen as an option forf3BIG production because of
the inability of this type of biomass gasifier tamguce a nitrogen free gas.

Fluidized Bed gasifiers, as described in the nexagraph, can be operated
in such way that they produce a nitrogen free d@rogen poor gas and the

technology is suitable to be scaled up to sevhtaidreds of MW.

2.2 Fluidized bed gasification

Fluidized Bed gasifiers can be divided into threairmcategories: Bubbling
Fluidized Bed (BFB), Circulating Fluidized Bed (CF&nd Indirect or Allothermal
twin bed concepts. All Fluidized Bed gasifiers wsded material. That can be

ordinary sand, the ash from the fuel or a catadyifjcactive bed material like



16 Chapter 2

dolomite or olivine. The purpose of the bed matasido distribute and transport
the heat in the gasifier which prevents local hoots, mix the fuel with the

gasification gas and the produced gases and, icabke of a catalytically active
material, reduce the concentration of tars. Figi#e shows the basic principles

and differences of three types of Fluidized Bedfigas.

BFB CFB INDIRECT
Producer Producer Producer Flue
gas gas gas gas
A A
850°C 900°C

_ Biomass
Biomass

7
. n -
Biomass |[g = ®

1 t

0O, + H,O O, + H,O H,O Air

Figure 2-2: Schematic comparison of BFB, CFB ardirétt gasification

In a BFB gasifier the fuel is normally fed in dyave the fluidized bed. The
bed material is fluidized by a gas (air or an oxyg@eam mixture) entering the
gasifier through nozzles distributed over the batif the reactor. The air is used
in the bed to combust part of the gas and/or ttee th produce the heat required
for heating the biomass and the endothermic gasihic processes. The typical
gas velocity in this gasifier is 1 mt sSBFB gasifiers are normally applied at a scale
below 10 MW;. The reason for this scale limitation is probatblg requirement of
a good fuel distribution over the bed, which becemeore difficult when the
diameter of the reactor increases.

At higher gas velocities, the bed material getsagmed and a circulation of

the bed material is required. This type of gassfier called Circulating Fluidized
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Bed (CFB) gasifiers. Typical velocity in the gagifie normally between 3 and 10
m s'. The entrained bed material and the, not completelgverted fuel particles
(char) are removed from the produced gas by a ngclor another separation
device. The particles are normally returned to tbéomn of the gasifier via a non-
mechanical valve. This ‘non-mechanical’ valve canabstand pipe which also
serves the function of preventing gas leakage filmenbottom of the riser into the
solids outlet of the cyclone. Foster Wheeler haseasssfully demonstrated this type
of gasifier on a commercial scale in Lahti in Fidaand Ruien in Belgium.
Separating the gasification of the biomass and dbmbustion of the

remaining char leads to the Indirect or Allothermgasification process as shown in
the right part of figure 2-2. The biomass fed te tasifier’ is converted into a gas
and char (pyrolysis). The heat required for theihgatf the biomass comes from
the combustion reactor. This heat is transportedhleycirculating bed material.
Char and bed material are separated from the gasdojid gas separation device
(e.g. a cyclone). The produced gas exits the gadii the gas cleaning. The char
and bed material are fed to the combustion readtbe char is combusted to
produce the required heat for the gasification tlmad he heated bed material is
returned to the gasifier reactor again. Indiredtifgzation will be explained in more

detail in paragraph 2.5.

2.3 Tar

All biomass gasifiers which produce a gas contgimrethane (e.g. Fluidized Bed
gasifiers) produce tar as well [6]. The syngas frgasifiers operating above
~1200°C, like Entrained Flow gasifiers, contains @tmo methane and tar.

Tar is a complex mixture of (poly-aromatic) hydrdmams which varies in
amount and composition. Tar consists largely of atwmncompounds [7]. The
general definition is "hydrocarbons with moleculgight higher than benzene".

The tar properties are influenced by gasifier opegatconditions as

temperature, residence time, etc. and the presehee catalyst like olivine or
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dolomite. Tars can cause fouling of downstream egam and produce polluted
condensation water. Therefore, the type and coratémt of tars in producer gas
are major issues in operating biomass gasificagiamts. Figure 2-3 shows an
example of tar related problems in downstream eqerg. The picture to the left
shows a demister behind a scrubber fouled witlamar dust. The right one shows

water from a wet scrubber fouled with tar and dust.

Figure 2-3: Examples of tar fouling problems

Several classification systems for tars are in &s®ans and Milne defined
tars based on the formation conditions [7]. Prymaars are formed by
decomposition of the building blocks of biomass aondtain oxygen in significant
amounts. Secondary and tertiary tars are formedidstruction of primary tar
compounds and recombination of fragments.

The amount or concentration of tars is often not thest important
parameter in running a biomass gasification plahe type of tars in combination
with the concentration is of higher relevance. ECi$ Bet up a tar classification
system based on the physical tar properties likeemsolubility and dew point of
the tar components. Table 2.1 gives a descriptiotheffive tar classes in the

classification system with the focus on the taperties.
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Table 2.1: Description of the tar classes

Class Description

1 GC undetectable tars. This class includes theiéstatars that condense at
high temperature even at very low concentrations.

2 Heterocyclic components (like phenol, pyridineesol). These are components
that generally exhibit high water solubility, duetheir polarity.

3 Aromatic components. Light hydrocarbons that aret important in
condensation and water solubility issues.

4 Light poly-aromatic hydrocarbons (2-3 rings PAH'SThese components
condense at relatively high concentrations andnmeeiate temperatures.

5 Heavy poly-aromatic hydrocarbons (4-5 rings PAH$§hese components

condense at relatively high temperature at low eatrations.

Class 1 and class 5 tars can condense in the modias cooler that
normally is located directly after the gasifier.rdensation of heavy tars can be
prevented by keeping the temperature of the coaliath high, but this limits the
final cooling temperature. Further cooling can beocanplished by systems that can
handle condensed tars, like the OLGA gas tar remeyatem [8]. If some
condensation of tars occurs, the walls and duciseacleaned by using the larger
entrained particles (>20m) to sand blast the wall [9]. These principles wesed
for the design of the MILENA pilot plant gas cool@n optimized cooler applying
these principles is under development at ECN [®dfy the goal of making the
producer gas cooler less sensible to fouling hy tar

The concentrations of class 1 and 5 tars can beceddstrongly in a
Fluidized Bed gasifier by using a catalytically imetbed material like olivine or
dolomite. The concentration of class 2 tars isngbartance if the water from the
producer gas is removed by condensation. In thes ttee waste water will contain
most of the class 2 tars and has to be cleanedcdiheentration of class 2 tars
increases with decreasing gasification temperatuhadraft gasifiers produce

relatively high amounts of class 2 tars, whereasctincentration of class 2 tars in
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the gas from a Fluidized Bed gasifier is lower swmongly temperature dependent.
In the case of Fluidized Bed gasifiers the coneiain of class 2 tars can be
significantly reduced by using a catalytically setbed material.

Reported measured tar concentrations are hard ngpa@ for different
installations because the tar measurement methofieis not clear. To solve this
problem a standard tar measurement method (therdardel) has been developed.
A draft version of this tar measurement standaul lzackground information can
be found at the websiteww.tarweb.net ECN uses the Solid Phase Adsorption

(SPA) method to measure the tar concentration defRlnidized Bed gasifiers like
in the case of the MILENA gasifier. The results usinig method agree with the
Tar Protocol for compounds from phenol to pyrene].[TThe concentrations of
heavier tar molecules are relatively low if the ifjeagtion temperature in a
Fluidized Bed gasifier is above 800°C [12]. The SRéthod was selected because
the sampling of the tars is relatively simple.

The tar dew point is more relevant than the tar eotration. The tar dew
point is the highest temperature of the gas athvbendensation of tar components
occurs. The tar dew point can be calculated fraengllss composition or directly be

measured. The ECN websitevw.thersites.nlprovides a useful tool to calculate

the tar dew point. Direct measurement of the tav geint is possible with devices
like the tar dew point analyzer [13].

The tar concentration and the tar dew point canebeaed in a Fluidized
Bed gasifier by using a catalytically active bedenial like olivine and dolomite as
the most common catalytic bed materials. Especailyne has become of interest
because of the success of the FICFB gasifier insi@gswhere it is used as the
standard bed material. The reduction of the tar eoimation in the gasifier is in
literature described as a “primary measure”. A tsetary measure” is defined as a
measure taken downstream the gasifier like theomsalking, catalytic cracking or
scrubbing.

Thermal cracking reduces the cold gas efficiencyabse the gas needs to be

heated up to above 1200°C. Normally air or oxygeadded to the gas to increase
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the temperature by combustion of part of the predugas. Under these conditions
also methane is broken down, which has a negatipadt on the calorific value of

the gas. Thermal tar cracking is often applied @ambination with a chemical

qguench. In this case the latent heat in the gassesl to gasify the char which
remains after pyrolysis. A classical Downdraft §asiis a good example of the

combination of thermal tar cracking and a chemganch using char. Another
example is the Carbo-V process [14].

Much research is done on catalytic tar crackingally downstream the
gasifier. Catalytic tar cracking has the advanttge the temperature of the gas
does not need to be increased too much which pasitve influence on the Cold
Gas Efficiency (CGE). The catalysts that are usedstim nickel based, are
sensitive to the pollutants in producer gas (euphaur and dust). Several projects
were done to demonstrate that it is possible toadpe catalytic tar cracker on raw
producer gas [15], but so far catalytic tar craskerere not successful in
commercial operation. Deactivation of the (expespigatalyst is still a major
problem.

Catalytic tar cracking can be an interesting optfaa cheap catalyst can be
applied, because replacement of the deactivatedysatbecomes less expensive.
Char from biomass is such a catalyst. Several @stSCN and other institutes
showed that under the right process conditions ctan reduce the tar
concentration to some extent. Experiments at ECNvetidhat a concentration of
fine char particles of 1500 mg Nina gas residence time b5 to 3.5 s and a
temperature above 800°C were sufficient to redbeecbncentration of heavy tars
by 80 - 90% [16]. The settling chamber in the MILEN&sdier, at that time called
the STAR gasifier, was originally intended to ceea zone with a high char
concentration. Hydrodynamic testing showed thatats not possible to reach the
required char concentration in the MILENA settlingamber. A new design of a
stand alone reactor was made to achieve the relghigh char concentration and
sufficient contact time. This reactor was called TiREC (Tar REduction by Char)

reactor [17] and was constructed and tested irEtbeproject “Green Fuel Cell”
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[18]. The TREC reactor is a kind of granular bed tyfie TREC reactor removes
fly ash and char from producer gas which flowsadial direction through the bed.
The char that is collected between granules actatyst for tar cracking. The
effectiveness of TREC can be enhanced by a catllytiactive loading. The
TREC reactor can reduce the tar dew point from 355%n to 170°C, but this is
not sufficient for most applications (e.g. gas eeg). The TREC reactor was also
tested with a (inexpensive) catalytically activel lmeaterial (olivine), that resulted
in a tar dew point below 100°. The TREC reactor issgay an attractive option
for tar removal in the MILENA SNG system. The TREC depaent will
probably be continued in the future.

ECN has selected tar removal technology as a segondzasure for further
tar reduction. Several wet tar removal systems wereloped and tested [6, 19].
The Updraft gasifier in Harbogre successfully applia wet electrostatic
precipitator (ESP). Because of the positive expegs in Harbogre, tests have
been done at ECN to check whether such a system algas applicable in
combination with Fluidized Bed gasifiers. The systesing a wet ESP was able to
reduce the tar dew point to a sufficiently low leweich that the gas can be
combusted in a gas engine. The tar (and dust) emgl@dthe water system and the
cleaning of the water appeared to be problematicexpensive [6]. ECN decided
to switch to an oil based tar removal system na@eGA. The OLGA tar removal
system is operated at a temperature above the waterpoint to prevent the
mixing of water and tar. The tar can be removed ftbenproducer gas down to a
tar dew point temperature below 0°C. Water soldoleponents (class 2 tars) are
almost completely removed. Water is condensed filteogas downstream OLGA.
Water is condensed from the gas at a temperatoseahe tar dew point, such that
condensation of tars in the water is preventedmallsamount of benzene in the
gas will dissolve in the condensed water. The bemzam be removed from the
water by active carbon before disposure.

The tar concentration and the tar dew point in the groduced in the

MILENA gasifier are reduced by a combination of pmmyn and secondary
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measures. Olivine is often used for the first rédumcof the tar dew point. This
already simplifies the gas cooling. The tar dewnpd further reduced by removal
of the tars in the OLGA gas cleaning system. The wethdars can be recycled to

the gasifier, preferably to the combustion zone.

2.4 Agglomeration

One of the major operational problems in FluidiBedl combustors and gasifiers is
agglomeration of the bed material. Bed agglomemnatian result in de-fluidization
of the bed which normally leads to local tempemteviations. This can result in
local melting and will finally lead to a completbutdown of the installation.
Agglomeration is caused by melting of the inorganamponents in the fuel.
Especially biomass fuels contain inorganic companemhich can cause bed
agglomeration. The most well known inorganic conmgrirto cause agglomeration
is potassium (K). Potassium and silicon can forltovamelting potassium silicate
eutectic. Silicon is normally present in large ditas from the (silica) sand often
used as bed material and/or sand present in theslsg

Two different types of agglomeration were identifeharing gasification and
combustion tests in the ECN Fluidized Bed facilitji28]. Figure 2-4 shows the
basic difference between type | and type Il aggiatien.
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Figure 2-4: Basic principles for type | and typédéd agglomeration

Coating induced agglomeration is a result of theéeraction between
inorganic components in the gas phase (e.g. pataysind the bed material (e.g.
silicon). The coating formed can be sticky and eaagglomeration of the
particles. The typical coating layer thicknessesaAeen 2 and 20m. The tendency
to agglomerate increases with increased coatinger lahickness. Type |
agglomeration can be suppressed by preventingotineation of a ‘thick’ coating.
This can be realized by replacing part of the bedena during operation.
Replacing the bed material with a more ‘inert* Imedterial is not always an option,
because many biomass (waste) streams containdaegities of silica sand.

Melt induced agglomeration is observed when a isigjasified with a low
ash melt temperature, like grass, or when unsigideation of the gasifier has led
to temperature excursions. Preventing melt indwgglomeration is possible by
keeping the operating temperature of the fluidired well below the ash melting
point and by preventing local hot spots. Local $ymits are best prevented by stable

operation and a high bed material to char/fuebrati
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2.5 Indirect gasification

The MILENA gasifier is an Indirect or Allothermal gier. The conversion of the
fuel is being done in two separate reactors. Fisrriason this type of reactor is
sometimes called a Twin Bed gasifier. The first read called the gasifier (left
reactor in Figure 2-2) and the second reactorlisccghe combustor. The processes
in the gasifier are endothermic and the process#isei combustor are exothermic.
In the ‘gasifier’ reactor the biomass is pyrolyseddegasified by hot bed material
coming from the second reactor. The typical gagibcatemperature is 88C. The
gasifier is normally fluidized by steam and the gasduced by the gasification
process. The producer gas and the solids are sepaadter which the producer gas
is led to a gas cooler. The solids (bed material ahar) are returned to the
combustor reactor. The char is combusted to heathepbed material up to a
temperature of typically 93C. The heated bed material is sent back to the
gasifier.

The main advantages of Indirect gasification overe€&li gasification
processes like BFB and CFB gasification is the d@igheating value of the
produced gas and the complete conversion of tHeThe heating value of the gas
produced in an Indirect gasifier is higher thanhkating value of the gas produced
from an air blown Direct gasifier, because theusied in a Direct gasifier dilutes
the producer gas with Nand CQ. Indirect gasification is a high temperature
pyrolysis process, SO no air or oxygen is requirBae nitrogen content in the
producer gas from an Indirect gasifier can be Keglow 5 vol.%. The small
amount of nitrogen in the gas originates from titeogen purge for the feeding
screw and a small amount of air/flue gas in-leakmfrthe combustor into the
gasifier. The nitrogen content can be lowered byn@i§G as a purge gas or by
minimizing the leakage between combustor and gasifi

The conversion of biomass in a Direct gasifier (kBFB or CFB gasifier is
not complete, because the gasification of the ctimat remains after the

devolatization of the biomass is a slow procedbatypical operating temperature.
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The residence time in a BFB or CFB is far from sudint to gasify all the char
[21]. An acceptable conversion can only be achidwedubsequent combustion of
the char as it is done in an Indirect gasifier st the total process conversion is
complete.

Well known examples of Indirect gasifiers are th€B gasifier developed
by the Vienna University of Technology [22] and tBiévaGas process developed
at Battelle’s Columbus Laboratories [23]. The FICF®agess was successfully
demonstrated in Glssing (Austria) on an 8 M¥¢ale [24]. A second commercial
FICFB gasifier was built in Oberwart (Austria) aséveral others are under
construction. The FICFB gasification technology vedso selected for the Bio-
SNG demonstration project in Gothenburg called @zBi. The SilvaGas process
was demonstrated in Vermont (US) [23], but this destration was cancelled after
a relatively short period. Unfortunately the pracedata are insufficiently
documented. The SilvaGas process is continued lom&s Gas & Electric.
Several large commercial projects are under cocigtru in the U.S. The ECN
OLGA tar removal technology, delivered by Dahlmaitl e used for gas cleaning

in these Initiatives.

2.6 MILENA gasification process

The Energy research Center of the Netherlands des®lcdCFB gasification
technology for approximately 12 years [21]. The edgee gained with modifying
and operating a 500 k\WVpilot plant led to the development of the Indirect
MILENA gasifier. The gasifier contains separate setdi for gasification and
combustion. The gasification section consists oédhparts: gasifier riser, settling
chamber and downcomer. The combustion section ¢ensionly one part. The
red arrows in Figure 2-5 represent the circulabiad material. The processes in the

gasification section will be explained first.



Background on Biomass Gasification 27

'—_> Producer ge (CO, CG,, H,, H,0, Ch,, CH,, CsHg, €tc)
2 [ + 850°C
/ . 1 - Riser
\ Ny 2 — Settling chamber
Flue gac - 3 — Downcomers (number depending on scale)
+850°C — ] 4 — Bubbling Fluidized Bed combustor
5 — Freeboard
Secondary—, «— Secondar 6 — Sand transport zone
air 3 1 ‘Is air
4
00 0 O+ Pre-heated combustion air
] 6 300 - 500°C
Biomass -y *
|-| Tar + dust from gas cleaning
T

Steam

Circulating bed material
Biomass particle
Char particle

Figure 2-5: Simplified scheme of MILENA gasificatiprocess.

Biomass (e.g. wood) is fed into the gasifier risAr.small amount of
superheated steam is added from below to createear| gas velocity of
approximately 0.5 m™sin the bottom part of the riser gasifier. Steam e
replaced by air if nitrogen dilution of the produgms is not a problem (e.g. if the
gas is fired in a gas engine). Hot bed materigi¢glly 925°C sand or olivine of
0.2 — 0.3 mm) enters the gasifier riser from thenlsostor through a hole in the
gasifier riser (opposite of the biomass feedingnpoiThe typical bed material
circulation rate on a mass basis is 40 times theuamof biomass fed to the
gasifier riser. The bed material heats the biontas850°C in the gasification
section. The heated biomass particles degasify engaatially converted into gas.
The volume created by the gas from the biomasstsesula vertical velocity
increase over the length of the gasifier riser ppraximately 6 m $. It will

ultimately create a “turbulent fluidization” regime the gasifier riser and carry-
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over of the bed material together with the degadibiomass particles (char). The
vertical velocity of the gas is reduced in the Isgftchamber, causing the larger
solids (bed material and char) to separate fromgé® and fall down into the
downcomer. The producer gas leaves the reactor fnenmop and is sent to the
cooling and gas cleaning section. The typical exsieé time of the gas is several
seconds.

The combustor operates as a Bubbling Fluidized BB&BJ. The
downcomers transport bed material and char frong#sification section into the
combustor. Tar and dust, separated from the prodyeercan also be fed to the
combustor. Char, tar and dust are burned with @ihdat the bed material to
approximately 925°C. Secondary air is added infteeboard to reduce CO and
CiHy emissions. Flue gas leaves the reactor to be @¢oddusted and emitted.
The heated bed material leaves the bottom of thduastor through a hole into the
gasifier riser. No additional heat input is reqdisence all heat for the gasification
process is produced by the combustion of the ¢haand dust in the combustor.

The mechanical design of the MILENA reactor is padri25]. The reactor
vessel is a conventional carbon steel vessel wittfractory wall lining to reduce
heat loss and keep the temperature of the carlkeehwsall low. The insert (gasifier
riser, downcomers and settling chamber) is madeghf temperature steel like 310
Stainless Steel.

The main difference between the MILENA and the FIGEBssing) are the
reversed roles of the BFB and the riser. The FIQF®ess applies a BFB as the
gasifier and a riser as the combustor. The MILENA esscapplies a riser as
gasifier and a BFB as combustor. The advantagsinfja riser is that the area that
needs to be fluidized is smaller. Therefore the arhotifluidization gas (steam) is
smaller. All the fluidization gas needs to be hddtethe gasification temperature,
which has a negative effect on the Cold Gas Effyefsee paragraph 2.7 for a
detailed explanation). On the other hand processlitons in the steam blown
BFB gasifier are optimum for primary tar reductitsgcause an excess of steam is

available for tar reforming and the contact witlatédytic) bed material is better
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than in a riser. Tests at ECN have shown that theldev point can be around
100°C when biomass is gasified in a steam blown B&Bg (Austrian) Olivine as
a bed material. This agrees with reported restdis the Giissing gasifier.
The SilvaGas or Battelle gasifier is more similarthe MILENA process.

Cold Gas efficiency and gas compositions are similaen both processes are
operated under similar process conditions. One mdijterence is the use of a
settling chamber in the MILENA process instead ofelane to separate the char
and bed material from the producer gas. The settimgmber was selected to
create a zone with a high gas residence time iarmironment with a lot of dust
(charf/fine bed material), because these conditiares advantageous for tar
reduction. The settling chamber makes an integrdésign of gasifier riser, solids
removal (the settling chamber) and combustor ptessiimd more logical. By
placing all the key components in one vessel, pressi operation becomes easier.
The SilvaGas applies two riser reactors, one foifigagon of the biomass and one
for combustion of the char. The MILENA process use8FB for the char
combustion. The BFB was selected because the bestiat@har ratio is higher in
a BFB than in a riser. Char particles are surrodrimemore sand particles during
the combustion process. The bed material acts ache#r, and cools the burning
char particle which prevents local hot spots. Loat spots are a cause for
agglomeration (type Il, melt-induced). The relalyvieigh bed material/char ratio is

expected to help preventing agglomeration problems.

2.7 Gasifier Efficiency

The efficiency of a gasifier is generally expresasdCold Gas Efficiency (CGE).
CGE is defined as the chemical energy of the gasaah temperature divided by
the chemical energy of the biomass input. Thisnikgin leaves room for a several
different interpretations. The calorific value obhbiass and the produced gas can
be defined on Lower Heating Value (LHV) basis or ldigher Heating Value
(HHV) basis. The LHV of a fuel excludes the conddims heat of the water in the
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flue gas after combustion, the HHV includes thethsfacondensation. When
calculating the CGE both the heating value of tleraiss and the gas should be
calculated on the same basis. The chemical enargyei cleaned gas is normally
lower than the chemical energy in the raw gas tepthe gasifier, due to tars and
NHszin the untreated gas. Both can contribute sigmtfigato the heating value of
the gas. When comparing CGE'’s it should be mads eaether the heating value
of the cleaned gas or the raw gas is used. The @@d&tted in this thesis is always
defined using the heating value of the cleaned Bath LHV and HHV are given,
to make the given efficiencies comparable with ofhlications.

The calculation of efficiencies based on LHV can giemarkable results,
because the heating value of a solid fuel is ctetedor the heat required to

evaporate the water from the fuel (Equation 2.1).

LHV ;. = LHV gy - (1-W/100) -2.442-w/100 (2.1)

Where: w = mass% of moisture in the biomass oreasived (a.r.) basis and
the heating value is expressed in MJ'kg

This definition results in negative Lower Heatinglds (LHV) if the
biomass is wet enoughigure 2-6shows the calculated heating values of dry wood
with different moisture contents and the calcula@gE’s on LHV and HHV basis
for a MILENA type gasifier with integrated dryer. @tbiomass is dried to 15
mass% of moisture. The drying is not limited by #wailability of heat produced
by the gasifier system As can be seen from thadidle lower heating value of

wood becomes negative above 88 mass% of moisture.
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Figure 2-6: Heating value wood and calculated C&Riaction of moisture content fuel.

When relatively wet biomass is gasified and wastat lor non evaporative
drying is applied to dry the biomass, the CGE (orvLbhsis) can be increased
significantly to values eventually higher than 100@®viously, when comparing
efficiencies for biomass installations on LHV batkis moisture content of the fuel
is an important factor.

The CGE of a gasification system is determined byldeses. These losses
are latent heat of the produced gases minus thieofd¢he fluidization gas, heat
loss, tar loss and char loss. The heat loss of agially sized gasifiers (>10
MW, input) is normally below 1% if no active wall cowd is applied. Most
Fluidized Bed gasifiers do not use reactor wallliog but cooling is common for
high temperature Entrained Flow (EF) gasifiers. Banormally recycled to the
gasifier, which reduces the loss. The latent hé#te producer gas is influenced
by the amount of gasification or fluidization gasl to the gasifier. The char loss is

determined by the fuel or carbon conversion.
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Chapter 3

Bio-SNG

Abstract

The application and production options of Bio-SN®@ described in this chapter.
Bio-SNG can directly replace fossil natural gag;duse the composition is similar.
The application of natural gas as transport fueldegs increasing rapidly in recent
years. This creates the possibility to apply Bio&sN the transport fuel market as
well. It is argued in this chapter that Bio-SNGas more attractive transport fuel

than alternatives (like FT diesel) that are undeetigmment at the moment.

3.1 Application of (Bio)-SNG

Natural gas is a convenient and environmentallgnfitly fuel used all over the

world for a wide range of applications. The mogtvant applications are:

» Large scale Electricity production in Combined Cycles
* Decentralized Combined Heat and Power producti¢tR)C
e Transportation, 10 million cars use Compressed ldhGas (CNG).

* Chemical industry, as a feedstock for many chemical



36 Chapter 3

SNG can directly replace fossil natural gas inhase applications if the
composition of the produced SNG complies with tpecdications put forward.
Limits are normally set for Heating Value, Wobbe @rd concentrations of
impurities and condensables. Exact specificatiorss @erttification for gas grid
injection of Bio-SNG are still topic of discussidfor some countries specifications
are available for the injection of upgraded biofdas

SNG produced via gasification mainly consists of;Cidgether with some
CO,, N, and H. The H concentration has a strong influence on the caledla
Wobbe index. CQand N lower the heating value and Wobbe index whereag CO
together with water can also condense in the highsure gas grid.

The composition of natural gas varies. The main aorapt of natural gas is
always CH. Some alkanes (mostly, s and GHg) are also present in the gas.
Because of the presence of the alkanes the heatlng of the gas mixture can be
higher than the heating value of pure £LIBNG does not contain alkanes and
therefore it can be difficult to meet the spectiicas for Wobbe index and Heating
Value. A possible solution is mixing in Liquid PromaGas (LPG). LPG is a
relatively cheap and widely available fuel.

Table 7.11 (Chapter 7) gives the expected gas BiG-3 the MILENA
SNG system.

3.2 Bio-SNG Production routes

There are two main options to produce SNG from bgsna
1. Anaerobic digestion (biological conversion at l@mperature).
2. Gasification (thermo chemical conversion at highgerature).
Anaerobic digestion is a process carried out bytdsec The bacteria grow
by converting organic matter into biogas (mainly,Gidd CQ). Biogas production
is a proven technology. In 2007 more than 3500 raée digesters were in

operation in Germany [2].
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Most of the present biogas production comes framdfils and waste water
treatment plants. The biogas production from lalsdfd in decline, due to the ban
on depositing organic material, whereas the nundfededicated co-digestion
plants using manure and food wastes is increa8liagas can be used in a gas
engine after relatively simple cleaning of the gafter CO, removal, gas cleaning
and compression the gas can be injected in the @hd relatively small scale of
anaerobic digestion facilities makes upgradinghefdas expensive. In 2007 three
anaerobic digestion plants were in operation in d&mewhich injected the
produced SNG in the gas grid [3].

Gasification of biomass is less limited by biomasgply as in the case of
digestion, because a wider range of biomass fuedssaitable to be used as
feedstock and the amounts available of these feekistre larger.

The estimated potential for biogas in the Nethedasdestimated to be 50-
60 PJ or 2 to 3% replacement of fossil natural [ghsAdditional production of
Bio-SNG via gasification is required to replacegngicant amount of present day
use of natural gas. Anaerobic digestion can speithe introduction of Bio-SNG.
Figure 3-1 depicts the Bio-SNG implementation imei Both contributions of

anaerobic digestion and gasification are foresbgn [

Substitution of

“Second generation”
natural gas

pr LT Green Natural Gas >

20 %Yo

16%== “First generation”
Green Natural Gai

12%= Synthetic

Upgraded Natural
8% — Biogas Gas
/'—'> Time
| | | | | >
2005 2010 2015 2020 2025 2030

Figure 3-1: Foreseen implementation trajectory iof 8NG.
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3.3 Historical Background

Coal gas can be seen as the predecessor of SNGprGdisced from coal was
produced in London for public street lighting iretheginning of the I®century.
Main combustible components were CQ,athd hydrocarbons. The main problems
with coal gas were: its toxicity (CO) and the cleanof the gas (tar). Figure 3-2

shows a picture of a coal gas production and séofagjlity.

Figure 3-2: Coal gas production facility in the Netiands in 1911.

The use of coal came to an end when relatively claeapsafe natural gas
became available.

Due to the oil crisis of the seventies, governmestarted to realize that
dependence of (foreign) oil and in a lesser extattiral gas was an unwanted
situation. Projects were started to develop alteres. One of those alternatives
was the production of SNG from lignite coal. In tbaited States several large
scale demonstrations were realized. Most of thesmodstrations were not
successful. One important reason for the failurenahy projects was probably the

drop in oil prices, which made these facilities coreomic. The Great Plains
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Synfuels plant in North Dakota survived the peraddow oil prices and is still
producing SNG from lignite coal [6]. The plant leascale of 3 G\W (lignite) input

and produces, besides SNG, electricity and manyabé chemicals like
ammonium sulfate, phenol, benzene and toluene.Ckhethat is removed during
the SNG production process is used for EnhancedR@dovery (EOR). This
decreases the G@missions from the plant and gives financial besefigure 3-3

shows the Great Plains Synfuels plant in North Deko

[ reat
J Plains

DAKOTA

GASIFICATION '
COMPANY "
Great Plains

Synfuels Plant

Figure 3-3: Pictures of Great Plains Synfuels plant

The Great Plains Synfuels plant operates a Lurgibdtyom fixed bed coal
gasification technology with an oxygen/steam migtas gasification agent. In total
14 of such gasifiers are in use. The tar loadedyhstis cooled and quenched with
water which removes part of the tar. A Rectisok isused for further purification
of the gas. The tar is separated from the liquidastis and upgraded into saleable
products.

The rise in oil and natural gas prices has resufieal renewed interest in
SNG from lignite and resulted into several new @ct§ where lignite again is the
feedstock.

Biogas was already produced at the end of tieceditury to supply gas for
street lightning. Nowadays biogas is mostly usedas engines to produce heat
and electricity. In many cases heat is not requatiethe location of the digestion
facility and injection of the gas in the (local)sggrid would be more beneficial.

Because the gas grid is normally used to transpattral gas the biogas should
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converted into a similar composition and qualityisTban be done by GCand
sulphur removal.

In 1994 a demonstration was started in Lille. Biogmeduced by the
digestion of sewage sludge was upgraded into SNfQuaed to fuel local buses. In
2007 127 Bio-SNG fueled buses were in use. Theg@max” project is linked to
this demonstration and demonstration in other lonat Useful information can be

found on the project websitenfyw.biogasmax.eu

The production of SNG from biomass by gasificaticas tonly recently
started. In Gussing (Austria) a 1 MW SNG demonstnatoupled to the 8 MW
FICFB gasifier was taken into operation at the en2008.

3.4 Centralized versus Decentralized production

The production of SNG by gasification is a complesogess and therefore
expensive. The costs per unit of SNG produced reduastically with increasing
scale. Figure 3-4 shows the estimated productsts for SNG at different scales

and biomass prices [5].

=== SNG production cost (biomass 0€/GJ) ====SNG production cost (biomass 2€/GJ)
SNG production cost (biomass 4€/GJ) SNG production cost (biomass 6€/GJ)

e Commodity price natural gas Compressed Natural Gas

=== Biogas(with Dutch subsidies) Biogas(with Dutch subsidies)

=== Biodiesel

35
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25

R —
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N\ —

Costs €/GJ

0 100 200 300 400 500 600 700 800 900 1000
Scale Bio-Methane Plant MW , on input basis

Figure 3-4: Estimated production costs for Bio-SNG.
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The available amount of biomass is normally limikec certain region. To
limit transport (thus costs) of biomass the sizeaoBio-SNG plant should be
restricted. A good size indication is probably lsgta paper mill. Paper mills have
developed over time to a size that equals sevenatlfeds of MW, of biomass
input. A scale between 50 and 500 MW¢ probably realistic for local biomass as
feedstock. If biomass is imported from overseam@elr scale is beneficial.

In many areas where natural gas is consumed amargrenergy source the
amount of available biomass is insufficient to yuteplace fossil natural gas by
Bio-SNG. This makes import of biomass or Bio-SNGassary. Transport of the
raw material is inefficient as biomass has a lowergn density. Several
densification processes are available (pelletiratior pyrolysis) or under
development (torrefaction in combination with pedlation) to reduce the transport
cost. The disadvantage of these pretreatment pexesshe energy consumption
required for the densification in addition to intraents in local pretreatment
plants.

Bio-SNG can be produced where the biomass is dlailm sufficiently
large quantities and can be transported usingiegigas grids or as Liquid Natural
Gas (LNG) if the production facility is close toharbor. Figure 3-5 depicts an
overview of the existing European gas grid for gasdport. As can be seen from
the figure the gas grid is widely spread throughutope, with the exception of

large parts of Scandinavia.
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Figure 3-5: Overview of European gas grid.

3.5 Bio-SNG astransport fuel

Compressed Natural Gas (CNG) is becoming more anck mmportant as a
transport fuel. In 2010 more than 10 million caeravfueled by CNG according to
the International Association for Natural Gas Védsc(www.iangv.org). This
number is rapidly increasing. All major Europeam sappliers have one or more
CNG models commercially available. Cities like Heaar, Grenoble, Lille and
many others use CNG as a fuel for their public gpantation. Municipal refuse
collection trucks use CNG or LNG in Madrid, Los Alegeand many other cities
around the world.

CNG is a relatively clean transport fuel. The enoissiof CQ, particles and
sulphur are significantly lower than for other centional fossil fuels. Noise
production can be significantly lower, which is gfbecial importance in urban
areas.

Compressing Bio-SNG to 250 bar makes the fuel laitto be used as Bio-

CNG, which is primarily used in passenger cars. éftpd Natural Gas is often
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used in heavy trucks and buses, but they can asoQNG. Bio-LNG can be
produced from Bio-SNG by cooling it to approximgtell63 °C.

Bio-CNG produced by digestion of digestible feedk# landfill gas and
sewage gas is already demonstrated at severalolegaiA good example is the

Biogasmax projectwww.biogasmax.eu Bio-CNG produced by gasification of

non-digestible feedstocks like wood is being dertrated in Gissing, Austria.

The disadvantage of any gaseous transport fueleisettergy needed for
compressing the gas to the required pressure farage in gas cylinders
(approximately 250 bar). The compression of 30 B&AIG to 300 bar CNG
consumes approximately 0.014 kVWKWcn,® The overall efficiency of the
conversion of biomass to Bio-CNG at 300 bar is A& lower than overall
efficiency from biomass to Bio-SNG at 30 bar. Tistireated overall efficiency
from woody biomass to Bio-SNG at 30 bar is 70% (LH¥seses), so overall
efficiency to Bio-CNG would be 68%. A popular aftative Bio-Fuel is Fischer
Tropsch (FT) Diesel produced out of syngas made Isyfigation of biomass in
high temperature oxygen blown Entrained Flow (ERifgas. An average overall
net efficiency from biomass to Fischer Tropsch Oiesdess than 50% [7]. The
difference in efficiency for producing Bio-FT Diessid Bio-CNG is at least 18 %-
point. The lower efficiency for Bio-FT is a.o. dueitdherent energy losses in the
conversion chain of biomass to FT products.

In a recent European study [8] different fuels wasmpared regarding well-
to-wheels energy efficiencies. Part of this congaaniis the tank-to-wheels energy
use which is relevant for comparing Bio-CNG withoBiT diesel. Conclusion of
this study was that technical improvements wilhgrthe energetic performance of
CNG close to diesel in the near future (2010+) awgldridization is particularly
favorable for CNG. Overall “wood”-to-wheels efficiey will be higher for Bio-
CNG than for Bio-FT.

An important driver for the development of Biofu@isthe European Union
is the Bio-Fuel directive 2003/30/EC. In 2010 5.76%the road transport fuels

have to be replaced by Bio-Fuels. Both diesel amdoline have their own
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replacement obligation. CNG is taken to the dieagtgory, so Bio-CNG counts as
Bio-fuel for the replacement of CNG and Diesel.

Fossil based gasoline is mostly replaced by etharamuced from corn or
wheat and fossil diesel is mostly replaced by Biedel produced from rape seed.
Both Biofuels are produced from glucose based b#smend are seen as “first
generation” Biofuels. Biofuels produced from nowdocellulosic material like
wood are seen as “second generation” Biofuels. Donpte the development of
“second generation” Biofuels the European Commisdias proposed to make
“second generation” Biofuels accountable for twilce amount of fossil fuel they
replace to achieve the European targets [9]. Thibldotounting would give Bio-

SNG a significant advantage over “first generatiBigfuels.

3.6 Concluding remarks

The production of gas/SNG from coal and biomastsnew. The availability of
cheap fossil natural gas during most of th8 26ntury prevented the breakthrough
of Bio-SNG technology. The urgent need to reduassifdCGQ emissions and to
replace declining fossil fuels reserves has renamtedest in Bio-SNG technology.

Production of Bio-SNG via anaerobic digestion is atractive option to
convert digestible feedstocks like manure and fomdstes, but additional
production of Bio-SNG via gasification is requiredreplace a significant amount
of present day use of natural gas.

The production costs for Bio-SNG are strongly infloed by scale. A scale
between 50 and 500 MM\s probably a realistic scale if local biomassised. If
biomass is imported an even larger scale is baakfic

For some countries the, like the Netherlands, theuwmt of biomass
available is insufficient to replace the presentural gas consumption, so that
import is required. In Europe an extensive natuaal gansport grid is in place. The
areas with a high potential for energy crops prtidacare mostly near a gas grid,

so import of Bio-SNG instead of (pelletized) wosdan option.
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Bio-SNG (Bio-CNG) is an ideal transport fuel. Theeaall efficiency from

wood to fuel is significantly higher than for thikeanative Fischer Tropsch Diesel.

The number of cars using CNG is growing rapidly. #hkése cars can be fuelled

with Bio-SNG as it becomes available.
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Chapter 4

Selection of optimal gasification route for
SNG production

Abstract

The present chapter contains an analysis of theSBIiG- process efficiency that
can be obtained using three different gasificatechnologies and associated gas
cleaning and methanation equipment. These techieslage: 1) Entrained Flow, 2)
Circulating Fluidized Bed and 3) Allothermal or Irett gasification. It was
concluded that Indirect gasification results in thghest overall efficiency from
wood to Bio-SNG.

4.1 Introduction

Various biomass gasification technologies are blgtéo produce a gas which can
be upgraded into Bio-SNG. A comparison of thesdrelogies, using similar
boundary conditions is required to quantify theuassd higher overall efficiency
of Indirect gasification over the alternative bi@ragasification processes. This
comparison was not available in public literatuFbis comparison is essential in
convincing industrial partners that it is worthveéhib select indirect gasification for

Bio-SNG production instead of more conventionalfgadion processes.
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The overall efficiency from wood to Bio-SNG was misde using three
different gasification technologies and associajed cleaning and methanation
equipment. These technologies are: 1) Entrained FR)wCirculating Fluidized
Bed and 3) Allothermal or Indirect gasification. Than of this work was to
identify the gasification route with the highesbgess efficiency from biomass to
SNG and to quantify the differences in overall@éincy. This study does not focus
on the MILENA gasifier as indirect gasifier, but @&@verage” Indirect gasifier is
assumed. Aspen Pfisvas used as modeling tool. The heat and massdesiame
based on experimental data from literature and Exj¢rgence. The three gasifier
types under consideration all deliver gas suitdbfeupgrading to SNG, but the
high temperature Entrained Flow gasifier (z 13003€)duces a syngas containing
mostly CO, H, CO, and HO while the medium temperature Indirect and CFB
gasifiers (£850°C) give a producer gas which, iditah to CO, H, CO, and HO,
contains Clj, unsaturated and aromatic hydrocarbons likd,&nd GHg and tar.
Pollutants like dust, sulphur and chloride needéoremoved from the gas in all
cases. The medium temperature gasifiers also reguiremoval. Figure 4-1 shows
the general process efficiencies for wood to SNGigh amount of ‘instant SNG’
gives the highest efficiency to SNG, because tlss lmaused by the exothermic
synthesis of CO andHs minimized.

instant SNG * SNG

wood gas 52-72%
—_— asifier
’ 70 80% Hz, CO CH,

CH, synthesis
75% efficiency

*  mainly CH,, but also olefins and aromatics

Figure 4-1: General process efficiencies for wan&NG.

Syngas, as produced conventionally by oil or caaifgers, is seen as a more
common feedstock gas than producer gas becauselgmsing processes for
syngas applications are already commercially abvkslarhe gas cleaning processes

for producer gas are still under development.
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Both types of cleaned gases can be converted igas aontaining only CH
CO,, H,0O and a small amount of Ar and.NCO, and HO are easily removed from
the gas, leaving an SNG that can contain small atsoof N, and Ar. The
maximum allowable concentration of non-combustgases is site-specific.

In this study a model is made to calculate the alefficiencies to SNG for
large scale systems of 1 GWhput on HHV basis, based on three different typles
gasifiers. The relatively large scale was selebghuse it matches the commercial
scale of Entrained Flow coal gasifiers and the pcodo capacity of a small
natural gas field. Oxygen blown Entrained Flow deatfon is compared to both
Indirect (or Allothermal) gasification and oxygelodwn Circulating Fluidized Bed
gasification at the same scale. The comparison islystbased on energetic
efficiency numbers. Economics and transport of laissrare not taken into account.
The goal of this comparison is to quantify the ddfeces in overall process
efficiencies for the three different gasifiers. Tesults were used by ECN to select
to most promising gasification technology for SNGdquction.

Dry wood (moisture content = 15 wt.%) was seledsdthe fuel for this
study, as it can be readily used for all threeedént types of gasifiers. Wood
mixed with coal was gasified in the Shell Entraifddw gasifier in Buggenum in
the Netherlands and wood is gasified in severatlized Bed gasifiers.

The next paragraph describes the system lay-outeémh gasification
technology. Sub systems are described in detaskparate paragraphs. The final

paragraph presents results of the analysis.

4.2 Process configurations

In all cases the gas cleaning and gas upgradipg stee kept similar as much as
possible to allow a fair comparison of the oveedliciencies due to various types
of gasifiers. Operating pressures were selectati@basis of what is thought to be
commercially available in the near future. Figur2 ghows the process scheme for

the Entrained Flow SNG system.



50 Chapter 4

30 bar T 1300°C ©
T e P |
Biomas s > L
T Co; EF 600°C ’%L‘ M Q 250°C
l L...g....: Fly aSh
0, Ash H
P v
E -
ZlODC lr'é.é.é'é'g."."":g ----------------- u? E 1600C 250°C
1/\ | v | | ] ! ____ S
Methanatiol Methanation vV Water v
ZnSNaCl 150°c ZnS
SNG (+ H —> Air > MD steam

A v Syngas--> MD steam, superheat
H,O CO, — Ash  —» Waste heat

Figure 4-2: Scheme of EF SNG system.

Entrained Flow gasification requires an energy isiten pretreatment to
produce fine powder-like feedstock. Torrefaction [&] selected, followed by
milling, because of the relatively low energy regment. Dried biomass is fed into
the torrefaction reactor (T in Figure 4-2). The tbe@ biomass is milled,
pressurized with CQand pneumatically fed into the Entrained Flow gasifEF in
Figure 4-2) which operates at 30 bar and 1300°g&y leaving the gasifier is
first cooled by a gas quench down to 600°C and espntly cooled in a heat
exchanger producing steam. Fly ashes are remowadtire cooled gas by a filter.
Part of the gas is recycled to act as quench gdgh& and chloride are removed
from the gas by adsorbents. The gas is moisturamed preheated prior to
conversion into methane. The heat produced in thganation section is used for
steam generation. Water and carbon dioxide are weth@rom the gas prior to

injection into the natural gas grid.
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Figure 4-3 shows the CFB configuration. Wood chaps pressurized by a
lock hopper system and fed into the gasifier whupkrates at 10 bar and 850°C.
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ZnS NaCl \{\gaotfé Zns
30 bar: -» LD steam,180°C

? SNG (+ H) LD steam, 250°C
3 Producer gas + LD steam, 480°C

l‘ I
H,0 co, — Tar/Dust — Waste heat

Figure 4-3: Scheme of CFB SNG system.

Producer gas leaving the gasifier is cooled dow#0@°C. Most of the dust
(carbon containing ash) is removed from the prodwses by a cyclone. The
remaining dust and tar are dissolved in oil in @MEGA gas cleaning system.
Heavy tars are removed in the collector (OC in Fagd-3) and light tars are
removed in the absorber (OA in Figure 4-3). Hearg tand a small amount of ash
are recycled back to the gasifier. Light tars areaeed from the oil with steam in
a stripper (OS in Figure 4-3). The steam/lightnéxture is preheated and sent back
to the gasifier. Prior to the sulphur and chlordmoval by adsorbents the producer
gas is preheated to 250°C. The cleaned gas is pghehreated, moisturized and
converted into methane in several methanation seacthe heat produced is used
for steam generation. Water and £&e removed from the gas before the SNG is
compressed to 30 bar and injected into the nagasirid.

Figure 4-4 shows the system based on the Indiresifigr. Wood chips are
fed into the gasifier (MG in Figure 4-4) which opgrs at atmospheric pressure and
850°C.
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Figure 4-4: Scheme of Indirect gasifier SNG system.

Producer gas leaving the gasifier is cooled dow#0@°C. Most of the dust
(carbon containing ash) is removed from the prodwses by a cyclone. The
remaining dust and tar are dissolved in oil in @eGA gas cleaning system (OC
and OA in Figure 4-4). Heavy tars and a small anofimsh are recycled back to
the combustion section of the Indirect gasifier.Htitars are removed from the oil
with air in a stripper (OS in Figure 4-4). The lagtit tar mixture is preheated and
used as fuel enriched combustion air in the condnustection (MC in Figure 4-4)
of the Indirect gasifier. For the rest the SNG picitbn steps are the same as in the
previous case. Air is added to the flue gas leathegluidized bed combustor (MC
in Figure 4-4) in the freeboard or afterburner isec{MA in Figure 4-4) to reduce
CO and GH, emissions. The flue gas is cooled and dedustesl ligg house filter
before it is sent to the stack. Heat is used feaurst production.
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4.2.1 Fud pretreatment

In case of Entrained Flow gasification a pretreatihnstep is required to be able to
feed the biomass into the gasifier. Torrefactionséen as the most logical
pretreatment step for Entrained Flow gasificatioh [lhe energy required for
milling the fuel is significantly reduced and theef contains less 4, which
improves the Cold Gas Efficiency. Torrefaction atsdluces transportation and
storage costs for biomass [2]. For the Fluidized Basifiers no such pretreatment
is required. Because the torrefaction process regjai relatively dry fuel to operate
without additional heat input, wood with 15% morstwas selected as the input
fuel for all three systems in this comparison. ¢néting a dryer using low
temperature waste heat will increase efficiencas (HV basis) for all systems,
but drying is not considered in this study.

The energetic efficiency of the torrefaction procassestimated from data
published by ECN for dry wood [1, 3], was assumele®0% on HHV basis and
93% on LHV basis. The electricity consumption of tloerefaction process is
assumed to be 1% of the biomass input (on LHV haaisthe moment of writing
the ECN torrefaction pilot plant is under constroiti More reliable data for
overall efficiency and electricity consumption bétprocess will be available in the
future. The moisture content of torrefied biomassies between 1 and 6%
depending on the torrefaction conditions and tret-peatment [3]. For this study a
moisture content of 3.5% was assumed. The torréi@thass particles fed into the
gasifier have to be relatively small to be complemonverted into syngas. An
average particle size of 0.1 mm is assumed. Theireghuilling electricity is
0.017 MW, MWy, input (LHV) [1].

Table 4.1 gives the composition of clean wood amtetied wood used in
this study. Data have been taken from the Phylliembss database
(www.ecn.nl/phyllis/). The ash content of wood istimmated at 1%. The

composition of the torrefied wood is derived fromNE@easurements.
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Table 4.1: Composition of wood used in analysis.

Clean wood Torrified wood

Moisture [wt.% a.r.] 15.0 3.5
Ash [wt.% d.b.] 1.0 1.1

C [wt.% d.a.f] 50.7 56.1
H [wt.% d.a.f] 6.1 5.7

O [wt.% d.a.f] 42.8 37.9
N [wt.% d.a.f] 0.3 0.3

S [wt.% d.a.f] 0.06 0.06
Cl [wt.% d.a.f] 0.05 0.05
LHV [MJ kg™ d.a.f] 18.8 20.8
HHV [MJ kg™ d.a.f.] 20.1 22.0

The higher heating value (HHV) of biomass includes ¢condensation heat
of water from the moisture in the biomass and tléewformed from hydrogen in
the biomass. The lower heating value (LHV) of bigsaxcludes the condensation
heat of the water formed from the hydrogen in tiemass and the moisture. It
should be noted that the heating values of woodveay substantially [4] and have
a strong effect on calculated Cold Gas Efficien@éshe gasifiers. The heating
values and compositions for clean wood given in &abll are an average of
approximately 200 samples of different types of @oso the inaccuracy in the
heating value is negligible. The number of represgere samples for torrefied

wood is still low, so the heating value can be maate.

4.2.2 Gasifiers
The Shell type high temperature slagging EntrainemvFyasifier was selected

because this is the only commercial high tempesagasifier where solid biomass
has been gasified so far (co-fired with coal) [B]Juses oxygen as gasification

agent, containing only 1% of nitrogen to minimite tamount of nitrogen in the
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syngas. The inert gas (GQequirement for pneumatic feeding was calculébeloe
0.006 ni kg™ biomass. This is based on a void fraction of Oétfuired for dense
phase transport and a particle density of 500 Kg liris assumed that the amount
of water present in the fuel is sufficient to prevéhe formation of soot in the
gasifier so no external steam has to be addecetgahkifier. The slag flowing down
the reactor wall is kept liquid by controlling theineral composition [6]. To
maintain the right composition and the right amaofnglag to cover the membrane
wall of the reactor, a flux material is added. Theoant of flux added is assumed
to be 8 wt.% of the biomass. The typical operatagperature of an Entrained
Flow gasifier is between 1300 and 1500°C. At lowesnperatures the fuel is not
converted completely and the viscosity of the ash lsecome too high. Higher
temperatures decrease the Cold Gas Efficiency (CGte) temperature selected is
a trade-off between fuel conversion and CGE. Adibeass is more reactive than
coal, a gasification temperature of 1300°C wascsete[6]. The assumed carbon
conversion at this temperature is 99.5%. Heat flossugh the membrane wall of
the gasifier vessel is assumed to be 2% of thendlenput (LHV basis) [7]. 1% of
the heat is used to produce medium pressure stamemaining 1% is seen as an
overall heat loss.

Conventional Circulating Fluidized Bed biomass fias use air as the
gasification medium. This dilutes the producer gahk witrogen, which will end up
in the SNG and cannot be easily removed. To predennitrogen dilution oxygen
has to be used as gasification medium. Replacingyabxygen will increase the
chance of local hot spots in the fluidized bed Itexy in an increased risk of
agglomeration of the bed material which is a maj@blem in operating Fluidized
Bed gasifiers [8]. To reduce the risk of agglomeratihe oxygen is diluted with
steam. The selected steam to oxygen ratio is 1 @Ky [©]. It should be noticed,
however, that this assumption has a major impacowerall efficiency. VTT in
Finland has built a pressurized steam/oxygen bl@FB biomass gasifier, but at
this moment no experimental results are availablthé public domain. ECN has

previously done some experiments with atmospheagans/oxygen blown CFB
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gasification where the steam to oxygen ratio waertasimilarly to the ratio
assumed in this study.

A heat loss of 1% from the reactor was assumearathé EF gasifier. For
this study a carbon conversion of 90% is assumed d$sumption is based on
published data [10] and practical experience fraommECN CFB gasifier BIVKIN
[11].

The system for the Indirect gasifier is based on H@N MILENA
technology [12, 13]. The basic working principlestbé MILENA gasifier are
similar to the SilvaGas [14] Indirect gasifier. Biass is fed into a riser where a
small amount of superheated steam is added (5wittediomass input). Hot bed
material (typically sand) enters the riser from toenbustor through a hole in the
riser, which is located under the biomass feedmgtp The bed material heats the
biomass to typically 850°C. The heated fuel patidiegasify and create a vertical
linear velocity of approximately 6 m™s leading to a “turbulent fluidization”
regime in the riser and a carry-over of the bedcenglttogether with the degasified
biomass particles (char). The vertical velocity led ggas is reduced in the settling
chamber, causing the larger solids (bed materidiciar) to separate from the gas
and to fall down into the downcomer. The produces paves the reactor from the
top and is sent to the cooling and gas cleaningoseclrhe char is burned in the
Bubbling Fluidized Bed, were it heats the bed naldo approximately 925°C.,
The heated bed material leaves the Bubbling Fluidi&ed from the bottom and is
sent to the riser again. Measurement in the lakedodirect gasifier, MILENA,
have shown that the nitrogen content in the prodgas can be as low as 1 vol.%
(in dry gas) by purging the feeding system with,&0d minimizing the flue gas
leaking from the combustor to the gasifier. A legdaf flue gas from combustor to
gasifier of 1% is calculated from the measuredog#n concentration in the
producer gas.

The carbon conversion (CC) in the Indirect gasifias calculated using the

following relation:
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CC(%) = 65 + 0.15 * (T-760) Tin°C (4.1)

This relation is an estimate based on experimemsulis from the ECN
MILENA lab-scale gasifier using wood particles beéne0.3 and 3 mm and
conversion data published for the Battelle/SilvatyaBrect gasifier [14]. Again a
gasifier heat loss of 1% was assumed.

The gasifier exit gas compositions for all casesewealculated using
empirical relations and assuming an offset tempesatfor water gas shift
equilibrium. Table 4.2 shows the relations usedtliertwo Fluidized Bed gasifiers

and the Entrained Flow gasifier.

Table 4.2: Relations used to calculate gasifielebglas composition.

Component Fluidized Bed Entrained Flow
CH, [kg kg™ fuel d.a.f.] 0.0873-0.082+:ER 0

C,H, [mol mol™* CHy] 0.02 0

C,H4 [mol mol* CHJ 0.32 0

C,Hg [mol mol™* CH] 0.02 0

CsHe [Mol mol™* CHJ 0.08 0

C;Hg [mol mol™* CHy] 0.01 0

NH3 [mol] 0.5« N in fuel 0

H.S [mol] 0.9 « Sin fuel 0.9 « Sin fuel
COS [mol] 0.1« S in fuel 0.1« S in fuel

The ER (equivalence ratio) is defined as the amotiokggen fed into the
gasifier divided by the amount of oxygen requireddtoichiometric combustion of
the biomass. The relation given in the table andl irs¢he model for the yield of
methane as function of ER was published by Manifitl. These relations
correspond well with ECN measurements from BubbliRlyidized Bed,
Circulating Fluidized Bed and Indirect gasificatitmetween 800 and 900°C at

atmospheric pressure and wood as fuel. For Indgasification an ER of 0 was
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used in the calculation. The relations for the higigdrocarbons are determined
from experiments in the ECN lab-scale MILENA gasifi#B]. The influence of
pressure on the formation of hydrocarbons in FagdiBed biomass gasifiers is not
known yet, therefore the same relations as for spmeric operation were used.
The tar concentration in the raw producer gas ig 30m° dry for both Fluidized
Bed gasifiers. This figure is relatively high besauno catalytically active bed
material, like olivine, is used in the gasifierrexluce the tar concentration and tar
from the gas cleaning section is returned to thsifiga in the case of CFB
gasification. The water gas shift equilibrium i$ a&1200°C for the fluidized bed
gasifiers and at operating temperature for the Eifiga

Chloride (as HCI) and NHeaving the gasifiers have minor influence on the

overall energy balance and are therefore neglected.

4.2.3 Gas cooling and gas cleaning

Syngas from the Entrained Flow gasifier is cooledmido 600°C by quenching
with its own cooled gas of 250°C. A gas quench lesen to prevent salt
condensation and deposition on the downstreamexeaiangers. The gas is cooled
further by a conventional heat exchanger. The isasded to produce steam.
Producer gas leaving the CFB or Indirect gasifsecaoled down to 400°C.
This temperature is selected to stay above the aémt pf the tar in the gas. The
heat is used to preheat the air to the Indiredfigagand/or to superheat steam. In
the Indirect gasifier the fly ashes removed by @arnye from the producer gas are
sent back to the combustor, where the carbon imsheis converted into flue gas.
The completely converted ashes are blown out ottimebustor and are collected
in a bag-house filter. The carbon containing ashem fthe CFB gasifier are
disposed. Tar and remaining dust are removed by Qh&A gas cleaning
technology [16]. The OLGA gas cleaning system cirsof three stages. In the
first stage, the collector (OC in Figure 4-3 andyufe 4-4), heavy tars are
condensed from the gas by contacting the gas weitthed scrubbing oil. Most of
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the fine dust that passes through the upstreanomgyads also removed with the
scrubbing liquid. Dust and heavy tar are separfted the oil and returned to the
gasifier. In the Indirect gasifier the heavy taused as fuel for the combustor. In
the second stage, the absorber (OA in Figure 48 Figure 4-4), light tar
components are dissolved in the oil. The absorbepésated above the water dew
point to prevent condensation of water. Producsregdting the OLGA absorber is
free of condensable tars. The oil from the absoibeent to the third stage of the
OLGA system, the stripper (OS in Figure 4-3 ancduFegd-4). The stripper is either
operated with air at 180°C (Indirect gasifier) oithwsteam at 210°C (CFB
gasifier). The air or steam leaving the strippantams some oil, that can be partly
regained in a condenser if air is used to opeh&estripper. The oil consumption of
the OLGA system is 0.1 g Ninfor the stripper operated on air (Indirect gasjfie
and 1 g Nrit for the stripper operated on steam (CFB). Theailsumption is only
a fraction of the thermal input of the plant andhierefore neglected in the overall

heat balance. More information on the OLGA candadl in paragraph 6.6.4.

4.2.4 Cl and Sulphur removal

Clean biomass like wood contains low amounts gbtsud and chloride. A 1 GW
gasifier fed with clean wood produces 2500 kg daf/sulphur. Typically 90% of
the sulphur converts into .8 and 10% into COS. Other organic sulphur
compounds are neglected in this study. Measured tt@centrations in raw
producer gas are low (<5 ppm). The CI concentratiowood is low already and
most of the chloride is removed from the gas togrettith the ash. The maximum
allowable sulphur inlet concentration for the diffiet methanation catalysts is not
known yet. An acceptable inlet concentration of p0 is assumed for this study.
A ZnO sorbent is selected for the bulk sulphur reahoThis sorbent can remove
H,S and COS. Non regenerative processes are comiheraiailable and
regenerative processes are under development. Tievaé principle is based on

the following equilibrium:
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ZnO + BS < ZnS + HO (4.2)

In this case the majority of 8 is removed at 250°C. A guard bed removes
the remaining KIS at a slightly lower temperature (160°C). The sauard bed
reactor is used to remove HCI. In the case of Hatll Bed gasification other
organic sulphur compounds are present in the peydgas as well. It is assumed
that these components are converted 8 &hd removed by the ZnO sorbent. ECN
Is testing different sorbents/catalysts for thisalgpAmmonia removal is not

included in the analysis.

4.2.5 Methanation

CO and H in the cleaned gas are converted into,®M the following strongly

exothermic reactions:

CO +3H« CH, + H,0 AH®,g5 = -206 kJ mot (4.3)
CO, + 4H, <> CH, + 2H,0 AH®,0g = -165 kJ mot (4.4)

The generated heat is used to produce steam. loae of Fluidized Bed
gasification a major problem is the formation obtsm the methanation reactors
which deactivates the catalyst and blocks the BystEhe presence of higher
hydrocarbons in the producer gas seems to enhaec®mitmation of soot on the
methanation catalysts [17]. The required boundargditions to prevent the
formation of soot on the methanation catalyst awe well known yet, but, in
theory, it can be suppressed by adding steam fwrithe methanation. Table 4.3
shows the resulting steam to dry gas ratios foithihee different configurations on

the basis of Aspen Pffigalculations.
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Table 4.3: Required steam to dry gas ratios togaesoot formation

Operating pressure  Final methanation  Steam to dry gas

Gasifier methanation unit [bar] temperature [°C] ratio [mol mol]
EF 30 280 14
CFB OJ/Steam 10 280 1.4
Indirect 7 280 15

The steam gas mixture is preheated to 350°C betoenters the first

methanation reactor.

4.2.6 SNG upgrading

The SNG upgrading step is similar for the differeygtems, therefore this step is
not modeled in detail. Gas leaving the last methanaeactor is cooled and water
is condensed out of the gas which is then compadss@0 bar (if required).

Different CQ removal technologies are commercially availablSAP
(Pressure Swing Adsorption), Physical absorptiorg. (eSelexol process) or
membrane gas separation (UOP Separex membrar®)s Istudy CQ is assumed
to be removed for 98%. The energy consumption fop €noval is calculated
from the required pumping energy for the solvenaiBelexol unit [18]. The CH
loss is assumed to be 1%. The Qi@h gas is sequestrated in empty gas fields,
which means that the overall process becomes G&yative. The required
compression energy is not included in the calcdlateerall efficiency.

The Swiss national standard for unlimited gas imgectimits the hydrogen
concentration in SNG to 5 vol.% [19]. This value wesed in this study as the
maximum allowable hydrogen concentration in thealfinSNG. The H
concentration can be kept below this concentratipnchoosing the appropriate
operating conditions (temperature and pressurgh®flast methanation reactor.
Although additional H removal is not required, selective oxidation coulel

applied if necessary.
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4.2.7 Steam system

All heat above 200°C is used within the system émegate steam or preheat
combustion air. The remaining low temperature heaufficient for heating all
feed water to 150°C. Most of the heat is used talpece low pressure (10 bar) and
medium pressure (60 bar) steam of which a sigmfigzart is mixed into the
producer gas before the methanation unit to preseot formation. The remaining
steam is sent to medium and low pressure stearmésbAn isentropic efficiency

of 80% and a mechanical efficiency of 98% are assufar the steam turbines.

4.2.8 Electricity consumption

An overall electricity consumption of 1.5% of biogssainput to the gasifier (HHV
basis) is assumed. Major electricity consumers thieeair separation unit and the
different gas compressors, are not included infthige and calculated separately.
An isentropic efficiency of 80% and a mechanicdicefncy of 98% are assumed
for the gas compressors. The cryogenic air separatit consumes 0.4 kWhe Nm

% oxygen [20].

4.3 Results

The performance of a gasifier is given by its Cols&fficiency (CGE), which is
defined here by the heating value of the dry, qoloducer gas after gas cleaning
divided by the heating value of the biomass oretitled biomass to the gasifier. The
CGE on HHV basis is defined as the higher heatifdgevaf the dry and cleaned
gas divided by the higher heating value of the lasissn The CGE on LHV (lower
heating value) basis is defined as the lower hgatatue of the dry and cleaned gas
(thus excluding condensation heat of water in the groduced when the gas is
combusted) divided by the lower heating value @&f fiomass. Figure 4-5 shows

the calculated Cold Gas Efficiencies for the différgasifiers.
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Figure 4-5: Cold Gas Efficiencies for the thredatént biomass gasifiers.

It should be noted that the cold gas efficiencyspngéed for Entrained Flow
gasification (EF) does not include the efficiencgni wood to torrefied wood.
Torrefaction gives a loss of approximately 10% on\Hbhsis and 7% on LHV
basis. The torrefaction process is still under tguaent. The efficiencies assumed
for torrefaction are based on preliminary data.ureg4-6 visualizes the different

losses on Cold Gas Efficiency for the three gasfier
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Figure 4-6: Visualization of losses in Cold Gasoihcy (CGE).

The main loss in cold gas efficiency for the Entrdifkdéow gasifier is due to

latent heat in the syngas. The gasifier exiptature of the Entrained Flow

gasifier is +450°C higher than the exit temperaguoé the two Fluidized Bed

gasifiers. The main losses for the CFB gasifierdare to the unconverted carbon in

the

ash and the latent heat in the producer gaslntirect gasifier has the highest

cold gas efficiency, because the losses are rediocadninimum. The combined

latent heat in flue gas and producer gas is thédsig but is compensated by

preheating the combustion air. Table 4.4 gives e @pmpositions for the three

gasifiers after tar removal.

Table 4.4: Gasifier wet gas compositions (aftereanoval, if applicable).

EF Torrefied  CFB oxygen

wood 30 bar 10 bar Indirect 1 bar

CO [mol%] 49.8 18.7 25.9
H, [mol%] 18.6 14.4 21.3
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CO, [mol%] 14.7 19.8 12.0
O, [Mol%] 0.0 0.0 0.0
H,0 [mol%] 16.5 39.2 24.8
CH, [mol%] 0.0 5.1 10.3
N, + Ar [mol%] 0.3 0.4 0.9
CzHz [Mol%)] 0.0 0.1 0.3
CoHa [Mol%] 0.0 1.7 3.4
CzHg [Mol%4] 0.0 0.1 0.2
CeHe [MOI%] 0.0 0.3 0.6
C7Hg [Mol%] 0.0 0.0 0.1
H,S [ppm] 195 200 314
COS [ppm] 22 22 35
NHs [ppm] 0 1471 2308

The concentrations of methane and other hydrocarbotise gas from the
Indirect gasifier are higher than those in the fgas the CFB gasifier, because the
water concentration is lower and no methane isduirAs can be seen in Table 4.2
the yield of hydrocarbons is a function of thetaifuel ratio (ER). A typical ER for
an oxygen — steam blown CFB is 0.25. The air to fad in an Indirect gasifier is
near zero, giving the maximum yield in hydrocarbohsigh initial concentration
of methane and other hydrocarbons has a positikeenrce on overall efficiency to
SNG.

The overall efficiencies to SNG are calculated onea and gross basis.
Gross efficiency does not take into account thectetity production or
consumption of the system. To calculate the netieficy the electricity consumed
(or produced) is assumed to be produced by conge8NG into electricity with an
efficiency of 60% for electricity generation. Figu4-7 shows the calculated overall
efficiencies of biomass to SNG at 30 bar. As casden from the figure the gross

efficiencies to SNG are relatively low for Entrain€tbw gasification. The net
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efficiency is higher, because the system produlessrieity. The other two systems
consume electricity. The reason for the net elattrgroduction in the EF based
system is the significantly higher production aast in both the syngas cooler and
the methanation unit. The overall efficiencies aighér on HHV basis than on
LHV basis. It is caused by the conversion of CO ifiid, in the methanation
reactors. The lower and higher heating values ofat®equal, while the higher

heating value of CHis higher than the lower heating value.
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Figure 4-7: Gross efficiency to SNG and net efficigto SNG and electricity.

Gross and net overall efficiencies on LHV and HHaAsis are highest for the
Indirect atmospheric gasifier. These high valuesdaeeto the low losses, both heat
and unconverted carbon, and the fact that thergas the gasifier already contains
a significant amount of hydrocarbons. These hydtmmss, as indicated in Table
4.4, amount to a 55% contribution to the calorifi@lue of the producer gas.
Hydrocarbons are converted into methane with ativels high efficiency
compared to the conversion of syngas into meth@ine.gas after the methanation
reactors in all three systems contains approximadél mol% of water. All the

condensation heat of this water (approximately aff%he thermal input) is not
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used in the defined systems. If a biomass dryeitégrated in the system this low
temperature heat can be used to dry the biomaegrating the drying step will

increase overall efficiency for all defined systerAsother possible improvement
of the systems efficiency is reduction of the antooh steam required in the
different methanation steps to prevent formationsobt. The amount of steam
required is now based on thermodynamic equilibraaculations.

The Indirect gasifier is operated at atmospherisguee, because pressurized
operation of an Indirect gasifier is not yet demuated. In principle it is possible
to operate an Indirect gasifier at elevated presswhich will further increase the
overall efficiency. The methane yield is possiblgreased by pressure. This will
have a positive effect on overall efficiency to SNG

Table 4.5 shows the calculated concentrations ofthr components in
the produced SNG after water and £@moval. As can be seen the calculated
heating values are similar. The amount gfigdlower in the case of EF gasification,
because the methanation pressure is higher. Therwaton of CO is below 0.1

mol% in all cases. The gas composition can be inflad by changing the level of

CO, removal.
Table 4.5: SNG gas compositions.

EF Torreflied CFB oxygen Indirect 1 bar

wood 30 bar 10 bar
CH, [mol%] 90.5 89.9 90.7
H, [mol%)] 2.5 3.9 4.1
CO, [mol%] 5.1 3.3 1.8
N2 + Ar [mol%] 1.7 24 3.0
LHV [MJ m™] 33.5 32.8 33.3
HHV [MJ m¥| 37.2 36.4 37.0

From a technical point of view the gas should biable to replace fossil
natural gas, but exact specifications for injectioithe natural gas grid are not yet

clear and may vary per country.
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4.4 Concluding remarks

Overall efficiency to SNG is highest for Indirecagification. The net overall
efficiencies on LHV basis, including electricity maumption and pretreatment but
excluding transport of biomass are 54% for Entraiflesv, 58% for CFB and 67%
for Indirect gasification.

Because of the significant differences in over#lciencies to SNG for the
different gasifiers, ECN decided to select the ledclirgasification as the preferred
technology for the production of SNG.

In a recent study a comparison was made betweefLBENW based SNG
system and a SNG system based on the FICFB gasificiechnology combined
with the PSI methanation technology [21]. The ddferes between the two
concepts have been quantified and estimated to%g®n overall efficiency from
wood to Bio-SNG in favor of the MILENA concept. Theam reason for this
difference is the relatively large amount of stedmat is required for the FICFB

process.
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MILENA model

Abstract

A pseudo-equilibrium model was made to calculate gas composition and the
mass and energy balance. The essential empiriciorss were obtained from
literature and experiments in CFB and BFB gasifieétese relations were updated
using data from the lab-scale and pilot scale gasif The MILENA model is
described in this chapter. The relations obtaimrednfexperimental work in the
MILENA are described in chapter 7.

5.1 Fluidized Bed biomass gasification models

The objective of a biomass gasification model igptedict gas composition, gas
flow and reactor temperature at specified procemsdiions. These data are
required to dimension the gasification reactor dne connected gas cleaning
equipment. Several models for Fluidized Bed geetificy are described in literature
[1, 2]. Many of these models are based on theoabsut fluidization

hydrodynamics, coupled with kinetic schemes for theterogeneous and
homogeneous processes occurring inside the gasifar as drying, pyrolysis, tar
cracking and char gasification. These models ageneral very complex and only

include the main gas compounds. This makes praeipgdication difficult.
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More simplistic models (excluding hydrodynamics &imketic schemes) are
often used to describe an integrated gasificatystesn. These models are mostly
based on chemical equilibrium. Aspen Blis generally used as modeling tool.
The assumption of chemical equilibrium works veryllwe high temperature
gasification, like Entrained Flow gasification, eslie described. For Fluidized Bed
gasification this method is not applicable, becauseajor part of the combustible
compounds is present in the gas as hydrocarbonghémical equilibrium the
presence of hydrocarbons is negligible at typigarating conditions of Fluidized
Bed gasifiers.

A commonly used method to apply the equilibriuncaoédtion is to define a
negative offset temperature for the equilibrium penature of the methanation
reaction. By doing this it is possible to fit theim gas composition (CO, GCH,,
H,O and CH) to measured values. The higher hydrocarbons arenoluded, but
their impact is not large as Gliepresents the major part of the hydrocarbons Thi
method is only applicable at the temperature arebgure at which the offset
temperature could be fitted to the experimentah.dat

The method selected by ECN for modeling the MILENAgass and other
Fluidized Bed processes is a combination of chdnaigailibrium for the CO shift
reaction and empirical relations for the yield gfllocarbons. This model is best
described as a pseudo-equilibrium model. VTT usésitas approach [3, 4].

CFD analysis was used to predict gas flow patterriee MILENA settling
chamber. A more detailed model of the gasifierrngas made to predict the char
conversion of different biomass patrticles in thsifger riser [5]. A summary of the

results is given in paragraph 6.2.

5.2 MILENA pseudo-equilibrium model

The first step in the design process of the gagdi¢ne calculation of the mass and
energy balances. Aspen Plusas been used in the past to model Fluidized Bed

gasification, but because of the many empiricatrehs that are required the use of
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Excel is more convenient. The Excel model made lfas purpose solves the
component- and energy balances. The model is grtadaa of a model made for
the CFB gasifier BIVKIN, which is extensively vaall using data from lab-scale,

pilot-scale and commercial scale Fluidized Bedfgasi

5.2.1 Modd layout

Figure 5-1 shows the basic layout of the Excel modae model includes the
conversion of the producer gas into Bio-SNG. Thiskes it possible to see the
effect of gasifier process parameter variationsowerall efficiency to SNG. The
model is divided into different process blocks (edyying, gasification, char
combustion, etc.). The energy and component badasee solved for each process
step where the individual process blocks produdeuts which act as inputs for
the next step. For example: the gasifier produckar.cThe amount and
composition of the char is an input variable foe tbombustion step. The
temperature of the exiting gases and solids refuolts the energy balance over the
block describing the combustion.

The Gasifier and Combustor block are described imendetail, because

these are the essential blocks to describe arektdBasifier.
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Figure 5-1: Basic layout of the integrated MILEN#etmodynamic model

The Drying block simulates a simple single passryotar drum dryer in
which heated air is used to dry the biomass. Thketoair temperature is set at a
fixed value (typically 20°C) above the water dewnpf the air exiting the dryer.
The block is used to calculate the influence ofgraéing a dryer when relatively
wet biomass is foreseen as fuel. The integratioa dfyer can increase the overall
efficiency on LHV basis significantly.

The Gasifier block converts the solid fuel into anbwistible gas containing
also pollutants like fly-ash, tar, chloride andpdulr.

The Tar cracker block can be used to describe a #ievma catalytic tar
cracker/reformer. Oxygen is normally added to k#dep process at the required
operating temperature.

A simple Gas cleaning block is integrated into ¢krerall model to calculate
the amount of light and heavy tars that are rem@ratl become available as fuel
for the combustor. The NHconcentration after the gas cleaning system can be
entered. Ammonia has a relatively high heating e#ako the removal rate has a
significant influence on the heat balance. Ammasiaot returned to the gasifier.

The water removal rate is calculated from the sptiivater dew point. The Cold



MILENA model 75

Gas Efficiency (CGE) is calculated in the Gas clegrilock, because the removal
or recycle of tars, BTX and NHinfluences the CGE. The raw gas from the
MILENA is normally not directly usable (with the esqation of direct firing in a
boiler), so defining the CGE after cleaning the igagrore logical.

Upgrading of the gas is described by the Pre-reforand Methanation
block. Both reactors are normally at chemical eguim. Steam can be added to
prevent soot formation. The outlet of the Methamabtock is used to calculate the
overall efficiency from wood to Bio-SNG.

A separate calculation block is used in the modlehteck the hydrodynamic

behavior of the bed material and char particles.

5.2.2 MILENA gasifier
The MILENA gasifier is described by the combinatidritee Gasifier block and the

Combustor block. Figure 5-2 shows the two blockd @reir connections in more
detail. Biomass (B) is fed into the gasifier witbn®e inert gas (1) to purge the
feeding screw. Air (A) or steam is added to thetdout of the gasifier as

fluidization agent. The biomass is converted in posst gas (P) and char (C). The
tars are included in the producer gas (P). Moghefchar is separated from the
producer gas and falls down in the combustor. Theaneing char leaves the
gasifier as fine dust.

Some of the producer gas (P) leaks into the cormnhu3he red arrows
represent the heat that is transferred from thebcstor to the gasifier by the
circulating bed material. Some air (A) or Flue ¢@scan leak from the combustor
into the gasifier. Oxygen (O) can be transportethfthe combustor to the gasifier
by the circulating bed material.

Air (A) is added to the combustor to convert tharcim flue gas. Light tars
(T2) and heavy tars (T1) from the OLGA gas clearang combusted as well. The
flue gas (F) and the remaining ash leave the cotobbgd. The small red arrow

represents the heat loss from the reactor.
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Figure 5-2: MILENA gasifier and combustor blocks.

The Gasifier block calculates the gas compositianguempirical relations
for the hydrocarbons. The concentrations of CO,,Epand HO are results of the
component balances and the water gas shift equitibrThe method of calculating
the gas composition and the carbon conversiong&gred in more detail below.

The net heat input into the gasifier is calculatedmf the temperature
difference between combustor and gasifier and thaulation rate of the bed
material. This circulation rate of the bed mategsalsed as an input parameter. The
higher the circulation rate, the lower the tempaeatifference between combustor
and gasifier. The circulation rate is normally sed@times the amount of biomass
fed to the gasifier, which results in a typical mrature difference between
combustor and gasifier of 70°C when an inert betera like sand is used.

The main purpose of the Combustor block is to cateuthe amount of heat
that is available to the Gasifier block. The majoof the fuel for the Combustor
block is the char which is produced in the Gasif@gparation efficiency for char in
the settling chamber must be specified. The typredlie is 90%, leaving 10% of
the char to be entrained with the producer gasirigathe gasifier. This residual
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char is collected after the producer gas coolerranylcled to the Combustor. The

Combustor is operated at a low air to fuel ratypital lambda value of 1.1). The

lambda value can be entered as a set point valti@asthe combustion air flow can

be calculated. The combustion air temperature is)pnt value. Preheating has a
strong positive effect on CGE, so, in theory, temperature should be as high as
possible, but for reasons of practical integratmormally the pre-heat temperature
is limited to 320 — 400°C. The char compositioduahces the concentration of

pollutants like HCI and SQn the flue gas.

The assumed char composition and distribution ofupits over the
producer gas and char are explained in more dettlv. The NQ concentration
in the flue gas is not calculated, but taken agmpat value. Part of the fuel (char)
bound nitrogen is converted into NGut no (empirical) relations are known for
their concentrations. The concentration of CO anbuumed hydrocarbons in the
flue gas is taken to be zero in the model. In pradhese concentrations are very
low (<< 0.1 vol.%) and have a negligible effecttba overall balance.

The flue gases from the BFB section of the combum®mpost combusted in
the freeboard of the MILENA to reduce emissions 6f &d GH,. The typical Q@
concentration in the flue gas of the MILENA combusiatlet is between 4 and 6
vol.%. The Post combustion block is used to sineuthis section (see Figure 5-1).
In the model the concentrations of CO angiare already zero in the gas exit of
the Combustion block, so the Post combustion blmadkulates only the drop in
flue gas temperature due to dilution of the flus wih air.

Optionally, gas exchange between the Combustokldod Gasifier block
can be integrated into the model. Flue gas can fieak the Combustor into the
gasifier. The typical leakage is set to 0.8% of th&al flue gas flow in the
Combustor block. This value was obtained from mesaments. Producer gas can
leak via the downcomers into the combustor, wheéracts as additional fuel.
During normal operation this leakage is very sraalll therefore neglected. It was
observed that some bed materials (e.g. olivine) tcansport oxygen from the

combustor to the gasifier. This is caused by oxitatand reduction of, for
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example, iron. In the model this is simulated by @ygen flow from the

Combustor block into the Gasifier block.

5.2.3 Gas composition

The gas composition of a gas produced in a Fluidised gasifier at 850°C is not
at chemical equilibrium, except for the water ghstseaction if a catalytic bed
material is used. The concentrations of hydrocarlawassignificantly higher than
calculated using the equilibrium approach. Empirreddtions are used to estimate
the yield of hydrocarbons. A similar approach watected by VTT [3]. The
equations used by ECN are given table 4.2. The oaléd predict the Clyield as
function of the Equivalence Ratio (ER) is obtaineaf literature [6]. This relation
is verified with data from various ECN Fluidized Bgdsifiers and appears to be
reliable. ER is defined as the amount of oxygenirfiéal the gasifier divided by the
amount of oxygen required for stoichiometric comntlmumsof the biomass.

The vyield of higher hydrocarbons is a fraction o tmethane yield. The
fractions are obtained from measurements origindtiyme in the CFB gasifier
BIVKIN, but later are adapted using data from tladb-scale and pilot-scale
MILENA gasifiers. The work described in this themesulted in updated relations
for the hydrocarbon yield. The updated relationskmaifound in chapter 7.

It must be noticed that the relation used for ,Ctibes not include
temperature. Measurements have shown that theemtdt of temperature on
methane yield is small at the typical operatingdew of Fluidized Bed gasifiers
(770 — 880°C).

5.2.4 Carbon Conversion

Equation 5.1 defines the carbon conversion. Theocam the tar is included in

Cproducer_gas
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C is defined as mass flow of carbon in the differemeams. Ggiives IS
introduced in the relation to compensate for thib@a released by calcination
reactions. Dolomite, for example, undergoes calimina at typical gasifier
conditions releasing CO The calcination reactions are endothermic which toa
be taken into account in the heat balance.

Equation 5.2 shows the relation used to calculae#nbon conversion. The
residence time of a biomass/char particle is nediti short, so gasification

reactions of the char with steam or £n be neglected.

gc’gas = X + Y*(T'760), T |n OC. (5.2)

The original carbon conversion relation was baseddata published by
Battelle [7] for the gasification of different woaqghrticles/chips. The obtained
values for X and Y were: X =55 and Y =0.11/°Ct bus not clear whether the
carbon conversion definition used for the converdip Battelle also includes tar in
the producer gas. The carbon conversion definitised in the MILENA model
includes tar, because tar is in the gas phaseeabplrating temperature of the
gasifier. Because the residence time in the MILEN#&rrplus settling chamber is
longer than in the Battelle riser, a higher carlmmmversion is assumed. The
following values are estimated and used for thacbdssign of the MILENA
reactor: X=65 and Y = 0.15/°C.

More recent data found in literature for the B&télSilvaGas gasifier result
in the values: X = 56 and Y = 0.126/°C [8] and X58 and Y = 0.16/°C [9].
Especially the latter values are close to the assangporiginally made for the
MILENA design. The assumed relations are shown amdpared to measured

carbon conversions for the lab-scale installatioa pilot plant in chapter 7 (Figure
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7-6). The relation is modified based on experimesata from the MILENA pilot
plant (see Chapter 7).

VTT has published a relation for carbon conversionFilnidized Bed
biomass gasifiers [3, 4], but this relation isefittto experimental data generated
with an air or steam/oxygen blown gasifier andhieréfore not applicable to the
MILENA gasifier.

5.2.5 Char and tar composition

In earlier versions of the MILENA model it was as®dhthat the char leaving the
gasifier was pure carbon and (inert) ash. The consénother elements was
neglected. From measurements and literature [A0&# found that, especially, the
oxygen content can be significant. Analyses of giraduced in the ECN CFB
gasifier are used to set a standard compositiomhaf. Table 5.1 shows the
measured compositions (wood was used as fuel) aVaege composition is used
in the MILENA model.

Table 5.1: Char composition used in MILENA model
BIVKIN BIVKIN Average

Date 20-11-1997 17-12-2002 -
C [wt.% daf] 90 95 92
H [wt.% daf] 1 1 1
O [wt.% daf] 9 3 6

Experimental data from the pilot plant are usedpgdate the composition.
The updated composition values can be found in @nhapt
The sulphur content in the gas is calculated byraggythat all sulphur in

the fuel that is not converted into,$1 or COS remains in the char. The same is
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done for chloride. The nitrogen content in the cisaassumed to by, of the
nitrogen in the fuel.

The composition of the tar leaving the MILENA lab-ecgasifier, operated
at a gasification temperature of approximately &@hd fed with beech wood
(Rettenmaier Rauchergold, type HBK 750/2000) wasasueed during the
December 2006 test campaign. During these testbdatiematerial in the gasifier
was olivine. Six samples were taken and analyzed tise SPA method [11]. The
variations in composition of the different sampka® small. The average tar
concentration was 28 g Nirdry. Part of the tar components (22 wt.%) canmot b

identified. Table 5.2 shows the tar composition usgtie model.

Table 5.2: Tar composition used in MILENA model

C [Wt.%] 94.2
H [Wt.%] 5.8
o) [Wt.%] -

5.3 Use of the model

The MILENA model is used to dimension the lab-scablpt-scale and
demonstration-scale MILENA reactors. The model isdu® specify the required
operating conditions for the different tests. Thedelois also used to calculate
deviation from CO shift equilibrium, the carbon gersion, and solids circulation
rate from test data.

Figure 7-19 shows the first page of the MILENA Exoebdel. The fuel
composition is the first required input. It is alslee input parameter that is
responsible for most of the uncertainty in the ltssun practice the specified
fuel/biomass composition and heating values arenofincertain. This is checked
by using empirical relations to calculate the heptvalue from the composition
[12]. Normally the calculated value should be witl3% of the measured heating

value.
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The deviation from CO shift equilibrium is definesl the difference between
the calculated CO shift equilibrium temperature #mel actual temperature at the
gasifier riser outlet. When a catalytically actlwed material like olivine is used the
CO shift reactions are normally close to equilibriuThe typical deviation is
normally between 0 and +400°C. Deviations outside tange are indications for
errors or a catalytically inactive bed material.

Carbon conversion is estimated from the compoualdnoe by fitting the
calculated producer gas CO, producer gas,Gl0e gas @ and flue gas CO
concentrations to measured values. The sum of dgoars of the differences
between calculated and measured gas concentragionsiimized to get the most
reliable results. All other measured values (ege flow, fuel composition, gas
flows, CH, concentration, etc.) are put in the model as eortst

The bottom part of the Gasifier block in the modebws the heat balance
over the Gasifier block. The heating value on HHakib is used to solve the
balance. The heat balance on LHV balance is ondg us check for deviations.
The solids circulation rate is calculated from tlembined heat balance of the

Gasifier and Combustor block.
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Chapter 6

MILENA gasification technology

Abstract
In this chapter the MILENA gasification technologgdathe MILENA lab-scale

and pilot scale plants are described in more detalhistorical overview of the
development is given in the first paragraph. Théed#nt design considerations are
described to explain the benefits of the MILENA cqrtcagainst the CFB concept
which was originally used by ECN for biomass gaatiien. This chapter ends with
a comparison of the MILENA concept with other Indirdbiomass gasification

processes (SilvaGas and FICFB).

6.1 Development

ECN started the development of Fluidized Bed gaifim in 1996 with the
realization of the air blown BIVKIN CFB gasifier [1Tests done during the first
years of operation showed some limitations of tHeBCconcept. The carbon
conversion was limited to approximately 90% for dvpod [2], resulting in a
reduced overall efficiency. The residual fly ashréiiere contained a high amount
of carbon (typical 50%), making it difficult to giese this as a waste stream. The
BIVKIN gasifier is of the air blown type, so theqgalucer gas is diluted with

nitrogen up to a concentration of 50 vol.% on dagib, resulting into relatively
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low heating values of less than 7 MJ Riof the dry gas on LHV basis. When wet
fuels were gasified the heating value was even loWke relatively low heating
value made it hard to achieve stable combustiorthef gas and made it also
unfeasible to upgrade the gas into Bio-SNG. A kaitest program was done with
an oxygen steam mixture as gasification agent éogut the nitrogen dilution and
increase the heating value of the produced gas. r€balts were somewhat
disappointing, the heating value of the gas in@eabut the carbon conversion
decreased and problems with bed agglomeration mmtuECN did not continue
steam/oxygen blown CFB gasification, but othergs NKTT were more successful
and continue the development of steam/oxygen bIG#*8 gasification [3].

Battelle’s Columbus Laboratories had been workingrendevelopment of
Indirect gasification since the late 1970's andoregul positive results generated
with a 10 ton/day pilot plant using a variety obimass fuels [4]. The results
reported by Battelle and the experience with the EXINB gasifier resulted in the
first design of an ECN indirect gasifier. The cortogps originally called STAR.

The STAR cold flow test rig was adapted and used tha further
development of the MILENA process. The settling chamis still part of the
concept, because even a limited tar reduction carbdneficial, especially in
preventing tar fouling in the producer gas coolére successful development of
the OLGA tar removal technology at ECN made it dassio allow the relatively
high tar content in the gas.

In 2003 it was decided to build a second lab-sEalk&dized Bed gasifier at
ECN, because the existing lab-scale gasifier waguéetly overbooked. At that
moment Indirect gasification was identified as ampising option for the
production of Bio-SNG [5]. Therefore a lab-scalenocept allowing both Indirect
and Direct gasification was adopted. The gasifias mamed the “Multipurpose
Integrated Lab-unit for Explorative and iNnovativehievements in biomass
gasification” or MILENA. By means of a metal insdtie gasifier could be

transferred from a Bubbling Fluidized Bed (BFB) ifjasinto an Indirect gasifier.
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After successful operation of the MILENA lab-scabsiier for some years
it was decided at the end of 2006 to start theizatedn of a pilot-scale gasifier.
Construction started in 2007 and the pilot plans waken into operation in 2008.
First tests with the complete system (gasifier gasl cleaning) were done in 2009.
Figure 6-1 shows the MILENA pilot plant gasifier atie installation of the OLGA
gas cleaning pilot plant.

The basic working principles of the MILENA process axplained in
paragraph 2.6. In this chapter a more detailedasgtion of the MILENA process

and reactor design are given.
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Figure 6-1: pilot-scale MILENA gasifier (left) andstallation of the
OLGA pilot-scale gas cleaning (right) at ECN.

6.2 Design considerations

The original MILENA design was made after the firgtays of experience with
operating the CFB gasifier BIVKIN, and therefore nmaof the design

considerations were influenced by these experientes preference for Indirect
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gasification over Direct gasification was primardgsed on the increase in heating
value of the gas and the increase in overall carmmmversion. The following

design considerations resulted in the present MILENSIgnN.

Integrated reactor:

The process was designed to be accommodated ingke seactor vessel. The
original main reasons for doing this were a lackspéce and the requirement to
limit the heat loss from the gasifier. The desweliit horizontal transport of
solids and problems with expansion joints in the ECRB gasifier made the
design of an integrated concept more logical. Aegrated reactor design is more
suitable for pressurized operation. In the ECN CFRasifger (BIVKIN) the
circulating solids were transported from the ciatan cyclone via the sealpot (a
fluidized bed acting as a non mechanical valve) amipe for further downward
flow into the riser. Because of the horizontal aiste between the sealpot and the
riser the transport pipe was relatively long whigetlve some operational problems.
The effective flow diameter of the pipe sometimescrdased because of
agglomerated bed particles sticking to the walkhed pipe. The designs for the
commercial plants that were based on the BIVKINiglesvere made with an
increased angle for this pipe. The MILENA desigrswaade such that horizontal
transport of the circulating bed material would betan issue at all. The horizontal
transport (outside the BFB) is limited to the whitkness of the riser pipe.

When two high temperature reactors are connecteddb other, differences
in thermal expansion need to be compensated. Ths mostly done by metal
expansion joints which allow differential expansidm the ECN CFB gasifier this
was a major problem during the first years of tegtiThe expansion joints broke
frequently and replacement was expensive. After ification the remaining
thermal stresses were still relatively high andultesl in deformation and small
leakages in the sand recirculation system. The MIAENSIgn has no expansion
joints and stresses due to thermal expansion areniaed by an integrated design.

This design allowed the metal insert (the risertlisgtchamber and downcomers)
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to expand more than the refractory lined reactbe ihsert is only connected at the
top of the reactor and can freely move at the bopart of the reactor. This design
feature is patented [6].

An important characteristic of the lab-scale MILENAsign is the ability to
remove the insert (the riser, downcomer and sgtttimamber). Without the insert
the installation can be used as conventional BFEfigaor combustor. This made
the MILENA reactor multifunctional, which is importafor research purposes.

An integrated reactor design is more suitable foFsgurized operation,
because all the parts are placed in a single miesduvessel. The insert is not
exposed to additional mechanical stresses at presduwperation. It is expected
that pressurized operation (e.g. 3- 7 bar) of thieBWMA will become important for

large scale Bio-SNG production.

Steel insert:

The selection of a steel insert was logical for thb-scale and pilot plant
installation because alternatives (refractory) rawe practical at these scales. The
ECN Engineering and Service department made a shovey and selected the
steel grade 253MA for the lab-scale installatiohisTsame grade was also used in
the pilot plant. Extensive thermal stress analysisig the finite element method
showed that a metal insert was a good solutiortferlarger scale installations as
well. The steel insert is seen as a part thatsxesgalacement after a certain period
of operation time and is therefore made in suclag that it can easily be removed
from the reactor.

A re-evaluation after some years of operationakence with the lab-scale
and pilot-scale installation revealed that bettlboya (higher creep strength at
elevated temperatures and better corrosion resistaare available at acceptable
prices. These alloys will be used for future teptimith the aim to increase the

lifespan of the insert. The goal is to create apringith a lifespan of several years.

BFB combustor & Riser gasifier:
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The primary reason for selecting a BFB combustor was idea that the
temperature of a char particle during combustioadseto be limited as much as
possible to reduce the risk of bed agglomeratioBEB is better suited for this
purpose than a riser because the bed density ehigo more bed particles can
absorb the heat from the burning char particlese Eblection of a BFB as
combustor automatically results in the selectiora aiser for the gasifier, because
vertical transport of the bed material is required.

The selection of a riser reactor for the gasificatprocess has a positive
effect on Cold Gas Efficiency compared to a BFB,aose less dilution gas is
introduced into the gasifier. Fluidization gasesjuired to fluidize the bottom part
of the riser, not to create the velocity required VYertical transport of the bed
material. The amount of required fluidization gasnainly influenced by reactor
area and this is much smaller for a riser than 8 Bfactor. The velocity in the
riser required for vertical transport of the bedenal originates from the fact that
the gas produced during the devolatilization of iemass adds to the transport

gas flow in the riser.

Number of biomass feeding points:

The number of biomass feeding points is set by tea af the riser were the
biomass is introduced. An important characteristiosers is that they require less
feeding points than Bubbling Fluidized Beds, asrtiatively smaller area and the
increased height of the reactor give a homogeneadial mixing. The design of

the MILENA gasification concept is such that feedfingm two opposite feeding

points is both possible and practical.

An overview of atmospheric CFB combustion boilengeg in [7] gives a
largest bed area of 22.5 per feeding point with an average bed area ofrB.per
feeding point. CFB combustion processes are mansitsee to fuel distribution
than gasification processes, because a local ariet air to fuel ratio can result in
a high concentration of CO and unburned hydrocaabAssuming an areal/feeding

point ratio of 20 M per feeding point, the MILENA technology can belsdaip to
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900 MW, under atmospheric conditions using only one fegdnint. From a
practical point of view two fuel feeding points ar®re logical, because biomass
feeding systems can be relatively unreliable. Bygiswo feedings systems at a
design capacity of 70% of the total biomass fline availability of the plant will
increase drastically, because the operation ofghsfier can continue if one
feeding line fails. The pilot plant is equipped wibne feeding system, due to
physical space limitations. The foreseen 10 \demonstration plant will be

equipped with two feeding systems.

Bed material:

Sand was selected as the design bed material fortbe lab-scale and the pilot
plant. This type of bed material was already inlmg&CN in a lab-scale Fluidized
Bed gasifier. This type of bed material shows ntalgfic activity towards tar
reduction or the water gas shift reaction. The daaning technology (OLGA)
foreseen can handle the high tar load.

The bed material properties influence the dimensmmif the reactor. Table
6.1 shows the main bed material properties andulzdéd values for minimum
fluidization velocity and terminal velocity [8] fotypical MILENA process

conditions.

Table 6.1: Hydrodynamic bed material propertieatatospheric operating conditions.

Bed material [-] Sand  Olivine
Average particle diameter [mm] 0.3 0.3
Particle density [kg m?3 2600 3200
Bulk density [kg m™] 1500 1700
Particle sphericityyp) [-] 0.8 0.7
Gas pressure [bar] 1 1
Min. fluidization velocity (k) in flue gas at 900°C [m'$ 0.05 0.05

Linear gas velocity BFB combustor beg/u [-] 10 10
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Min. fluidization velocity () in producer gas at 850°C []s 0.06 0.06
Terminal velocity (¢ in producer gas at 850°C [rf]s 2.2 2.4
Linear gas velocity riser - Terminal velocity pel (U - ) [m s 3.8 3.6

Later tests in the lab-scale installation were doiseng olivine as bed
material. The hydrodynamic properties are givenhia tight hand column. The
hydrodynamic properties are close to the propenieshe design bed material
(sand) if the same size bed material is used. @ivs catalytically active. It
reduces the tar content of the producer gas anthqies the water gas shift
reaction. A reduction in tar concentration in the®ducer gas was required to
prevent clogging in the piping between the MILENAJa@LGA at lab-scale. The
pilot plant was also operated with olivine to regldlse risk of fouling problems in
the producer gas cooler. The aim is to replaceotivene again by sand because
this type of bed material is less expensive anddkis done so far have shown that
the loss of bed material is lower when sand is ussad of olivine. The aim to
reduce bed material loss is to some extent comifjctoecause some dust in the
producer gas is desired to prevent fouling probleémshe gas cooler. The bed
material particles that are blown out of the gasifire relatively large (> 20m)
and dense (typical 2600 kg¥ncompared to the biomass char/ash particles which
are entrained. These large particles sand blaswvétieof the producer gas cooler

and thereby prevent fouling.

Biomass residence time:

The MILENA concept is based on (almost) complete tdMaation of the
particles before the remaining char is used incttrabustor to generate the heat of
the process. A simplified model was made to essrtia conversion and residence
time of different fuel particles [9]. The requiretbimass residence time influences
the dimensions of the riser.

The residence time of a biomass particle needs tsubicient for almost

complete devolatilization. The required resideniceetstrongly depends on the
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geometry and size of the particle. Equation 6.1 gyae indication of the required
residence time for spherical woody biomass as fomcbf temperature (to be
entered in Kelvin) and particle diameter (to besesd in meter). The formula was
obtained from experiments in a BFB operated at lamtemperatures as the

MILENA riser using spherical wood particles [10].

r=2673100a1,)" [s], where n=102e"" (6.1)

Figure 6-2 depicts the relation for typical MILENAverating temperatures.
As can be seen from the figure the operating teatper has only a small influence

on the required residence time.
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Figure 6-2: Calculated devolatization times assigsipherical particles.

Typical commercial size biomass chips have a snialiaseter or width of
0.01 m. These particles can be compared with sieparticles of the same
diameter. Figure 6-2 shows that the required déliaktion time in the MILENA

gasifier is approximately 50 seconds.



94 Chapter 6

The devolatilization of the biomass particles taglse in the riser and the
settling chamber. The riser is divided in two zorsedense zone and a lean zone. A
biomass particle starts its devolatilization in temse zone of the riser. In this zone
the conditions are similar to a highly expandediatary Bubbling Fluidized Bed
[11]. In the dense zone the biomass will rise it same velocity as the bubbles
in the Fluidized Bed [12]. In the lean zone thenléss particles will rise with the
difference in linear gas velocity Juand terminal velocity of the biomass particle
().

The terminal velocity of a particle is the resutirfr the equilibrium between
gravity, buoyancy and drag forces. The gravity égron a particle will reduce in
time because of loss of mass. The buoyancy forces qarticle are mainly
determined by the location in the riser. The dgneit the surrounding gas-bed
material mixture reduces with height, thereby dasiey the buoyancy force.
Therefore the terminal velocity of a biomass pastwill decrease over time and
will decrease when the particle is in a higher fmeain the riser When the
terminal velocity of the char particle has decrddsslow the linear gas velocity the
particle will be blown out of the riser.

Figure 6-3 shows an example of results from modekork done by Martin
Horstink for the MILENA pilot plant using wood pelteas fuel [9]. The results

show that the particle is close to complete deilation when it leaves the riser.
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Figure 6-3: Example of fuel particle height profitethe pilot-scale.

Riser dimensions:

The riser diameter is determined by the terminabaigf (u) of the bed material
and the calculated volume flow of the producer & design gas velocity is the
calculated terminal velocity plus a chosen off-gefocity. Table 6.1 shows the
design values.

The required height of the riser is set by the meglLiime for devolatilization
of the biomass particles. The combined residence @frthe biomass particles in
the riser and the settling chamber needs to becmuft to convert the biomass into
gas and char. Background information on the biomesgence time is given in the

previous section.

Settling chamber:

A settling chamber was selected instead of a cgcltum gas solid separation

because a settling chamber increases the resitiereef the producer gas and the
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contact time of the gas and the solids (char +rbatkrial). An increased residence
time has a positive effect on fuel conversion anskfbly on tar conversion.

The disadvantage of a settling chamber over a cgdthe lower collection
efficiency of small particles (<0.1 mm). Small pelds will be blown out of the
gasifier and are collected by the cyclone thatasmally placed before the gas
cleaning. They are recycled to the combustor. Th& Bémbustor is designed such
that the small particles will leave the system wtitle flue gas. A positive side
effect of the low removal efficiency of a settlisgamber for small particles is the
increased dust load of the gas going through tbdymer gas cooler. The coarser
particles in the gas (> 20 um) are used to sarst the cooler, thereby preventing

fouling problems.

Downcomers:

In general a downcomer (or dipleg or standpipesed to transport solids against a
pressure gradient, e.g. in a CFB where solidsraresported from a low-pressure
region (outlet cyclone) to a high-pressure regibottbm of the riser). In the
MILENA gasifier the downcomer is used to transpatids between the settling
chamber and the BFB combustor. To minimize gasdge& between combustor
and settling chamber the downcomer is sealed infltheized bed. To prevent
(large) bubbles from the fluidized bed entering ttmvncomer, the end of the
downcomer is protected by a plate. From obsemsatauring cold flow tests we
learned that the solids normally move down in mgvoed or fluidized bed flow.
Both flow regimes are acceptable for stable opamatf the gasifier. The gas
pressure at the outlet of the downcomer is durioigmal operation approximately
10 mbar higher than the inlet pressure (the pressuthe settling chamber). This
results in an upwards flow of flue gas from the bostor relative to the
downwards moving bed of bed material.

The diameter of the downcomer is set by the veloaftyhe bed material
flowing down through the downcomer. A moving beddiof flow was assumed.

The design velocity is 0.1 m‘sand the design solid circulation rate is 6000 Rg h
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for the pilot plant. The downward velocity of thedbmaterial is, in general, higher
then the upward flow (relative to the bed materdlflue gas, resulting in a net
downwards moving gas flow. A relatively small ambohproducer gas leaks into
the combustor bed at normal operation. The amaumtfluenced by the pressure
difference over the downcomer.

The number of downcomers is set by the required (fthedr) distribution in
the bed and the mechanical design of the ‘ins@&rtsymmetrical design reduces
mechanical stresses. A local increase in fuel jcbancentration in the bubbling
fluidized bed can result in emissions of CO anduneéd hydrocarbons. Large
scale MILENA gasifiers will benefit from multiple daoncomers. The lab-scale
installation is equipped with one downcomer. Thetpilant was equipped with
two downcomers, but this was later reduced to drexause the concept of
‘multiple’ downcomers was proven and is not reqaiiee the relatively small scale
of the pilot plant (or 10 MW demo plant.)

Combustor:

The combustor diameter is determined by the minirflurdization velocity of the
bed particles and the calculated volume flow oé fas. The design velocity is 10
Un¢ for the pilot plant. A higher ratio would resutt & smaller reactor, but it would
increase the loss of bed material.

The downcomer pipe must be submerged in the fluidoesl. Otherwise flue
gas will leak into the settling chamber. A depttDd8 m was selected for the pilot
plant to have an operational margin. The distabe®veen the outlet of the
downcomer and the top of the fluidization nozzle®9i6 m. The total bed height
from the top of the air nozzles to the top of thedized bed is 0.9 m for the pilot
plant. The typical pressure drop gradient oveuoited bed of sand is 10 kPa'm
The typical pressure drop over the fluidized bethefpilot plant is approximately
9 kPa.

As a rule of thumb the pressure drop over the arzles must be

approximately 1/3 of the pressure drop over the, lded guarantee a good
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distribution of the air [8]. This results in typioakit velocities of approximately 40
-60m3&.

For the lab-scale installation a plate with smatlels was used for air
distribution. This is a typical solution for labade fluidized beds, but is not
applicable for commercial size installations beeatise required discharge of
solids from the bed is not possible if a plate sdi Moreover, the holes are
sensitive to plugging. The design of the air noz4te the pilot-scale installation
was copied from the BIVKIN gasifier. Several pipesth small holes were

distributed over the fluidization area.

Height of Combustor Freeboard :
The height of the freeboard is defined as the heigference between the top of

the fluidized bed and the flue gas exit. The fregt@bove the fluidized bed serves
two goals:
1. Post combustion chamber to reduce emissions of @DCGH,. Secondary
air is injected for this purpose.
2. Transport disengaging zone for the entrained soflesd material) to

minimize the loss of bed material.

The gas residence time in the freeboard is sevensls, which is more than
sufficient for complete combustion of the gasethattypical freeboard conditions.
The gas phase residence time requirements theréforet set the limit for the
required freeboard height. The freeboard heighbefed by the required transport
disengaging height (TDH). Solids are thrown from tie®l by bursting bubbles
rising from the bottom to the top of the bed. Thaids thrown up into the
freeboard contain the whole spectrum of particlesipresent in the bed. The
larger particles (bed material) should fall backhe bed and the smaller particles
(fly ash) are allowed to leave the bed. The TDHefred as the height at which
entrainment does not change appreciably. Severnairieal relations are available

to estimate the required transport disengaginghteithe required height is mainly
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influenced by the minimum fluidization velocity tife smallest particles which are
required to fall back in the bed and the linear gascity in the fluidized bed and
freeboard. The size of the bubbles in the bed altweinces the required TDH. The
bubble size is influenced by the combustion aitritistion design. For the design
of the MILENA reactor the relations found by Amitamd Horio [13] were used to
estimate the height. The estimated TDH for the Mll&Epilot is = 2.3 m, but this

height could not be realized in practice due tglheimitations in the building.

Bed material circulation rate:

The gasification/pyrolysis reactions in the risex andothermic. The required heat
is produced in the combustion reactor. The ciraudabed material transfers the
heat from the combustor to the riser. The requredulation rate of the bed
material follows from the energy balance. The hatethe riser set the circulation
rate. The circulation rate is influenced by the pues difference over these holes.
The pressure difference is normally controlled abastant value. The diameter of
the sand circulation holes is the main design patamin setting the solids
circulation rate (@. The diameter is empirically determined from cttlv tests
and CFB gasifier tests. The solids circulation tigio the hole(s) is approximately
300 kg n¥ s™.

Table 6.2 summarizes the basic design data of tfbé glant and the lab-

scale installation.

Table 6.2: Basic design data MILENA lab-scale &pjplant.

Lab-scale Pilot plant

Thermal input (HHV basis) [kw] 30 800
Biomass mass flow kg B 5-6 160
Steam to gasifier kg H 0.1-2 19
Riser diameter [m] 0.036 0.2
Combustor (fluidized bed) diameter [m] 0.25 0.8

Fluidized bed height [m] 0.4 0.6
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Overall reactor height [m] 2 8
Number of downcomers [-] 1 2
Combustor temperature [°C] 925 925
Operating pressure [bara] 1.1 1.1
Heat loss [kwW] 0 ~30
Estimated circulation rate bed material [k h 150 6300
Producer gas volume flow wet [Nrh?] 6 174
Tar and BTX to combustor [kw] 0 55
HHV gas wet basis excl. tar [MJ N 13 13
HHV gas dry basis excl. tar [MJ Nth 18 18

6.3 Description of cold-flow setup

The main goal of the cold flow model was to estdéblimsight into the
hydrodynamics (circulation of bed material) of ME_ENA reactor. The cold flow
model was basically used to visualize the hydrodyns, but also tests were done
to determine the solids recirculation rate. FigGrd depicts the hydrodynamic

principles of the MILENA process.
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Figure 6-4: Schematic representation of solidsutatoon in MILENA gasifier.
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The fluidization behavior of the system is completdietermined by the bed
particles, because the amount of char in the systemlatively low. The typical
amount of char in the system is less than 1 masBs is a fraction of the amount
of char that can build up in a CFB or BFB gasifieecause the circulating char is
completely combusted in the combustor. The low tldd up is beneficial from a
hydrodynamic point of view.

The selected bed particles used in the MILENA gasdan be classified as
group B particles according the Geldart classiftcasystem [8].

Table 6.3 gives a brief overview of the functiongdtodynamic behavior and
boundary conditions for the different parts of thBLENA gasifier. A more
detailed explanation is given below.

The hydrodynamic principles of the MILENA gasifiereaexplained by
starting at the producer gas outlet of the syst&he pressure in the settling
chamber (2) is determined by the pressure dropeflbwnstream equipment (gas
cooler, gas cleaning, etc.). In the MILENA lab-scaled pilot plant the typical
overpressure in the settling chamber is 50 mbar.sbhids in the settling chamber
drop down into the downcomer (3). The solids flowoithe Bubbling Fluidized
Bed combustor (4) where the pressure is higher.pfégsure increase is overcome
by gravity. The flue gas produced in the BFB cominuibws into the freeboard
(7) of the BFB and exits the installation. The puessn the freeboard is controlled
by varying the resistance of the flue gas exit. Thidone by a (manually operated)
valve. Normally the set point for the freeboardsstee is set to the pressure of the
settling chamber +5 to +15 mbar. The pressureréifiee is kept small to minimize

the leakage of gas through the downcomer.
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Table 6.3: Overview of functions, preferred modesperations and boundary conditions.

Preferred mode of
Part Function hydrodynamic Boundary conditions
operation

Solids transport.

Riser (1) Solids trans '
- port not restricted
Mixing gas and solids. Fast fluidized bed by riser throughput.
Heating of biomass Velocity > u
(drying and pyrolysis)
Separating char and
bed material from
Settling producer gas. i Velocities far below terminal
chamber (2) velocities of bed particles.
Further degasification
of biomass.

Solids transport capacity not

Solids transport. Moving bed limiting solids circulation.

Bubbling fluidized No/limited gas transport from

Downcomer :
Gas barrier between :
(3) combustor and settling bed combustor to settling chamber
chamber — downward velocity of solids
' higher than upward velocity of
gas.
Combustion of char Stoichiometric air-fuel ratio
Combustor  Heating of circulating Bubbling fluidized approx. 1.
(4) sand bed Superficial gas velocities > 3
Um and <y

Separating ash

Transporting sand

Transport - from combustor to .
ST Moving bed
zone (5) opening in riser
(restriction).
- - . . Solids circulation capacity

Restriction  Restricting circulation Moving bed between 30 - 80 times the

(6) rate. :

biomass throughput.

Freeboard Disengagement of bed ] Superficial gas velocity <

(7) material Height > TDH

Under normal operating conditions the gas pressiréhe bottom end of the

downcomer is slightly higher than the pressurénagettling chamber, resulting in
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an upwards gas flow relative to the solids. Thedsphrticles in the downcomer
move down with a vertical velocity of approximatélyl m §. The net gas flow
through the downcomer is minimized by controllithg fpressure in the freeboard.
A small downward gas flow from the settling chamli@o the combustor is
preferred, to prevent dilution of the producer wittrogen from the flue gas.

The solids in the BFB (4) move downward into thedsalansport-zone (5)
by gravity. The gas pressure is highest just alboganozzles where the combustion
air is injected. The gas pressure decreases agdheidirection of the restriction
(6). Sand moves from the transport zone througdstiction/hole (6) into the riser.
The opening controls the sand circulation flow. Testse done in the cold-flow to
determine the required diameter of the openingbtain a sand circulation rate of
approximately 40 times the biomass input on masssbahe mass ratio of 40 is
required to have a relatively low temperature ddfee of approximately 60°C
between combustor and gasifier. A lower circulatiate increases the temperature
difference between combustor and riser which hasgative influence on the Cold
Gas Efficiency. The pilot plant was used to verifg selected restrictions.

The riser is operated in the fast fluidization reginihis type of operation
results in a typical low solids density comparedatdluidized bed, leading to a
relatively low pressure drop. The difference in ptee between the riser and the
BFB combustor is the driving force for the solidscalation. The superficial
velocity in the riser (i is defined as the volume flow of gas created iy t
gasification of biomass plus the amount of steadeddlivided by the area of the
riser. The bulk of the gas volume is due to thgaddication of the biomass.

The cold flow model is made of glass to be able tsualize the
hydrodynamic process. Figure 6-5 depicts the doM-Eetup and shows the main
dimensions. A pre-design of a lab-scale MILENA reagtas made before the cold
flow model was designed. The size of the cold fletup is similar to the lab-scale

setup which was constructed several years later.
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Riser (D =40 mm)

Settling chamber (D = 288 mm)
Downcomer (D = 30 mm)
BFB combustor (D = 238 mm)
Sand transport zone
Restriction (D = 10 — 20 mm)
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Downcomer plug

Air simulating biomass

Riser fluidization air

BFB Fluidization air
Combustor exit
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Figure 6-5: MILENA Cold Flow Set-up.

The solids circulation rate is influenced by thenuger of the hole in the
riser (the restriction). Several tests were donestablish an applicable relation for
the design of the lab-scale MILENA and further sagbe The bottom part of the
riser was made exchangeable to vary the dimensibtise hole. Three different
sizes were tested to see how this influences thessarculation rate. The solids
circulation rate was measured by closing the iodléhe downcomer and measuring

the increase in height of the solids in the funnel.
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Most Cold Flow experiments were done using quaatmsand olivine. The
main properties of these bed materials are giveralrle 6.1. The size distribution
of olivine varied to some extent. This material waiglered from different
suppliers, but also batches from the same supydieed sometimes. The diameter
of the fluidized bed was chosen such that operattaapproximately 5 - 8 * M is
possible. The riser was dimensioned to operateoappately 3 m € above the
terminal velocity of the average bed material gée. The minimum vertical
velocity in the settling chamber was 0.1 th $his is low enough to separate char

particles with a diameter of more than 0.2 mm ftbegas.

6.4 Lab-scaleinstallation

The design of the lab-scale MILENA configuration waessed on a preliminary
design made for the pilot plant and the cold fload®l. The cold flow was used to
measure the bed material circulation rate for oiffié configurations and
dimensions. The original design capacity of theaittstion was 5 kg T of wood,
because this was the limit for lab-scale instailadi at that time. Installations with
capacities above this scale required elaboratetysafeasures, which would
increase the costs. A smaller scale was seen sgdabstic from hydrodynamics
point of view.

The main dimensions of the lab-scale installatiomgared to the pilot plant
are given in Table 6.2.

The lab-scale gasifier is coupled to a lab-scalectging installation and a
methanation unit. The entire system operates atsghavic pressure. Figure 6-6
shows a simplified scheme of the integrated lalbessatup (including gas cleaning

and methanation units).
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Figure 6-6: Basic layout of MILENA lab-scale ing&dion.

Most of the gas cleaning equipment (hot gas filard OLGA tar removal)
was originally designed to be used with the labes€duidized Bed gasifier WOB
[14]. The typical producer gas flow from this gamifivas 1 — 2 Nrhh™. The
producer gas flow from the MILENA is 6 — 7 Nnh®, only part of the gas
produced can be used in the gas cleaning systemst bfothe gas is directly
combusted in a burner. A high temperature valveant of the burner regulates the
gas split between the burner and the gas clearnisigma. Because of the small
scale, the heat loss from the pipes is relativatgh hand electrical heating is
required to keep the temperature of the gas abdowdar dew point. The dust is
removed from the gas by high temperature poroudlediiters. Typical operating
temperature is between 400 and 450%etal and ceramic filters were both applied
successfully. The filters were cleaned off-line. Tieenoval of dust using high
temperature gas filters is seen as a lab-scal¢i@olun the pilot plant the coarse
dust particles are removed by a cyclone and theedimst particles are removed in
the OLGA unit. This solution is more economic, kegd practical at lab-scale. The
dust-free gas is sent to the OLGA unit for tar reedoThe OLGA technology is
based on scrubbing the producer gas with oil [15].
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The cleaned gas is sent to the chloride and sulpdrwersion and removal
unit. Higher hydrocarbons likegHg are converted into CO, GCH,, H,O and CH
in a catalytic reactor (the pre-reformer in FigGr8). After this process step the gas
is ready to be compressed and converted into BiG-8N\commercial processes. In
the lab-scale installation commercial catalystsiused at atmospheric pressure to
convert the gas into GH1CO, and HO. The gas flow through the reactors is
regulated by a small booster. A steam generatostalled to increase the moisture
content of the gas before the catalytic procesSesm is required to prevent soot
formation. The different process steps will be exd in more detail in the next
paragraphs.

Figure 6-7 shows the MILENA lab-scale gasifier (leihd the OLGA tar
removal system (right). The two bunkers on thededt used to feed the fuel (small

wood particles) to the gasifier.

e L 1Y

Figure 6-7: Photos of lab-scale MILENA (left) andl@A (right) installation.

6.4.1 Gasifier

Figure 6-8 shows a scheme of the lab-scale gasifiese MILENA lab-scale
gasifier installation has been used for more tH@0Zours.

The feeding system is the most sensitive part ofctiraplete installation.
Most problems with the gasifier were a direct attiiact result of problems with
the feeding system. The biomass is fed into thdigafrom one of the two fuel

bunkers. The bunkers are also used to controleibe fate by changing the rotation
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frequency of the discharge screw. Several dischaggews are available for
different types of fuels. The feeding bunkers arébcasted before a test by
measuring the weight loss of the bunkers over &aicetime at a set rotation
frequency. After a test the weight loss of the mrekis measured again to check
the correct fuel flow. Blwas used as a purge gas during the first expetamé&his
was later changed into G@ minimize the nitrogen dilution of the producss.

The fuel bunkers are directly coupled to the gasdied are operated at the
same pressure as the riser. A smallpNrge flow is used to keep producer gas out
of the feeding bunkers. For refueling the feedingker is stopped while the other
feeding bunker is started. The valve at the buokéet is closed. The lid is opened
and fresh biomass is added. The flanges of tharédcarefully cleaned and closed.
The pressure in the bunker is increased to operatiegsure by adding nitrogen
after which the feeding bunker is ready to be takém operation again. Switching
of the feeding bunkers is done automatically a&tecertain running time. The
filling of the bunkers is done manually. This wasoaautomated, but the feeding
system appeared not reliable enough for duratists.teThe two bunkers can
operate for approximately 10 hours before an openafills both bunkers. This
procedure was developed over time and proved telwble enough for running
duration tests of typically 100 — 200 hours.

Because of the small size of the feeding screwsiae of the biomass
particles is limited to several millimeters. The est sample shown in Figure 7.1
(Chapter 7) gives an impression of the physicaletisions of the biomass particles

used for tests in the lab-scale installation.
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Figure 6-8: MILENA lab-scale gasifier.
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The feeding screw transports the fuel into the rishe feeding screw is not
cooled, some drying and pyrolysis may occur infésgling screw, which so far did
not lead to operational problems. A thermocoupletien outside of the screw is
used to monitor gas leakage from the gasifier e feeding system. A gas
leakage through the feeding screw results in arease of the screw temperature.
A small leakage in the feeding system is a verymom problem, which needs to
be solved directly to prevent wetting of the fueledto condensation of water
coming from the producer gas. The moisture on tie¢ ¢an make the fuel sticky,
which gives feeding problems.

The lab-scale MILENA gasifier was built in 2004. Adhgineering and
construction were done by the Engineering & Serdggartment of ECN. The lab-
scale reactor vessel and insert are made of staisteel (grade 253MA). This type
of steel can withstand temperatures of up to 11G07€Cis available in the required
pipe sizes. Heat loss from the process is compethidatr by high temperature
electrical trace heating. The heat loss is redugeskternal insulation.

The operating pressure is limited to 0.4 bar ovesquree, to stay below the
0.5 bar overpressure limit set in the Pressure Boemp Directive (PED 97/23/EC).
A higher pressure would significantly increase tosts, because of the required
safety measures.

The riser is fluidized with steam. The amount ofdlmation steam can be
varied between 0.1 and 2 kg.HThe amount of steam required to fluidize therrise
is low (0.1 kg i), but additional steam is used to increase themantent of the
producer gas because the biomass used for lab-agadgiments is relatively dry
(10 wt.% moisture), whereas the fuel foreseen donmercial applications contains
more moisture (25 wt.%).

The temperature of the riser and the reactor wifiedi especially during
heating. The riser can move freely through the bottf the reactor while gas

leakage is minimized by a seal. This constructionimizes mechanical stresses
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due to differences in expansion. This solution rsakepossible to use a steel

construction at temperatures at which the streafyjthe material is relatively low.

6.4.2 Flue gas cooling and dust removal

Flue gas from the combustion section is partiallgoled by heat loss.
Approximately 90% of the dust/fly ash is removed dycyclone. Most of the
smaller particles (e.g. aerosols of salts) will gably stay in the gas. The
temperature of the cyclone is not controlled or snead. Because of the simple
layout of the flue gas treatment line the collecdst samples are not representative
for commercial scale installations. Pilot scaletdegre required to produce ash
samples under more realistic conditions. The flus gamposition is measured

before the gas is sent to the stack.

6.4.3 Producer gas cooling and dust removal

A cyclone located directly after the gasifier ied4o remove approximately 90%
of the carbon containing dust from the producer trasrder to be able to make the
carbon balance over the gasifier, the carbon conbénthe collected ash is
measured. The cyclone was not always present isybiem layout, because the
cyclone caused operational problems. The relatilaaige flanges of the cyclone
caused local cold spots, resulting in fouling peols (tar condensation). Most of
the duration tests were done without cyclone togméefouling problems in the gas
tubes. The amount of lost carbon had to be estimiated previous tests under
similar operating conditions.

Cooling of gas is achieved by heat loss. The radftismall flow and large
wall area of the piping result in a relatively higbat loss, this makes a separate gas
cooler unnecessary. The wall temperature of thedih temperature controlled by
electrical trace-heating. The typical wall temperatof the tubes with the tar

loaded gas is kept at 450°C. Keeping all the pafrthe piping at this temperature
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proved to be very important. Defective trace-hepaind mistakes in the layout of
the piping resulted in blockages by tar and dusdileg to many shutdowns of the
system.

Approximately ?/; of the producer gas is sent directly to the fldaFae
remaining gas is sent to the gas cleaning testThg. gas cleaning test rig was

designed for a smaller capacity gasifier.

6.4.4 Producer gas cleaning

In the producer gas cleaning section the main imipsrin the gas are
removed and converted to meet the stringent demafritie methanation catalysts.
Tars are removed by the OLGA tar removal unit. Gdand sulphur are removed
by adsorbents.

The OLGA tar removal technology is based on scrublbiregproducer gas
with oil [15]. The tars are removed in two stagady{mne shown in Figure 6-6). In
the first stage (collector column) the producer igasooled and the condensed tars
are collected. A bleed stream of the oil-tar migtisravailable for use as fuel in the
combustor of the MILENA gasifier. In the lab-scalestallation this tar-fuel is
simulated by methane, because feeding oil/tanindoantities (typically 100 — 200
grams F') proved to be very cumbersome. In the second Stugorber column)
the light tars are removed from the producer gas.sbnubbing oil from the second
stage is regenerated in a stripper. The strippes as to strip the light tars from the
oil. The air containing light tars can be used aslwastion air in the MILENA
combustor. In the present system layout, the airsed as combustion air in the
flare for combusting the cleaned gas. The tempearatuthe OLGA gas cleaning is
kept above the dew point of the water in the ggpically 74°C) to prevent
condensation of water.

The typical concentration of sulphur compounds i dfas is between 100

and 200 ppm for clean wood as a fuel. Most of thiphair is present in the gas as
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H,S, but also as COS and thiophenes. Sulphur nedmsriemoved from the gas to
a concentration below 1 ppm.

A fixed bed reactor filled with hydrodesulphurizati (HDS) catalysts
converting the thiophenes in,&l Hydrodesulphurization is a well known process
in the oil industry, but the producer gas condsioare very different. The
conversion of thiophenes in the producer gas wa@rmiasearch topic during
several years, but is not a topic in this thesissuRs from this research are not
publicly available. It was decided to keep thistpzfrthe system confidential to
protect the IP position of ECN. ,H, COS and HCI are removed from the gas by
commercially available sorbents (e.g. ZnO).

The producer gas pressure is slightly increased Mpjoaer in order to
compensate for the pressure losses over the deanstreactors. At the moment
the pressure is kept below 400 mbar for safetyoresasT his pressure will probably
be increased in the future.

Conventional methanation processes were not deselof handle
hydrocarbons like ¢, CH,; and GHe. Therefore these hydrocarbons are
converted into a mixture of CO, GCH,, H,O and CH in an adiabatic catalytic
reactor operating at approximately 550°C (the pfermer). Steam is added to

prevent soot formation on the catalyst surface.

6.4.5 Methanation

The methanation test rig consists of three fixed f@adtors placed in series. The
reactors are filled with commercial catalysts apdrated at atmospheric pressure.
The methanation reactions are exothermic. The resaarer operated adiabatically.
The gas is cooled between each reactor to lowem#thanation temperature. The
last reactor is operated at a typical temperattigZ @°C.

The produced gas consists of £E80,, H,O and a low concentration of,H
To bring the gas on specification the@Hand CQ need to be removed as it is

being done in conventional processes.
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The methanation of the clean producer gas is not ae@ new development
for this purpose. The test rig is used to see vdndtie gas is clean enough and to
demonstrate the concept. On a commercial scalen#tbanation will be done at
increased pressure (e.g. 20 bar), because prefssumes the equilibrium toward

CH, and the end product is mostly required at elevptedsures.

6.5 Pilot plant
The MILENA plant replaced the old ECN CFB gasifier BINI. The existing

infrastructure, feeding system, producer gas caaer gas cleaning were re-used
for the MILENA pilot plant. Figure 6-9 shows the lakyout of the pilot plant.

Three different fuel bunkers are available for fagdihe different biomass
feedstocks. This makes it possible to use fuel uned (e.g. sewage sludge with
wood) or to switch from one fuel to another. Niteogs used as purge gas.

The gasifier has a flue gas outlet and a producerogdet. The flue gas is
cooled down to approximately 200°C. Part of thetheaused to pre-heat the
combustion air up to a value of typically 340°C.dDis removed from the flue gas
by a conventional bag-house filter. An isokinetmpling point is installed after
the bag-house filter for emission measurements.p&anirom the bag-house filter
solids outlet are taken on a regular basis to roottite fly-ash quality. The carbon
content of these ashes is always low (<1 wt.%3 ithdicates that the overall fuel
conversion is complete.

The producer gas is cooled in a double tube codles. heat is used to pre-
heat air. The preheated air is used as combustiom dhe boiler. The cooled
producer gas is sent to the gas cleaning test hghwis located outside the
building. A cyclone removes most of the dust (asirbon and lost bed material)
from the gas.

The producer gas at a temperature between 350 &€ 46ontaining some
small dust particles (typical 1 — 2 g Ninis cooled and cleaned in the OLGA gas

cleaning test rig. Tar is removed from the gas. bavy tars, containing some
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small dust particles are returned to the combusgotion of the MILENA. During
the first tests the tar recycle system was notaimeral and the recycle of heavy
tars was simulated by adding natural gas to theotvotof the fluidized bed

combustor. The light tars are sent to the boiler.

MILENA
Flue gas
Flue gas Waterh | Wet 1
quenc -
l RS p OLGA Scrubbing
— — O Boiler
v . 1AL
White Air : | Burner
) | :
ash =m0 || oo [
Biomass L|‘|.|—|j\
¥ Water |
Stgam Tar + dust air + air from
[ air OLGA stripper

Figure 6-9: Basic layout of pilot plant

The producer gas exits the OLGA at a temperatugdcf 90°C. The gas is
further cooled in the wet scrubbing system dowmagproximately 35°C (strongly
depending on ambient conditions). Most of the watéhe gas is condensed out.

The pressure of the gas is increased by a boostsgpi@ximately 75 mbar.
This pressure was required in the past to operatgdk engine on the gas from the
previous BIVKIN gasifier. The gas engine is remobwedause this is not a topic of
research anymore. Gas engines can be operatedoduocpr gas if the calorific
value is high enough and the tar dew point is loaugh [16]. During the test with
the previous gasifier the gas was also used irsaughine to prove that the gas is
clean enough for this application as well [17].

The clean and nearly dry prodcuer gas is firedboiker. The heat is used to
heat up water. At the exit of the boiler an isokimeampling point is installed for

emission measurements.



116 Chapter 6

6.5.1 Biomass feeding system

Biomass feeding problems are probably the mairoreafor unplanned shut downs
of biomass gasification plants. The tests descnibeldis thesis were no exception.
Problems can be minimized by setting stringenttatrons on allowable particle
dimensions. For small batches such stringent liroita are achievable, but for the
MILENA pilot plant the typical fuel batch for testgas 15 tons. The fuel batches
were pre-treated with the same equipments whibkeirsg used for commercial size
biomass boilers. These batches also contained |pegacles exceeding the
specifications, which made feeding challenging.

The MILENA gasifier requires a relatively stable bmss feeding flow,
because the velocity in the riser depends dirextlthe fuel flow. A sudden drop in
feeding rate results in a drop in gas velocitgh# velocity in the riser drops below
the terminal velocity of the bed material the ciation of the bed material will
stop. This will stop the heat transfer from the bostor into the riser.

The gasifier is directly coupled to the gas clearspgtem, so the variations
in fuel flow will result in pressure fluctuationa the entire system. For the tests
done in the past with the integrated BIVKIN OLGAstsm wood pellets were used
as the standard fuel [16]. Wood pellets are eadgdd into a gasifier and the feed
flow is relatively stable, but wood pellets are rast option for a commercial
gasification system because they are far too expmn¥he development of the
MILENA gasifier focuses on less expensive fuels. fher first 10 MW, MILENA
demonstration plant, demolition wood was seledBainolition wood is irregularly
shaped, so a lot of effort was spent to obtainlstalomass feed flow, to prevent
solid circulation problems, and to minimize pressilmctuation in the gas cleaning.
Figure 7.1 in Chapter 7 shows the demolition wosditb the MILENA pilot plant
and the wood pellets used in the past and thedjpstational tests of the MILENA
— OLGA pilot system.

For the tests described in this thesis open feeslystems were used. This
means they can be re-filled during operation. Téeding bunkers are separated

from the gasifier by a rotary valve. Nitrogen i®dgo purge the feeding screw and
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the rotary valve. Some of the nitrogen will endimighe gasifier and some will be
lost in the rotary valve. The weight of the feedimgnkers is registered by load
cells, which makes it possible to determine thecefgel flow during the tests.

The gas leakage from the feeding screw is deternbyetie pressure in the
feeding screw and the wear of the rotary valve. bgakof producer gas is
minimized by using purge gas (nitrogen). The gaskadga is monitored by
temperature measurement. If the temperature ofebéing screw increases, the
leakage from the gasifier into the rotary valventseased and measures need to be
taken to solve or reduce the leakage. Gas leakateifeeding system is a major
issue. The rotary valve requires a lot of mainteraio keep the leaking rate at an

acceptable level.

6.5.2 Gadsifier

The design for the MILENA gasification technology waginally done at a scale
of 10 MW,,. The original foreseen application of the technglags producing gas
for a gas engine. 10 Mybiomass input is seen as attractive commercidt sca
The pilot plant design is a downscaling of the 10 jM&ésign.

The MILENA pilot plant replaced the 500 k\WCFB gasifier BIVKIN [16].
The BIVKIN gasifier was connected to a producer gasler, OLGA tar removal
system, wet scrubbers for NFHCI and water removal, a gas engine and a boiler.
The gas cleaning system and the producer gas ca@adimensioned on volume
flow basis. Because the producer gas cooler andakeleaning system had to be
used for the MILENA gasifier as well, the volumeJl was fixed. The volume
flow from the BIVKIN gasifier was approximately 198m® h*. The design
volume flow for the MILENA was chosen to be 10% loyw® reduce the required
biomass input and heat output from the boiler. Beeeaof the increase in heating
value of the gas from the MILENA gasifier comparedhe BIVKIN gasifier, the
thermal input increased from 500 kWb 800 kW, which corresponds with a fuel
flow of 158 kg K in case of dry wood.
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The design pressure of the reactor vessel is 0.4\mpressure. The design
pressure was chosen to be below the 0.5 bar owsimee limit set in the Pressure
Equipment Directive (PED 97/23/EC) to prevent addalarosts for safety checks.
The reactor concept is in principle suited for pueged operation of up to
approximately 7 bar, but this would increase castaoise of the additional safety
measures required for pressurized vessels filled aihigh temperature toxic and
inflammable gas.

Figure 6-10 shows the basic concept of the MILENMtpreactor. The
drawing is not to scale, but Table 6.2 gives thechdimmensions of the reactor.

The inside of the outer reactor wall is refractongdl to reduce heat loss and
keep the reactor wall at an acceptably low tempegaflhe inner layer is made of
an attrition resistant material, which is suitataetypical fluidized bed conditions.
The outer layer has good insulation properties. &#dry lining is very common
for commercial scale gasifiers and is also forededre used for further scale up.
The reactor wall is externally insulated with a th@yer of insulation wool to

further reduce the heat loss.

Start-up procedure:

The refractory lining requires a gradual heatinghaf reactor vessel (50 °Ch
This is accomplished by natural gas burners thapkreed in the secondary air
ports above the fluidized bed combustor. The bgriaee positioned such that the
flames point downwards to the top of the fluidizeet. The flue gas exiting the
combustion section passes through a heat-exchamgech preheats the
fluidization/combustion air. When the bed tempeamatis high enough (T>650°C),
natural gas is fed to the bottom of the fluidizetl o realize a further increase of
the bed temperature. The heat transfer to the nmait is relatively high, so no
special measures are required to heat up the.insert

The installation is normally kept in natural gas bouistion mode over night.
The typical operating temperature is between 800 80@°C, such that the

refractory stays at a constant temperature. Thallason is further heated in
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biomass combustion mode. A large air flow (typigal40 Nn? h') and a small
biomass flow are added to the riser (typically $2HK) to start circulation of bed
material and produce hot flue gas for heating thedycer gas cooler and the
piping. After one or two hours of biomass combustibe installation is switched
to gasification mode by decreasing the amountrotoaihe riser and increasing the

fuel flow. The produced gas is ignited in the boiler

Temperature measurement:

Type K thermocouples are used for all temperatur@asmmements. The most
relevant temperature is the gasification tempeeatun most gasifiers this

temperature is measured at several locations irrisee. Due to the mechanical
construction of the MILENA reactor, it is not podsilio place thermocouples in

the riser. Therefore, the gasification temperatareneasured at the outlet of the
riser in the settling chamber Lhing chambg= The process temperature normally
decreases with height in a riser reactor that sduer gasification processes,
because the process is endothermic and the hsapied to the process at the
bottom of the reactor. The average gasification penature is between the
combustion bed temperature and the settling chatebgyerature.

The temperature in the fluidized bed combustor isasueed by several
thermocouples, evenly distributed over the heightthe bed. During normal
operation the measured differences in temperatuee sanall (<20°C). Large
temperature deviations are an indication of fllatitzn problems, which are
normally caused by bed agglomeration. The uppemtbeouple is used as an
indication of the bed height. Fast variations imperature indicate that the bed

height has dropped below the location of the smettiermocouple.

Pressure measurement:

Pressure measurement points are numbered as shdvigure 6-10. The pressure
difference between the freeboard (P7) and theirggtthamber (P2) is the most

relevant pressure control parameter. During normpération this pressure
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difference is kept close to -15 and +15 mbar byatian of the opening position of
a valve in the flue gas line (see paragraph 6.3nfore information about this

control parameter).

Flow measurement:

The amount of combustion air is measured with nedti accurate devices,
because the combustion air flow is one of the nmamameters in the overall
balance over the gasifier. In the lab-scale irstialh a mass flow meter is used
with a typical accuracy of 1% at the typical opgmgtrange. In the pilot plant a
mass flow meter with a typical accuracy of 2% a typical operating range is

used.
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Figure 6-10: MILENA pilot-scale reactor
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6.5.3 Flue gas cooling and dust removal

The flue gas is cooled to approximately 500°C in fingt cooler (single tube
cooler). The heat is used to pre-heat the combustio for the combustor. A
second air cooled heat exchanger was installeddoce the flue gas temperature
from approximately 500°C down to the bag-houseffilhlet temperature, but the
cooling capacity of this cooler was insufficient. water quench was installed
between the first and second cooler to controbinghouse filter inlet temperature
between 160 and 200°C. This water quench cooler thassource of many
operational problems, because the water droplets wat completely evaporated
when they hit the wall of the cooler. The liquidteraon the wall mixed with the
dust, resulting in serious fouling of the piping.eTpressure drop over the cooler
increased to values of some 100 mbar when demmlitimod was used as fuel. The
water quench cooler is not a component planned@darmercial plants, so it was
decided to replace the water quench and the semmwidr by a conventional cooler
(fire tube) in the second quarter of 2010. This wewler worked without problems
and the problems with a high pressure drop wergdolThe operating temperature
of the bag-house filter was lowered to 120 — 150f€tause of the higher cooling
capacity of the new fire tube cooler.

The pressure difference between the settling chambeérthe freeboard in
the combustor is controlled by a valve that is fedaupstream of the bag-house
filter (not shown in Figure 6-9). The normal contsalt point is between -15 and
+15 mbar, a value obtained by manually closingvtilee for about 50%. In case of
fouling problems in the flue gas duct the valvec@npletely opened and the
pressure difference can not be regulated anymdre pfessure difference between
the settling chamber and the freeboard in the catobwan drop to approximately
-60 mbar. This influences the solid circulationeraind the flue gas leakage rate

between combustor and riser.
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6.5.4 Producer gas cooling and dust removal

The producer gas is cooled in a double pipe cobkdrwas used in the past to cool
the producer gas from the BIVKIN CFB gasifier [18The producer gas flows
through the center tube, the cooling medium (aaw$ through the outer tube in
parallel flow. Parallel flow was selected to kedye twall temperature (of the
cooler) high enough (>350°C) to prevent problematindensation of tars on the
wall of the cooler. The relatively large dust pdesc(>20 um) effectively remove
some of the condensed heavy tars from the walhefcooler. The producer gas
outlet temperature from the cooler is approxima#lQ°C.

The preheated air is used as combustion air in thkerb The cooled
producer gas is sent to the gas cleaning test hghwis located outside the
building. The heat loss in the relatively long phmween the gasifier building and
the gas cleaning building is high. It is partialgmpensated by electrical trace-
heating of the last part of the pipes. A cyclonesed to remove most of the dust
(ash, carbon and lost bed material) from the gas.tyjical operating temperature
of the cyclone is 350 — 400°C. A cyclone removely grart of the dust, so the
remaining dust removal has to be done in the OL@# gleaning. This is a major
difference with the lab-scale installation wherktlaé dust is removed before the
OLGA.

6.5.5 Producer gas cleaning

The pilot-scale producer gas cleaning test rig ct&1f the OLGA tar removal
system and a wet scrubber. The ECN gas cleanindlatista was developed after
several less successful tests with different kindwoand dust removal technologies
[19].

The OLGA consists of two washing/scrubbing columnslléctor +
absorber) and an oil regenerating column (strippEne first scrubbing column
cools the producer gas with oil from approxima#dp°C to 80 — 90°C. Heavy tars

and dust are captured in the oil. A wet Electro iGt&recipitator is installed
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downstream the first column to collect the aerosloég were not removed in the
first column. The mixture of tar and dust can beduae a fuel in the MILENA
combustor or gasifier. In the first tests this wsasulated by firing natural gas in
the combustor. In the second OLGA column the ligins t(e.g. naphthalene) are
absorbed. The absorption column is operated abtwe water dew point
temperature of the gas, to prevent condensatiowabdér in the oil. The typical
water dew point temperature of the MILENA gas is -635°C at atmospheric
pressure. The light tars are removed from the $angboil in a stripper column
using preheated air. The air containing light iarsised as combustion air in the
boiler.

The gas is further cooled with water in the wetubbing system to
approximately 35°C (partly depending on ambientditoons). Most of the water in
the gas is condensed out. The water scrubber amsoves most of the HCI in the
producer gas and part of the NH he typical water content of the producer gas

after the wet scrubbing system is 7 vol.%.

6.5.6 Boiler

The producer gas is combusted in a boiler during-staand normal operation.
During start-up the gas cleaning is bypassed. Tihaaled gas is sent directly to
the burner of the boiler. The burner was originallgsigned to combust the
producer gas from the ECN CFB gasifier BIVKIN [20]he burner design was
modified to handle the higher calorific gas witlgler tar content from MILENA.

Although the burner in the boiler was especiallgideed to handle the gas with
tar, it is still sensitive to fouling if operateda long on gas with high tar content.
Fouling of the burner is prevented as much as plesby taking the gas cleaning in

operation as fast as possible.
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6.5.7 Construction and commissioning

The engineering of the MILENA pilot plant started 2905. Financing was

approved at the end of 2006. The detailed engingevas done by the Engineering
and Services department of ECN in the beginningd0i72 The construction of the
reactor vessel was done by HoSt BV, together witda Zijlstra Metaalbewerking

BV. The reactor vessel was delivered to ECN by tlieaiNovember 2007. Figure

6-11 shows the different reactor segments whendhayed at ECN.

Figure 6-11: Arrival of the MILENA reactor segmeatsECN.

The construction and connection of the installatitm the existing
infrastructure was finished by the end of April 80(Pressure testing and the
required fixing of leakages caused some delays.

The commissioning of a biomass gasification pilanplis almost always
problematic. The commissioning of MILENA was no extap Commissioning of
the pilot plant started in the summer of 2008. Tingt tests showed numerous

problems. Measures taken to compensate for themwglnsion were not
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incorporated in the design correctly. This resultednechanical failure of the
metal insert. It took almost a year to solve mdsthe problems and to adapt the
existing gas cleaning for the MILENA producer gabeTintegrated system was

taken into operation in the summer of 2009 usingadvpellets as a fuel.

6.6 Thealternatives

Alternative Indirect gasification concepts undevelepment or demonstration are
the SilvaGas process and the FICFB process. Bathepses are described in
chapter 2. In spite of the fact that Indirect §eation was not new ECN decided
to start/continue the development of the MILENA §jasi because of the

advantages over the alternatives.

The FICFB process was not known at the start oMHdENA development,
but became very well known in the beginning of th#lennium because of the
very successful demonstration of this technologshi city of Glussing in Austria
[21]. This successful demonstration made it posdibleontinue the development
of the MILENA process, because the Giussing plantwsdothat successful
operation of an Indirect gasifier was possible. Theduced the many doubts that
Indirect gasification would not be a viable concept

The FICFB gasifier requires a relatively large antafrsteam to gasify the
biomass. This results into a low tar content, vaaites an efficiency loss, because
the steam is heated up to process temperature.al\gi@&am to biomass ratios for
the FICFB gasifier are in the range between 0.7 arid [22] compared to
approximately 0.1 for the MILENA gasifier. The inased efficiency of the
MILENA process over the FICFB process is the mainedifor the development of
the MILENA technology [23].

The SilvaGas process is very similar to the MILENAgass. The main
difference is the mechanical construction of thecter and the integration of the
process in one vessel. The SilvaGas process wasndeated in the United Stated

[4], but this demonstration was not seen as vecgessful. The produced gas was
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directly fired in a wood fired boiler, where it laped wood. So operating the
gasifier was not beneficial. The demonstration plaas shutdown after a few
years. The unsuccessful demonstration of the Silsa@acess was used as an
argument in the past not to develop an alterndtideect gasification process, it
was seen as too complex. This changed after theessitil demonstration of the
FICFB process. Because the SilvaGas process neamhed the stage of a
successful demonstration or commercial plant it m@ager seen as a reason to stop
the development of the MILENA process. Nowadays severitiatives are
underway to demonstrate the SilvaGas Technologpmmbmation with the OLGA
gas cleaning technology. The producer gas will bedus a gas turbine. The
experience of operating the MILENA pilot plant inngbination with the OLGA
gas cleaning is very advantageous for the large scenmercial projects based on

the SilvaGas technology, because the raw gas congoos similar.
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Chapter 7

Experiments

Abstract

The test results from lab-scale and pilot scale ex@ats in the MILENA gasifiers
are presented in this chapter. Different types obdy fuels were used in the tests.
The test data was used to produce and verify thaiors that are required to
describe an indirectly heated biomass riser gadike the MILENA. The relations
were used to calculate the Cold Gas Efficiency d&daverall efficiency to Bio-
SNG of a commercial size MILENA gasifier.

In the last paragraphs the more practical isstkesadgglomeration and fuel

flexibility, are described.

7.1 Introduction

The main goal of the experimental work done in tble-¢low, lab-scale and pilot-
scale installations described in the previous arapts to generate and verify the
required relations for the MILENA Excel model as ctésed in chapter 5, since
they were not available in literature. he secondlgmas to show that the
technology can operate for a prolonged time usirfgoamercial” fuel without
operational problems. Clean wood chips were orlyinrgeen as a “commercial”

fuel, but this was later changed to demolition wood
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Many of the lab-scale tests were done in combinatidh the methanation
test rig. The standard fuel was beech wood. The miainof these tests was to test
the lifespan of the different catalysts in the gagtreatment test rig. The
performance data of the gas pretreatment catadyststill confidential and are not
part of this thesis.

The most relevant relations for the MILENA model atee carbon
conversion as a function of temperature for diffiérparticle sizes of woody
biomass and the yield of hydrocarbons. Data wereergged at different process
conditions, different bed materials (olivine anchédaand using different particle
sizes of woody biomass. Some experiments were dathealternative fuels like
sewage sludge and lignite coal. Data from the exyet with the non woody fuels
were excluded from the data set used to generatethtions.

The test program executed in the pilot plant wasedinat generating
engineering data for the 10 MYWILENA Bio-CHP demonstration plant to be
built in Alkmaar. The selected fuel is demolitioroed (B-wood), so most tests
were done using demolition wood.

The MILENA gasifier was designed to use steam asidiZlation agent for
the riser, because the M air dilutes the producer gas. This is not atage if the
gas is going to be upgraded into Bio-SNG, for whibk N, concentration is
critical. For gas engine application dilution oéthas with some Ns allowed. In a
commercial scale plant air is cheaper than stearmany of the tests done to
generate data for the foreseen Bio-CHP demongstraggiant were done with air
instead of steam.

The MILENA gasification tests described in this clespwvere done at
atmospheric pressure. Pressurized gasification dvbal beneficial if the desired
end-product is Bio-SNG, which must be injected e tgas grid at elevated
pressures and the methanation reactions are faumyedn increased pressure.
Future development of the MILENA technology will @lsnclude pressurized

operation.
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In the first paragraphs of this chapter the resoitthe experimental work
relevant for the MILENA model are described. In fast paragraphs the more

practical issues, like agglomeration and fuel fvdity, are described.

7.2 Fuelsand bed materialsused in MIL ENA tests

Most of the tests done in the lab-scale and pidates MILENA were done
with woody fuels. Figure 7-1 depicts the fuels us€de diameter of the wood

pellets is 6 mm.

Figure 7-1: Beech wood, wood pellets and demolitimod as tested in MILENA gasifiers.

Table 7.1 shows the measured compositions of the fuals used in the MILENA

lab-scale and pilot-scale gasifiers. The demoliti@od used was of the so called
‘B’ quality. This means that it includes paintedsteawood and particle board. It
must be noted that the composition of the demalit\@od varied strongly during

the tests, some batches contained large amoungmrttle board material and
others contained significantly more gypsum boardenmd than average. Some
batches contained very large particles (length =rh) which gave rise to feeding
problems. The MILENA pilot-scale feeding system candie particles with a

maximum length of approximately 25 mm. The additi@ize reduction resulted in
a high dust content of the fuel, especially whearge fraction of particle board
material was present in the fuel. Pretreatmenthef feed is one of the most
problematic issues in lab-scale and pilot-scalembiss gasification research.

Luckily this gets less important at commercial scale
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Because of the unstable feeding and the inhomogensmmposition of the
demolition wood, many of the test results wereuaeeliable to be included in this
chapter.

A limited number of tests were done with alternatifuels like sewage
sludge, grass and lignite coal. Results from thiests are described in paragraph
7.14.

Table 7.1: Average fuel compositions

Beech wood Wood pellets Demolition wood B

Moisture [wt.% a.r.] 10.1 8.3 19.0
Ash [wt.% d.b.] 1.0 0.3 2.7

C [wt.% d.a.f.] 49.2 48.2 50.2
H [wt.% d.a.f.] 6.1 6.4 6.1

O [wt.% d.a.f.] 44.5 45.2 41.6
N [wt.% d.a.f.] 0.2 0.1 1.9

S [wt.% d.a.f] 0.017 0.009 0.10
Cl [wt.% d.a.f] 0.005 0.012 0.12
LHV [MJ kg™ d.a.f] 18.2 18.5 18.9
HHV [MJ kg™ d.a.f.] 19.5 19.9 20.2

All duration tests in the lab-scale installationrevelone using beech wood as fuel.
The total number of lab-scale operating hours wiedn woods exceeds 1500
hours.

Quartz sand (sieve fraction 0.1 — 0.4 mm) was used standard bed
material in the lab-scale MILENA gasifier during thest years of operation and
for the first tests of the MILENA pilot-scale plar@Quartz sand shows no or no
significant catalytic activity in tar cracking, bitt was selected as bed material
because of its wide availability and its high resise to attrition. Some wood
fractions can contain a lot of sand. Tests in the ECHNB pilot plant (BIVKIN
installation) showed that no external addition eflbmaterial is required if these
fractions are used. When these fractions are Ureddd inventory will be replaced
by the sand in the fuel automatically.

Olivine is a well known catalytic bed material foeducing the tar

concentration in a fluidized bed gasifier [1, 2]wls observed that the origin of the
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olivine catalyst has an influence on its catalgiitivity. The first tests with olivine
as bed material in the lab-scale MILENA gasifier avelone with olivine from
Norway. Later on this bed material was replacedlbyine from Austria ordered
from Magnolithe GmbH, because Austrian olivine skdwmore activity for tar
cracking. This was changed to Norwegian olivinetfa pilot plant in 2010 again,

because of the better quality (less dust) and ietilability.

7.3 Hydrodynamics

The hydrodynamical behavior of the MILENA reactoretatines the temperature
difference between combustor and gasifier riseg, ghs exchange between the

combustor and gasifier riser and the loss of ctman fthe system.

Solids circulation rate:

The gasifier riser is preferably operated at a heaghperature, because the carbon
conversion and the conversion of tar into produw@s increases with increasing
temperature. This has a positive effect on the diveificiency. The combustor is
preferably operated at low temperature, because rimluces the risk of bed
agglomeration. The heat produced in the combussortransported by the
circulating bed material. To transport the heat aitp@ temperature difference
between combustor and gasifier riser is requirdithoagh a small temperature
difference gives the highest gasifier riser temppgeaand the lowest combustor
temperature. The solids circulation rate determities temperature difference
between combustor and riser. The solids circulatate is “controlled” by the size
of the sand circulation holes in the riser (seept#ra6.2) and the pressure
difference over these holes. Figure 7-2 shows #hautated temperature difference
for a commercial size MILENA gasifier using wood wi25 wt.% moisture for
different solid circulation rates. The MILENA modelat is described in chapter 5

was used to simulate the different conditions. Tdid’ ‘relations for hydrocarbons
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yield and carbon conversion were used. The righthaaxis shows the calculated
Cold Gas Efficiency (CGE).
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Figure 7-2: Effect of relative solids circulatioste (defined as mass flow solids

per mass flow biomass on a.r. basis) on reachopéeatures and CGE.

As can be seen from the figure the solids circoiatiate has an influence on the
temperature in the fluidized bed combustor and C@Gte MILENA gasifier was
originally designed for a solids circulation rate4®. From the figure it can be
concluded that a relative circulation rate aboveiS@ecommended to limit the
combustor temperature and to increase the CGE.

Figure 7-3 shows the measured temperature diffeseibetween the riser
outlet and the fluidized bed of the combustor. e&Dfabm the lab-scale installation
have not been used, because the heat balance hmvdali-scale installation is
unreliable due to the electrical heating of thdaltation and a relatively high heat
transfer from the combustor to the riser through rtietal wall of the riser. As can
be seen from the figure the temperature differerasees. This is partially caused
by variation in pressure between the sand transmmré and the riser. Pressure
control appeared to be difficult when demolitionodlowas used as fuel and the

MILENA outlet was connected to the gas cleaning tast Automation of the
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pressure control was only implemented in the sed¢wmtidof 2010. Another reason
for the variation in temperature difference was thbserved mechanical
deformation of the riser. This resulted in an addiil opening for the sand to flow
from the combustor into the riser. This is probabie reason for the small
temperature difference during the demolition woests.

The temperature difference decreases with an iner@aBquivalence Ratio
(ER). ER is defined as the amount of oxygen fed theogasifier divided by the
amount of oxygen required for stoichiometric contlmms of the biomass. ER
varies because of oxygen transport from the combust the gasifier riser by
circulating bed material (see paragraph 7.12) avittising between air and steam
as gasification agent for the gasifier riser. Thagderature difference decreases
because the riser gasifier temperature is increagethe partial combustion of
producer gas when air or oxygen is added.

From the measurements it can be concluded thatith@ation rate is in the
correct range. Further testing is required to pcedmore accurate and reliable
empirical relations for the circulation rate as dtion of pressure difference

between the sand transport zone and the riser inlet
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Gas exchange:

The free space between the circulating bed partitiliesl with gas, will move with
the gas from the gasifier riser to the combustat aInm the combustor to the
gasifier riser. This will lead to some gas exchabgiveen the two reactors. If the
producer gas is going to be upgraded into Bio-Sh&sl@éakage of flue gas into the
producer gas should be limited, because théenNhe flue gas will end up in the
Bio-SNG. If the N concentration in the Bio-SNG is too high, the sfpeations for
heating value can-not be met.

The producer gas from the gasifier riser moves wWithbed material from
the settling chamber through the downcomers indocttimbustor. The pressure in
the settling chamber is at normal operating cood#j approximately 10 mbar
higher than the pressure in the freeboard of thebestor. The pressure at the
outlet of the downcomer is under these conditioggdr than the pressure in the
settling chamber, because the depth of the exttetdowncomers in the fluidized
bed is approximately 30 cm. Every cm of bed heightgy a pressure drop of
approximately 1 mbar. This results in a positiveegsure difference of
approximately 20 mbar between downcomer exit andirge chamber. This
pressure difference results in an upwards gas flelative to the downwards
moving solids. This velocity of the upwards gasmMlis lower than the velocity of
the downwards moving solids and results into a gas flow through the
downcomer from the settling chamber into the condiu$ee also chapter 6.3 for
a more detailed explanation. The net gas exchamgegh the downcomer is small
and is calculated to be approximately 0.8% of thedpcer gas production. The
effect on the overall balance is small. Experimdratge shown that the amount of
producer gas leaking from the settling chamber indocombustor can be increased
by increasing the pressure in the settling chamsbeeducing the pressure in the
combustor. The impact of the gas leakage under aloamerating conditions is

small.
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More relevant is the leakage of flue gas from costfuinto the bottom of
the riser, mainly because of the resultingdiution of the producer gas. Several
experiments were done to determine the leakag&efdas into the riser. In the
past N was used as an inert purge gas, so part of tha the gas came from the
purge gas. More recently G@vas used as purge gas to minimize thedtion
and to determine how much, dame from the flue gas. The experiments showed
that the N in the producer gas can be limited to 1 — 3 vaf.@tean wood is used
as fuel. This is seen as low enough for upgradieggas into Bio-SNG. The typical
value for flue gas leakage from combustor to gasstfiser is 1% of the amount of
flue gas produced in the combustor bed. This vatueised in the up-dated
MILENA model.

Collection efficiency settling chamber:

The main purpose of the settling chamber is to se¢pdine solids from the gas. The
solids entering the settling chamber can be divideal char and bed material. The
bed material particles have a relatively high dgnsi approximately 3000 kg th
and therefore are easily separated from the gaschifir particles can be very fine
and have a relatively low density. The average omeasbulk density of the
particles blown out of the settling chamber is Z50m*. Because of the lower
density the separation efficiency for the char ipls will be lower than for the
circulating bed material. The collection efficienfoy the char particles is relevant
for the mass and heat balance over the MILENA gasifi

The collection efficiency for char particles is afurse strongly influenced
by the particle size of the char, and therewithdize of the biomass patrticles being
used as fuel. The tests with demolition wood asiel Wwere seen as the most
realistic for further scaling up. These tests tforee were used to calculate the
collection efficiency.

The collection efficiency of the settling chambertle pilot plant for char
particles is calculated from the amount of chahimcyclone ashes collected by the

cyclone in front of the OLGA gas cleaning. A cotlea efficiency of 90% for the
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cyclone was assumed. Approximately 10% of the glaaticles that are blown out
of the MILENA settling chamber end up in the OLGA gésaning. These patrticles
will be returned with the tar in commercial scatestallations. The collecting
efficiency of the MILENA settling chamber varied besn 75 and 90%. The
strong variation in the collection efficiency wagolpably caused by the
inhomogeneous particle size distribution of thd farel the fact that some batches
contained a lot of dust. The remaining char thaitected by the cyclone will in

the future be returned to the combustor.

7.4 Carbon conversion in gasifier riser

Carbon conversion is an important parameter inHBkeel model made for the
MILENA gasifier. Because Carbon conversion is mainfuenced by the gasifier
riser temperature, a temperature dependent relegtiosed in the model (Equation
7.1). Carbon conversion increases at higher tertyresa resulting in a lower char
yield. A lower char yield results in a lower heabguction in the combustion
section giving a lower temperature in the combusiod the gasifier riser. The
temperature dependency of the carbon conversionltsesito an equilibrium

temperature at which the amount of char producashleqgthe amount of char
required to sustain the process temperature. Thébemqm temperature should be
between limits posed at the higher end by ash mgelind at the lower end by tar
composition and tar concentration requirements. tAheontent and composition
can change significantly at relatively low gasifioa temperatures (<750°C). This
can lead to problems in the equipment downstreamhaib normally designed for
a specific type of tar. Equation 5.1 in chapter bvwsh the definition of Carbon

conversion used in this thesis.

Assumed carbon conversion relation:

SilvaGas did several gasification tests in a pilaint (PRU in Columbus)

and a commercial plant (Vermont) to determine twan conversion at different
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process conditions [3]. Figure 7-4 shows the regubrtarbon conversion as a
function of temperature. The presented data indSddu&t the Vermont gasifier was
mainly operated at a relatively low temperatur&of°C (1250°F). It is not clear

how the carbon conversion was defined (with or auttar).

Comparison of Burlington Data to PRU
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Figure 7-4: Original Carbon Conversion to Gas Redok SilvaGas Process.

Several authors have published relevant carbonersion data as well.
These data are shown in Figure 7-5 for reasonsmmpaason. Relations obtained
from SilvaGas publications [4, 5] are shown as &Has 1 and SilvaGas 2. As
mentioned before it is not clear if tar is includedhe definition.

Data from the FICFB gasifier cannot be used becthesbiomass is gasified
in a BFB using a much higher steam to biomass ta@ém in the MILENA or

SilvaGas process.
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Figure 7-5: Carbon Conversion data from literature

The data published by VTT were for air/oxygen blowasification [6] and are
therefore less relevant than the other data. Thartegghcarbon conversion is higher
than for the indirect gasifiers, which is logic&dause part of the available oxygen
will be used to directly combust the carbon in thedized bed gasifier. The
measurements show a small increase in conversionndrgased gasification
temperature.

The MILENA ‘old’ relation showed in Figure 7-5 wastiesated from the
SilvaGas data and from tests with the ECN CFB BIVKjakifier. The MILENA

‘old’ relation was used to design the lab-scale pifat-scale gasifiers.

Carbon conversion measured in MILENA reactor:

The carbon conversion in the riser and the setttingmber cannot be measured
directly. The char leaving the gasifier riser isa@ped from the producer gas in the
settling chamber. Approximately 80 - 90% is semedlly to the combustor. The
remaining 10 - 20% leaves the MILENA gasifier riggth the producer gas and
for approximately 90% it is collected by a cyclode.will be returned to the

combustor in commercial scale installations. Theoamh of char sent to the
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combustor is calculated indirectly from the C and®&ance over the combustor.
The amount of C and O leaving the combustor asdghsis calculated from the
measured dry flue gas composition (concentratio@@f and Q) and the amount

of flue gas. This amount of flue gas is calculdtedh the nitrogen balance over the
combustor, assuming that all nitrogen entering ¢benbustor comes from the
combustion air. The amount of combustion air is suead.

Figure 7-6 shows the calculated carbon conversmnaf wide range of
experiments in the lab-scale and pilot-scale ifegtah using different woody
biomass fuels. The carbon conversion determinedpilot-scale experiments is
lower than for lab-scale experiments. An experimeas done with the same size
fuel (beech wood) as used in the lab-scale MILENAsoAthis test resulted in a
lower conversion for the pilot plant. A higher canbconversion in the pilot plant
was expected, because residence time of the biérhassn the riser and the
settling chamber is longer. The lower carbon cosieeris probably due to leakage
of fuel from the feeding system into the combusidris problem will be solved in
future tests.

The graph also shows the relation used to desigiMth&NA process and
the ‘new’ relation based on the experiments deedrilm this thesis. It must be
noted that the carbon conversions calculated fraasurements in the pilot-scale
installation can be too low due to leakage of bissniom the feeding system in
the combustor.

The data for carbon conversion measured for the MIAEsifier are
significantly higher than what was presented bwédédas. This difference is
probably due to the higher residence time of thmmliss/char particles in the
MILENA settling chamber.
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Figure 7-6: Measured carbon conversions in MILEMB-kcale and pilot plant.

Equation 7.1 shows the relation for carbon convaréiat is going to be used in

the updated MILENA model. At the typical MILENA pra® conditions the
difference with the previous relation are small.

gc’gas = 79 + 0.04*(T'760), T In OC. (7.1)

The MILENA process temperature is self controlled.tHé gasification
temperature drops, the amount of char/fuel to ttrabuistor increases, leading to
an increase in temperature. The equilibrium tentpezas between 800 and 880°C,
depending on the moisture content of the fuel. Huot that the carbon conversion
is less temperature dependent than assumed inastenught make additional
process control necessary. The idea is to conteolgsification and combustion
temperature by splitting the recycle of tar betwganifier riser and combustor. A
recycle of tar to the gasifier riser will decreabe gasification and combustion

temperatures. This has a positive effect on Cold Gé#giency, but the
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concentration of tar in the producer gas will irage. Tests are planned to measure

the effect of tar recycling to the gasifier risertar composition and concentration.

Char composition:

The char entering the combustor is mainly carbon,th® oxygen and hydrogen
content cannot be neglected. The left column of &abll shows the char
composition that was found in literature. These datee obtained from drop tube
measurements at temperatures between 750 and §00°C

The second column shows the char composition whigs pyveviously used
in the MILENA model. The composition was an averaféhe literature data and
the measured composition of the collected cyclosiees from the ECN CFB
gasifier BIVKIN.

Experiments were done in the MILENA pilot reactor generate more
reliable data. Demolition wood was used as fuels Ihot practical to collect the
char particles that fall down in the settling chambnd fuel the combustor. The
smaller particles that are blown out of the saitithamber are collected by a
cyclone. These particles were sampled and analyltetd assumed that the
composition of the fine char particles is similarthat of the larger particles. The
third column in Table 5.1 shows the measured chauposition.

The right hand column shows the average valueseoptéviously used data
and the data obtained from MILENA pilot measuremenkese values are used in
the updated MILENA model. Nitrogen is not included the standard char
composition, because the concentration is strofigly dependent. The nitrogen

content in the char is assumed to be 30% of tmegah in the fuel.

Table 7.2: Char composition used in MILENA model

Previously '
. _ MILENA pilot Updated
Literature used in
measurements Model
model

Fuel Hardwood - Demolition -
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Wood
C [wt.% daf] 85.2 92.6 89.7 91.1
H [wt.% daf] 2.5 1.0 1.1 1.1
0 [Wt.% daf] 12.3 6.4 9.2 7.8

7.5 Hydrocarbon yields

The yield of hydrocarbons is an essential parametéte MILENA Excel model

and influences the overall system efficiency. Flacteicity generation by gas
engines or gas turbines and for the production iofEBNG, a high hydrocarbon
yield is beneficial. For syngas application a loywditocarbon yield is required,
preferably close to zero.

Methane is the hydrocarbon that is present in the m the highest
concentration. It was observed from data genernateéde ECN CFB gasifier that
methane yield is influenced by Equivalence Ratio)(HR literature [8] a relation
was found that agreed with ECN measurement. Thidioelds used in the
MILENA model and was verified with data from MILENAxgeriments. Figure
7-7 shows the measured and theoretical yield of &Ha function of ER. The line
shown in the figure represents the theoretica) ¢@Eld line. The right hand y-axis
gives the methane yield on mol fraction basis.

The variation in ER is achieved by varying the amafrituidization air to
the gasifier riser. During steam gasification no iai sent to the gasifier riser.
Another reason for variations in ER is the variationthe amount of oxygen

transported by the bed material from the combusttine riser (see 7.12).



Experiments 147

0.10
+ 014

4
0.09 ®
g\ = 0.12

o
o
o

o
o
N

r 0.1

o
o
&

T 0.08

Lab-scale - beech wood - sand
Lab-scale - beech wood - olivine 0.06
Pilot plant - Beech wood - olivine
O Pilot plant- wood pellets - sand
® Pilot plant - wood pellets - olivine
¢ Pilot plant - demolition wood - olivine
—0.0873-0.082°ER 1002

o
o
=

o
&
CinCH,/Cinin fuel [-]

o
o
@

CH, [kg kg ™ fuel d.a.f]

T 0.04

o©
o
N

o
o
=

T T T T T T T T T 0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
ER[-]

o
o
S)

Figure 7-7: CHyield in the MILENA gasifiers as function of ER.

As can be seen from the figure the SHeld decreases with an increase in
ER. An increase in ER from 0 to 0.1 gives a reductionCH, yield of
approximately 10%, so the oxygen or air that isealdaesults in combustion of the
fuel compounds present in the producer gas. Iheedain to what extent the char
is combusted as well. This empirical relation watwmied from literature [8]. The
MILENA data points obtained from the lab-scale ainidtyscale MILENA are in
accordance with the relation obtained from literatiHence, there is no need to
update the relation used in the MILENA model.

At typical operating temperatures of the MILENA desi the theoretical
concentration of Cldand higher hydrocarbons should be close to zEteigas is
at chemical equilibrium. At typical operating temgteires of fluidized bed
gasifiers (850°C) the CHconcentration is always far higher than the thicak
equilibrium concentration. For Entrained Flow g&sdg, which are operated at
approximately 1300°C the reported £Eoncentration is close to the chemical
equilibrium concentration (< 1vol.%). So it was egfed that an increase in
temperature would lead to a lower £ideld. In the MILENA model this was

solved by using a correction factor for the CWeld. Figure 7-8 shows the
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correction factor that needs to be applied to @dation for CH production as

function of temperature. The figure shows no declméH, yield at increased

gasification temperatures, but some tendency teease. The correction factor
varies between 0.9 and 1.1. No correction is apphiehe MILENA model.
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Figure 7-8: Correction for CHyield as function of temperature.

It can be concluded that the original relation usedalculate the CHyield
is valid for the MILENA gasifier operated at ‘stamdaoperating conditions
(gasification temperature between 770 and 880°Caamdspheric pressure) using
woody fuels and sand or olivine as bed materialnalifications to the MILENA
model were required.

For the yield of higher hydrocarbons no relationsrav available from
literature. From experiments done in the ECN CFB BRIV gasifier it was
observed that the concentration of higher hydramashs a fraction of the CH
concentration. Data produced with the ECN CFB gasiftere originally used in
the MILENA model. Experimental data produced with i-ENA gasifiers were

used to verify the relations.
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On energy basis the cleaned MILENA producer gasatasitapproximately
16% of ethylene (€H,). Ethylene from fossil origin is widely used in ustry, so
replacing fossil ethylene by bio-ethylene can hamanteresting market potential.
Figure 7-9 shows the relative ethylene yields &edint temperatures. The lab-
scale measurements show no significant effect ofp&rature on ethylene
production. The pilot-scale measurements showctingein ethylene yield when
temperature is increased. The solid line shows theoretical relation.

Measurement data are close to the theoretical $méhe original relation needs no

modification.
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Figure 7-9: GH, yield relative to Clj as function of temperature.

The acetylene (§,) concentration is of minor importance to the masd
energy balance, but acetylene is a known soot pecun downstream catalytic
processes, so a reduction in concentration carebeficial.

Figure 7-10 shows the measured acetylene yields.sbhd line shows the
theoretical relation. Acetylene is a relatively iaide molecule, and a decrease in
concentration was expected at increased tempesatwieereas the measurements
in Figure 7-10 do not show this. The lab-scale @ai@v a higher yield. The pilot

data are close to the fraction that was used inmribdel. Because the pilot-scale
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data are seen as more important, the fraction nstte MILENA excel model was

not changed.
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Figure 7-10: GH, yield relative to CH as function of temperature.

The relative yield of ethane {Bs) is also of minor importance because of its

relatively low concentration, but the ethane com@ion shows a remarkable trend

(see Figure 7-11). The relative ethane yield cjedélcreases when the gasification

temperature is increased. Possibly ethane is alaoke ethylene and hydrogen.
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Figure 7-11: GHg yield relative to CH as function of temperature.

The relation for ethane production was not changettie MILENA model,
because of the negligible influence on the compbbatance at typical operating
temperatures.

Figure 7-12 shows the relative benzengHg yield. There is no significant
difference in benzene yield between the fuels arbaterials. A small increase in
benzene yield at increased temperatures can beveds®enzene is a tar cracking
product, so an increase is to be expected. Howewveperature dependency was
neglected, the relation in the MILENA model was doanged.
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Figure 7-12: @Hg yield relative to CH as function of temperature.

Figure 7-13 shows the relative tolueneHg) yield. A decrease in toluene
yield at increased temperatures was observed. dlagon for toluene production

was changed accordingly.
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Figure 7-13: GHg yield relative to CH as function of temperature.

Table 7.3 shows the relations for the yield in hgdrbons which were used

in the past and the modified relations based onsarements in the MILENA
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gasifiers. Propylene @) is present in the producer gas in low concermnati

but was not included in the previous model.

Table 7.3: Relations used to calculate gasifielebglas composition at atmospheric pressure.

Previously used

. . MILENA Updated

Yield in
measurements MILENA Model
Model

CH, [kg kg™ fuel d.a.f.] 0.0873-0.082+ER - 0.0873-0.082+ER
C,H, [mol mol* CHy] 0.02 0.03 0.02
C,H4 [mol mol* CHyJ 0.32 0.33 0.32
C,Hg [mol mol™* CHy] 0.02 0.337-0.0004 « T 0.02
CeHe [mol mol* CH,] 0.08 0.08 0.08
C7Hg [mol mol™* CH,] 0.01 0.093-0.0001 T 0.093-0.0001 T
CsHg [mol mol™* CH,] - 0.008 0.008

The temperature value used in the temperature ¢ameir toluene yield

must be entered in °C.

7.6 Tars

The operation and the design of the MILENA gasifiez not optimized to
minimize the tar content in the producer gas. Ari¢anoval or tar reforming device
iIs required to make the gas suitable for gas engperation or Bio-SNG
production. This means that the tar yield is ledevant than for gasifiers designed
to produce no or low amounts of tar (e.g. the FIQ¥Bcess). The OLGA tar
removal technology is used in the MILENA lab-scahel gilot plant. The OLGA
technology is also going to be applied in the destration plant. Tar production
data are required to design the OLGA tar removaltesys Especially the
concentration of naphthalene is of relevance, kexdhis compound is present in

the gas in the highest quantity. Benzene and telwe not included in the tar
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definition used in this thesis, as they are consiléo be a valuable fuel for most
applications.

For the design of the producer gas cooler it isiireg to know the tar dew-
point. The cooler should be designed in such a waywall temperatures are kept
above the tar dew point. The tar dew point can basoned or can be calculated

from the composition of the tar. The ECN websitew.thersites.nlprovides a

useful tool to calculate the tar dew point. In gahéhe calculated tar dew point of
the raw gas from the MILENA is above 250°C. Thetretes used to calculate the
dew point are only valid below 250°C. The wall o¢ ttooler is kept above 400°C
to prevent tar condensation.

Figure 7.14 shows an example of the compounds mresdhe MILENA

producer gas. Naphthalene is by far the most contoorpound in the tar.
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Figure 7.14: MILENA average tar composition for dgition wood and olivine.

The composition of the tar is also of relevance tfte MILENA Excel
model, because it influences the element and ermignces. Table 5.2 shows the
measured compositions and the data used in thelmidde composition shown in
the most left hand column was used until the midafl2010. The right hand
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column shows the average measured composition fatrscale and pilot-scale

tests. The average value was used in the modifiedEMA model from July 2010.

Table 7.4: Tar composition on mass fraction basis

Previously MILENA MILENA Updated
used in lab-scale pilot MILENA
model measurements measurements Model

- Clean Demolition -
Fuel wood Wood
C [wt.%] 94.2 93.4 92.9 93.2
H [wt.%] 5.8 6.1 6 6.1
O [wt.%)] - 0.5 0.9 0.7
N [wt.%)] - - 0.1 -

The heating value of the tar is 38.1 MJ'kon LHV basis and 39.4 MJ Kg
on HHYV basis.

Figure 7-15 shows the measured tar concentrationa aunction of
temperature. The Solid Phase Adsorption (SPA) methasl applied to measure
the tar concentration [9]. The SPA method is usifiutompounds from phenol to
pyrene. Class 1 tars (7- and higher ring compouadshot included, because they
cannot be measured with the SPA method and theilmgindn to the total amount
of tar is negligible.

Only experiments done with steam/dry biomass rdiglsw 0.5 are shown
(this also includes experiments with air to theifgasriser instead of steam). This
iIs because one of the essential differences betWw#&iENA and the FICFB
concept is the low steam/dry biomass ratio. Thenstearsus dry biomass ratio for
a typical commercial scale MILENA gasifier is 0.4hél amount of water in the
biomass is included in the steam fraction of thimr&team has a positive effect on
the reduction in tar concentration, but the steandwy biomass ratio is kept low to

keep the energetic efficiency high.
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During the tests different batches of olivine weised (from Austria and
Norway). The Austrian batch seems more catalyyicadtive. The gas composition
is normally closer to CO shift equilibrium compasit. It was also observed that it
takes time (> 40 hours) to activate the bed mdtdfigure 7-22 shows an example
for this activation. The Hconcentration increases over time, probably duanto
increased CO shift activity of the bed materialtie measurement data presented
in this paragraph no difference was made betweeryibes of olivine or the time
the bed material was used in the reactor.

Figure 7-15 shows a decline in total tar concemtna{excluding benzene

and toluene) when the gasification temperaturedsegsed.
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Figure 7-15: Total tar concentration as functioteshperature.

Figure 7-16 shows the decline in class 2 tars (beyelic components) at
increasing temperature; OH groups disappear witheasing temperatures. This
agrees with measurements reported by others [TOfre is no clear difference

between sand and olivine as bed material.
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Figure 7-16: Concentration of class 2 tars as fanaif temperature.

The pilot plant and lab-scale installation seemnumdpce similar quantities
of class 2 tars, despite the longer gas residemece in the pilot plant. The
difference in fuel does not significantly influenite class 2 tar yield.

Class 3 tars are light aromatic hydrocarbons wilaoh not important in
condensation and water solubility issues. The cdrmagon of class 3 tars
(excluding Benzene and Toluene) is relatively lomnpared to the other classes.

Roughly 50 mass% of the class 4 tars (light pobmatic tars), is made up
by naphthalene, also called white tar becausesoéator. Figure 7-17 shows the
fraction of naphthalene in the total amount of panduced. This graph clearly
shows the relative increase of naphthalene at areased temperature probably

from the breakdown of heavy polyaromatic compounds.
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Figure 7-17: Mass fraction of Naphthalene in ttdalas function of temperature

Class 5 tars (heavy aromatic hydrocarbons) aresleance, because they
determine the tar dew point of the gas. Figure 7st®ws the measured
concentration of class 5 tars. Finding the rightration conditions to reduce the
amount of class 5 tars is of interest, becauses &asrs can cause fouling in the
producer gas cooler that is required before thedaroval. Tar condensation is
normally prevented by keeping the cooler wall terapge above the tar dew point.

Figure 7-15 shows no clear trend regarding redoaiiaclass 5 tars.
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Figure 7-18: Concentration of class 5 tars as fanaif temperature.

7.7 Heat balance

The pilot-scale MILENA gasifier was designed for 808, biomass input,
but most of the time it is operated at lower lodukszause the cooling capacity in
the gas cleaning test rig is limited.

Table 7.5 shows a typical heat balance for the MILEN#ot-scale
installation (without gas cleaning). The heat beéashown is for a test using clean
wood pellets as fuel and sand as bed material. Tdmadss input was 83% of the

design capacity.

Table 7.5: MILENA pilot plant, typical heat balance

In HHV [kW] Out HHV [kwW]
Latent heat air 21 Latent heat producer gas 61
Biomass 667 Condensation heat water 23
Condensation heat water 10 Chemical energy producer gas 515
BTX + tar recycle 0 Latent heat flue gas 52
Natural gas 55 Condensation heat water in flue gas 7
Heat loss 20
Carbon/char to cyclone 11
Chemical energy in tar 61

Latent heat ash 0
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Sum 754 750

Natural gas is fired in the combustor to thermalipulate the recycle of tars
and hydrocarbons (some benzene and toluene) whechaxmally removed from
the gas by the OLGA gas cleaning system.

The heat loss of the installation is around 15 kW, Wwas assumed to be
higher for this case because the refractory wasthmbughly heated before the
start of the tests.

The latent heat in the flue gas or producer gasseduo pre-heat the
combustion air. Pre-heating of combustion air iasszl the combustor and gasifier
riser temperature. A higher gasification tempemattgsults in a higher carbon
conversion, thus a higher production of chemicakgy in the producer gas.

The heat balance accuracy for a good test is normathin 5%, when a

well defined fuel like wood pellets is used.

7.8 Cold GasEfficiency
The calculated Cold Gas Efficiency (CGE) for the pidant on LHV basis is

defined as the calorific value of the tar free gasn the OLGA gas cleaning
divided by the heating value of the biomass engetire gasifier (no integration of
biomass dryer). It varies between 79% and 82% lesrcwood with a moisture
content of between 25 and 10% respectively. Thigienh includes the ammonia
in the gas. Combustion air was preheated up to@Q@0fd a recycle of tar and
carbon containing cyclone ash was assumed. Andeere cold gas efficiency is
possible by integrating a biomass dryer, recyclargo the gasifier riser instead of
to the combustor or an increase in combustion r@ifhgat temperature. Sufficient
heat is available from the producer gas coolertaadlue gas cooler to supply the
heat for the air pre-heating.
The calculated CGE for the pilot plant does not diffich from that of a

commercial scale installation using the same foetause the main difference is
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the heat loss, which reduces with increasing scdles heat loss of the pilot plant
is already very modest (approximately 2% of thertied biomass input), so this
has not a large influence on the resulting CGE.

The tests with demolition wood B showed a relativiigh content of
ammonia in the producer gas. The correspondingriteaslue was approximately
1% of the total heating value of the producer ga®refore, removing the NHas
is required for most gas engine applications), dagnificant and negative effect
on the CGE. In principle NHs a suitable fuel for gas engines but it willdda an

increase in NQproduction [11].

7.9 Modified MILENA model

The relations obtained from the experiments for @artonversion as described in
paragraph 7.4 and for hydrocarbon yields as destrin paragraph 7.5 were
implemented in the up-dated MILENA model. The modabvapplied to calculate
a standard case using clean wood with a moistunéenb of 25 wt.% (a.r.). The
composition of the wood pellets as given in Tablgé Was used. This case
represents the desired operating conditions for3\as production.

The OLGA tar removal is part of the model, becauseeffect on the energy
and material balances of the recycle streams gtastscarbon containing dust) from
the OLGA cannot be neglected.

Steam is used as fluidization agent, to minimiz dhution of the producer
gas with nitrogen. CQis used as ‘inert’ purge gas. Olivine is used e imaterial,
transport of oxygen from the combustor to the gasifser is included (assumed to
be 0.1 mass% of the circulating bed material).

The gasifier riser output using the modified relati®s shown in Figure 7-19.
The combustor output is shown in Figure 7-20.

A combustion air pre-heat temperature of 320°C aszsimed. Tars and dust

from the gas cleaning are returned to the MILENA costér and gasifier riser.
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The Cold Gas Efficiency based on the cleaned gasjedefis described in
paragraph 2.7 is approximately 78% on LHV basis.sTisi calculated in an
additional worksheet, which is used to describegtecleaning (not shown).

The concentrations of pollutants like B{HH,S and COS are relatively low,

because the concentrations of S and N in the used pellets are relatively low.
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Project: Thesis Titel: Spreadsheet Gasification -> see tab toelichting
Test: Example clean wood file: VERGAS20.XLS
Datum 20-aug-10 versie: 12-jul-10 See Thesis MILENA RM 34065
Tijd: tot door: C.M. v.d. Meijden (4582)

Input data in blue and bold letters with border
Spreadsheet is for atmospheric installations only. Verifierd for fluidized bed BM gasifiers @ 780 - 880C
Pseudo-equilibrium , empirical relations for CxHy yields!
Fuel
Select fuel in vergas12_Phyllis_data.xls ID: 9004 Witte Labee | Witte Labee pellets (2243, 2244 & 2245)
moisture [wt%] 25.0
volatile [wt% dry] 0.00 Euel flow
ash [Wt% dry] 0.32 Mass flow (wet) 2717.7[_2717.7_]kgh
C [wt% daf] 48.25 Mass flow (dry) 2038.3 kg/h
H [wt% daf] 6.37 Mass flow (DAF) 2031.7 kg/h
(¢] [wt% daf] 45.23 Thermal input 11247 kW (HHV)
N [Wt% daf] 0.13 10000 kW (LHV)
S [Wt% daf] 0.01
Cl [wt% daf] 0.01 ER 0.04 (excl. Tar & BTX)
F [Wt% daf] 0.00 0
Br [Wi% daf] 0.00 0 CaC03/ MgCO3 kgluur
100.00 0.00
LHV [kJ/kg daf] 18536 13246 [kJ/kg a.r.]
HHV [kJ/kg daf] 19929
Gasification air [nm3/h] [nm3/h] [T] Additional [kag/h] [nm3/h] [C]
Primairy air 0.0] 0.0 150 Steam | 135.9 163 150
Secundairy air N2 (100%) 15.0 12 15
/Additional air 15 Recirculation gas 0.0 0
Totall / average 0 0 CO2 supply 21.5 11 15
02 supply 0.0 0.0 15
Moisture content air |I|[vol% nat] 02 content (rest N2) 100 %
[kg/h] [%]
Air / flue gas leak from comb 27.9 Water recycle to gasifier 0.0 0
02 from combustor 76.1 Tar recycle to gasifier 175 30
Velocity bottom riser 0.4 [m/s] BTX recycle to gasfier 0.0 0
Product gas nat droog meting dr.
CO [vol9s] 171 27.3 according C & O balans
H2 [vol9%] 18.3 29.2] according shift equilibrium
CO2 [vol%] 139 22.2 according C & O balance
02 [vol%)] 0.0 0.0
H20 [vol%] 373 - according H balance
CH4 [vol%)] 8.1 12.9 Maniatis * 1.00
N2 [vol%)] 12 1.8
Ar [vol%)] 0.01 0.01
C2H2 [vol%] 0.2 0.3 CH4*.025
C2H4 [vol%] 27 4.2 CH4*.33 CO shift
C2H6 [vol%] 0.2 0.3 CH4*.022 Kp 0.39
C3H6 [vol%] 0.06 0.10] CH4*.008
C6H6 [vol%] 0.7 1.1 CH4*.083 Temp [C] 1200 1200
C7H8 [vol9s] 0.0 0.075] CH4%(.093-0.0001*T)
H2S [Vppm] 27 42 60% of S in fuel
COS [Vppm] 3 4 6% of S in fuel
NH3 [Vppm] 718 1145 50% of (N in fuel - N in char)
HCI [Vppm] 11 17 20% of Clin fuel
HF [Vppm] 0 0 of Fin fuel
Tar [mg/nm3 nat] 20000 31892 20000 mg/mn3 wet 19981
Flow (incl. tar) [nm3/h] 2943 1846
[kg/h] 2868 1954 Linear gas velocity
[m3/h] 12330 7732 T
Temp. in react s7a ]
C_conversion [%] 83.4 Milena new ] Area reactor [m2]
Onburned (C,H,0O,N) [kg/h] 179.4 Velocity 7.17 [m/s]
Inert (cyclone ash + dust) [kg/h] 6.6 Desired velocity 7
/Ash (+char + CaO + MgO)  kg/h] 186.0
UBC (unburned in ash) [wt%o} 96 Heating value (excl. tar, incl H2S& NH3)
wet dry
Error in C balance [%] 0.0
Error in H balance [%] 0.0 HHV [kd/Inm3] 10783 17195
Error in N balance [%] 0.0 [kJ/kg] 11067 16245
Error in O balance [%] 0.0 LHV [kd/Inm3] 9938 15847
Error in ash_inert balance  [%] 0.0 [kJ/kg] 10199 14971
Heat balance (ref = 0 T)
In [kg/h] LHV [kw] HHV [kW] Out [ka/h] LHV [kW] HHV [kW] [%] LHV br.
Latent heat 22 22 Latent heat product gas 1337.7 1337.7 13.4
Fuel 10000 11247 Qcond. Water - 620 -
Qcond. Water - 93 Product gas (excl. Tar) 8125 8816 81.2]
Recircution gas (comb. heat) 0 0 Heat loss 0.0 0.0]
Heat supply from combustor (indirect) 1512 Carbon loss 1591 1603 15.9
Tar recycle 186 192 Tar loss 623 645 6.2
BTX recycle 0 0 Latent heat ash & char 44.7 44.7 0.4]
RECYCLE OF WATER / TAR / BTX TO COMBUSTOR Carbonisation reactions 0 0 0.0]
Sum in 2868.6 11720 13067 Sum out 3054.0 11721.4 13066.8 117.2]
[%] LHV [%] HHV Difference -15 0.0
Cold gas efficiency (excl. tar) 78.0 75.5 Relative difference 0.0 0.0 [%]

Figure 7-19: MILENA Excel model input and output fyasifier riser.
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Project: Thesis Titel: Spreadsheet vergassing -> COMBUSTOR
Test: Example clean wood file: VERGAS20.XLS
Datum: 20-aug-10 versie: 12-jul-10
Tijd: tot door: C.M. v.d. Meijden (4582)
IComposition char from gasifier [kg/h] [nm3/h] [nm3/h] [C]
Combustion air 3623.7 2802.6 | 320
as [wt% dry] 3.54 Moisture content air 1 vol% nat]
c [Wt% dry] 87.31 Lambda 1.30] 13
H [Wt% dry] 1.05
O [wt% dry] 7.48 ka/h nm3/h T
N [wt% dry] 0.47 Steam |JI| 0.0 400
S [wt% dry] 0.03
ClI [wt% dry] 0.11
F [wt% dry] 0.00 Temp. char from gasifier 871 871 [T]
Br [wt% dry] 0.00
Ash / char from gasifier Cyclone coll. effiecienc
Flow [kg/h] 186.032 (incl. as) Cyclone ash 99.99999 99.99999
Char loss [kg/h] 0.000 [ka/h] [%]
Water recycle to combustor 0.0 0
Conversion char wl% Tar recycle to combustor 40.9 70
BTX recycle to combustor 20.4 100
CH4 supply 0 [mn3/h]
Flue gas: Nat Droog Producer gas (incl. tar) from gasif. to comb. 0.8 [%]
02 21 22 Flue gas from combustor to gasif. 1.00 [%]
CO2 15.1 15.7 Air transport from combustor to gasifier [mn3/h]
N2 77.8 811 02 transport from combustor to gasifier 76.1 [mn3/h]
Ar 0.9 1.0 CO2 tranport from combustor to gasifier [mn3/h]
H20 4.0 -
NO [Vppm] 96 100 100 19% of N in char
NO2 [Vppm] 10 10 10 2% of N in char
SO2 [Vppm] 16 17 99% of S in char
HCI [Vppm] 46 48 99% of Clin char
Flow to after burner [nm3/h] 2757 2647 Conditions combustor outlet
Flow to after burner [kg/h] 3734 3680 Temperature 21 1prq
Area reactor [m2]
Error in C balance [%] 0.0 Velocity 0.48 [m/s]
Error in H balance [%] 0.0
Error in N balance [%] 0.0 Ash_organic [kag/h] 0.001
Error in O balance [%] 0.0 As_inert [kg/h] 6.590
Error in ash_inert balanc [%)] 0.0 UBC [wt%] 0.009
[kg/h] LHV [kW]  HHV [kW] Uit [kg/h] LHV [kwW] HHV [kW]  [%] LHV br.
Latent heat 376 376 Latent heat flue gas 1086 1086
Fuel 1591 1603 Qcond. Water - 63
Qcond. Water 0 21 Heat loss 100
Tar 433 448 Carbon loss 0 0
BTX 230 239 Heat supply to gasif. 1512 3.5
CH4 0 0 Latent heat ash + char 1 1
Product gas from gasif. 70 75
Sum in 3772 2699 2763 Sum out 3772.1 2700 2763
Difference -0.2 -0.1
Relative difference 0.0 0.0 [%]

Figure 7-20: MILENA Excel model input and output flmmbustor.

7.10 Distribution of trace elements and pollutants

All biomass fuel contains many different trace edets. The most relevant are
chloride, sulphur and nitrogen. These elementsupnith the producer gas, flue gas
and ash. The distribution of these elements inflasribe heat and mass balance.
Especially the effect of nitrogen can be significaf@mission limits and
specifications of downstream equipment (e.g. asy@sne) impose restrictions on

these elements in the gas.
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Some types of biomass fuels (e.g. demolition woodale polluted with
stones, glass, nails, etc. These pollutants can bawegative impact on the

hydrodynamic behaviour of the gasifier and needetalischarged from the system.

Fuel bound nitrogen, sulphur and chloride:
Table 7.6 shows an indicative distribution of fuelubhd Cl, S and N between

producer gas and flue gas. The distribution is veerifrom a collection of
measurement data for clean wood and demolition wdde values should be
considered as indicative. They are intended to givempression of the distribution

only.

Table 7.6: Indicative distribution of the fuel balielements N, S and Cl to gaseous

compounds and ash.

N S Cl
compound fraction [%] compound fraction [%] compound fraction [%]
NH; 50 HS 60 HCI 20
HCN 10 COS 6
N> 30 Thiophenes 6
Tar 0,2 Tar -

Char 10 Char 23 Char 60
Fly-ash - Fly-ash 5 Fly-ash 20

The hydrogen cyanide (HCN) concentration in the poed gas was only
measured twice during a test with demolition woadTBe average concentration
was 4245 ppmV on dry basis. This was far highen teepected. The batch of
demolition wood used during the test contained latively large fraction of
particle board. The binders used in the partiolert are probably the source of the
high HCN concentration. Earlier tests in the ECN GFifier BIVKIN using a
mixture of chicken manure and wood showed a HCNtigat was approximately
lower by a factor of 10. The HCN measurements hbeéllrepeated in the future to
check whether the relatively high HCN concentratien representative for

demolition wood B.
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Thiophenes are always found in the gas in relatilely concentrations, but
this sulphur containing compound is hard to remwite technologies commonly
applied to remove §6. Therefore the concentration is relevant if thaigment
placed downstream (e.g. catalysts) is sensitiwgifghur.

The amount of HCI in the gas is strongly influentgdthe composition of
the bed material and the ash of the biomass, beazhleride reacts with several

(ash) compounds at typical MILENA process conditions

Bed pollutants:

Large pollutants in the fuel like glass, stones|snand screws end up in the riser
and are discharged from the system by a screwrsy3tee mixture of bed material
and pollutants is sieved to regain the bed matdfigure 7-21 shows an example
of the bottom ash discharge from the MILENA risdeatieving (> 0.7 mm). The
discharge is a mixture of bed material and larg#igh@s. Most of these particles

are molten glass particles covered with a laydyeof material (olivine).

Figure 7-21: Typical example of ash particles désgled from riser.

The size of the bed pollutant particles was largantexpected. According to
the fuel specification, particles above 25 mm stowdt be present in the fuel, but

in practice this appeared hard to achieve. The lpagécles were the cause for
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several problems with the ash discharge system. shigem was modified twice,

to be able to discharge the bed pollutants.

7.11 Flue gas quality

The flue gas leaving the MILENA is normally sent tetack after cooling and dust
removal and has to meet the local emission stasdHrd clean fuel is gasified the
standards normally include NC5Q, and dust emissions. The cleaned producer gas
normally is put in the same category as natural @abiogas. Therefore, after
combustion of the producer gas, the typical emmsdimits for natural gas or
biogas have to be fulfilled.

Table 7.7 gives an indication of the emissions fthmlab-scale installation
and the pilot plant when clean wood is used as fled emissions of CO strongly
depend on the air to fuel ratio. The concentratisesrsharply when the,@ontent
in the flue gas drops below 2 percent. The limitghie first column are given as an

example. Local emission limits for biomass plarasistrongly.

Table 7.7: Measured flue gas emissions

Limits Lab-scale Pilot plant

O, [vol.% dry] 11 4.2 5

CO, [vol.% dry] - 13.4 13

CO  [mgNm® @ 11 vol.% Qdry] 50 +30 <10
[mg/Nm ° @ 11 vol.% O

NOx 70 +120 +70
dry]

In the pilot-scale installation a bag-house filisrused at a temperature
between 100 and 200°C. The concentration of dusbwisenough to meet the

emission limits.
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7.12 Behavior of olivine as bed material

According to literature [1] olivine needs pretreatrh before it is active in tar
cracking. In the MILENA this is done by keeping thievine at 800°C for at least
12 hours in an oxidizing environment. However, adow to literature higher
temperatures are favorable [12]. The iron in theidi precipitates at the surface of
the particle because of this activation. Figure27gRes a good impression for the
time required to activate the catalyst. The figurepidts the measured
concentrations of the main compounds during a MILBB\scale test using small
beech wood particles. The test was done in Nover2d@8. The test was started
with fresh olivine from Austria. The Hand CQ concentrations increase over time.
The CO concentration decreases, even after 95 bbemtinuous operation when
the gas composition was still changing. The changgs composition is a result of
the more active catalyst. After 100 hours the gaposition is close to the
theoretical CO shift equilibrium. Similar behavias observed during other lab-

scale tests using olivine.
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Figure 7-22: MILENA lab-scale duration test gas position.

The influence of the type of bed material and opsgatonditions on tar

production are described in paragraph 7.6.



Experiments 169

Transport of oxygen from combustor to gasifier riser

After the first tests with olivine it was noticeldat the balance for oxygen over the
gasifier riser and the combustor was incorrect.tifaur analysis of the results
showed that transport of oxygen from the combuiahe gasifier riser was the
most logical explanation. The iron in the bed mateoiidizes in the combustor
and reduces in the gasifier riser. This results inet transport of oxygen from
combustor to gasifier riser. These findings agre@tl data in literature [2, 13],
but exact figures or relations to quantify the antaef oxygen transported were not
given in literature.

From the different tests the amount of oxygen arted by the olivine was
calculated to be equivalent to an ER of 0 — 0.¥@tal MILENA solid circulation
rates as described in paragraph 7.3. This equéls @3 mass% of oxygen added
to the riser per kg of the circulating bed materkiagure 7-7 shows the methane
yield as function of ER. The ER varies from 0 to ®art of the oxygen came from
the circulating bed material and the other part a@dded as air. Oxygen transport
was observed in the lab-scale installation with tAas olivine and Norwegian
olivine, but the amount varied strongly. During fhiot-scale experiments (mainly
using demolition wood and Norwegian olivine), thmaaint of oxygen transport
was much lower. It is not clear what causes thierdihces in the amount of oxygen
transport. Further research is required to deterntie influence of the oxygen
transport.

For the design of the MILENA 10 MWdemonstration plant the amount of
oxygen transported was assumed to be 0.1 massbe afirculating bed material

for the case where olivine is used as bed material.

Consumption of olivine:

A major drawback of the use of olivine is the cangtion of this bed material.

Olivine is more sensitive to attrition than sandheTdevelopers of the FICFB
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Gasifier in Gussing have put a lot of effort in mizing the consumption of
olivine.

The first tests in the pilot plant with olivine shesvan excessive los in bed
material. This was caused by the large fractionioéd in the fresh Austrian
olivine. For this reason it was decided to chamgBlorwegian olivine, which was
available without fines. After the switch in bed teraal the loss in bed material
from the combustor was reduced to an acceptabtd thapproximately 2 kg h
A further reduction is expected from an increasbaight of the freeboard as it is
planned for the demonstration plant. The heightefreeboard of the pilot plant
was restricted by the building were it is placed avas lower than theoretically

required (see chapter 6).

7.13 Agglomeration

One of the major operational problems in fluidizei combustors and gasifiers is
agglomeration of the bed material. Bed agglomenatian result in de-fluidization
of the bed which normally leads to local tempemteviations. This can result in
local melting and will finally lead to a completbutdown of the installation.
Agglomeration can be divided into type | and typeagglomeration. Type |
agglomeration is best described as deposition ediagglomeration and type Il as
melt induced agglomeration (see chapter 2.4). brurgyalkali components from
the fuel, mainly potassium (K) and sodium (Na), e most likely source for type
| agglomeration. Type Il agglomeration was oftesated after tests in the ECN
CFB gasifier BIVKIN. The main reason for this typeagglomeration in the CFB
gasifier was probably the high char content inrdector. Because of the limited
fuel conversion in a CFB reactor the remaining desds to accumulate in the
reactor. Figure 7-23 gives an impression of thewarhof char accumulated in the
ECN CFB BIVKIN gasifier when wood pellets were usedfuel. This sample was
taken from the sand circulation system after cagpldown of the reactor. The

operation was shut down without going into comlmrstnode. The large particles
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are all char particles from wood pellets. As carséen from the picture the volume
of char is relatively high compared to the voluméed material (the small 0.5 mm
particles). The high char/bed material ratio inse=athe chance of local hot spots
at locations where air is added. Local hot spotsresult in local ash melt which
will result in type Il agglomeration. Char accunteth was reduced in the ECN
CFB gasifier by milling the wood pellets.

Figure 7-23: Circulating bed material from ECN Cg#sifier BIVKIN after test using wood

pellets as fuel. Sand of 0.4 — 0.6 mm was usedigmal bed material.

The design of the MILENA prevents char accumulatiod kxcal hot spot.
Because the char is completely combusted in the BBBibustor. Type Il
agglomeration, caused by excessive accumulatichafis therefore prevented.

Another causes for type Il agglomeration can beingebf fine ash particles
which are in the biomass or melting of glass pksicGlass particles are a very
common pollutant in demolition wood. Tests with déitram wood (B-wood) were
done to investigate the behavior of the glass glastiin the MILENA gasifier.

Figure7-24 shows a picture of the bottom-ash discharged tramiser.
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Figure 7-24: Bottom ash riser, produced during démo wood B test.

Most of the glass particles were coated with a thyer of bed material
(olivine). This is shown in Figure 7-25 in more akThe coating prevents sticking
of the molten glass particles to each other. Theeceof the particle consists of

partly molten glass. The edges are covered withniiaterial.

Figure 7-25: Close-up of broken glass particle.

Figure 7-26 shows what happens with glass partioléise bed (from left to
right). The raw glass particles are heated to p®temperature and get sticky. The
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bed particles stick on the glass surface untilghdicles are completely covered

with bed patrticles.

T T
Figure 7-26: Various stages of bed material cogeoihglass patrticles.

During one demolition wood gasification test pairttiee fuel was screwed
directly into the combustor/sand transport zonthefMILENA reactor, because of
a mechanical failure of the riser reactor. Aftas ttest type Il agglomerates where
found in the reactor, but the phenomenon was na&emed during normal
operation.

Fast growing biomass crops like grass have a velgtihigh content of
potassium and silicon. Even without an interactiathwhe bed material the ash
from the biomass can form a melt at normal opegatemperature, resulting in
type Il agglomeration. Several tests were done eddtively low gasification
temperatures to see if the MILENA gasifier is sugator such fuels. A summary

of the results is given in Table 7.8.

Table 7.8: Agglomeration results.

Fuel Test duration Tgasfier Bed material Agglomeration
[-] [hours] [°C] ] [-]

Beech wood > 1500 800 - 870 sand/olivine No
Wood pellets (clean wood) ~ 20 800 - 870 sand/olivine No
Demolition wood ~ 50 800 - 870 olivine No/Possibly
Wood sewage sludge mixtures = 20 800 - 870 olivine No
Sewage sludge <10 ~ 800 olivine Yes
Wood lignite mixtures ~ 20 850 olivine No
Grass <5 648 — 700 sand Yes

Digestate pig manure + corn <5 649 — 700 sand Yes
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Straw ~ 10 650 - 700 sand No

Type Il agglomerates were found after tests with algimn wood B in the
pilot plant. During that test the ash dischargetesysbecame blocked. Glass

particles accumulated in the reactor.

7.14 Alternative fuels

One of the attractive features of fluidized bedifgas is fuel flexibility. The
development of the MILENA gasifier is focused omgsioody fuels, because this
type of fuel is widely available and the other nedi gasifiers (FICFB and
SilvaGas) reported successful results using woadisf Other (biomass) fuels are
suitable as well, at least in theory.

A limited test program was done using alternativel$ to get an impression
for the suitability for gasification in the MILENAeactor. All tests described in this
paragraph were done in the lab-scale installation.

Torrefied beech wood particles were tested oncéenldab-scale MILENA.
The fuel behaved similarly as dry wood.

Grass was tested in the lab-scale MILENA severaleginat different
temperatures. At normal gasification temperatug&€® (— 850°C) the bed material
(quartz sand) agglomerated. The reactor wall cfeadffered from corrosion,
probably due to the high chloride content of thedugrass. Further lab-scale tests
are planned at lower gasification temperatures (65@00°) to prevent these
agglomeration problems.

A mixture of sewage sludge granules and clean waasltested successfully
in the lab-scale installation. Pure sewage sludgelted in bed agglomeration.

Lignite/wood mixtures were tested more extensive. rEselts are described

below.

Lignite/wood mixture:
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Lignite is the type of coal that has most similastwith wood. It has a high content
of volatile matter which makes it suitable for cemsion in the MILENA reactor.
The global reserves of lignite coal are enormous e fuel has a bad reputation
because the mining of the fuel destroys local leapes and many of the (older)
power stations firing lignite do not meet presesy émission standards.

Co-gasification of wood and lignite in the MILENA rfehe production of
SNG can be attractive, because the production @ #§m biomass can be GO
negative if complete CQOsequestration is done. It was calculated thatouSt
weight percent of wood can be replaced with lignitéhout a net fossil CO
emission [14].

Because of the lower volatiles content comparesidod the yield of char is
higher than the char yield for wood. This will réso excess heat production in the
combustor. To limit this heat production a mixtufenmod and lignite was used
during lab-scale tests. Table 7.9 shows the fuelposition of the beech wood and

lignite used during the tests.

Table 7.9: Composition of beech wood and lignitéhia tests.

Beech wood chips Lignite

C [wt. % a.r.] 45.7 55.0
H [wt. % a.r.] 55 3.9
O [wt. % a.r.] 38.6 25.1
N [wt. % a.r.] 0.27 0.61
S [wt. % a.r.] 0.054 0.260
Cl [wt. % a.r.] 0.045 0.013
Ash [wt. % dry] 0.9 3.8
Water [wt. % a.r.] 9.0 13.4

Volatiles [wt. dry] 82 49.2
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Table 7.10 shows the measured gas composition rhb&ood and a mixture of

beech wood and lignite. The tests were done withriumsolivine as bed material.

Table 7.10: Measured gas composition for beech vemolddbeech wood/lignite mixture

Percentage of lignite [wt. %] 0 55
CO [vol.% dr.] 37.2 23.3
H, [vol.% dr.] 21.2 36.2
CGO, [vol.% dr.] 18.9 22.6
CH, [vol.% dr.] 12.1 8.2
CoH; [vol.% dr.] 0.4 0.2
CoHy [vol.% dr.] 4.6 2.9
CoHs [vol.% dr.] 0.4 0.2
CeHs [Vppm dr.] 8290 6787
C/Hs [Vppm dr.] 1332 1009
N> [vol.% dr.] 4.4 4.4
Class 2 tars [mg N 4842 1674
Class 3 tars (excl. toluene) [mg Nin 580 241
Class 4 tars (2 & 3 ring) [mg N 13801 9157
Class 5 tars (4 & 5 ring) [mg N 2666 1745
Unknown tars [mg N 8450 3271
Total tar (excl. toluene) [mg N 30340 16088

The gas quality improved with respect to the amoahttars, if the

wood/lignite mixture is compared to pure wood. Thestrelevant parameter in the

design of a commercial unit is the carbon conversibthe fuel mixture, because

this strongly influences the heat balance. If toacimheat is produced, external

cooling of the MILENA combustor is required. Fronettests it was observed that

the carbon conversion declines when lignite is fagaki This was to be expected

because the volatile content of lignite is lowerthhe volatile content of biomass.

The lab-scale tests showed that co-gasification @ddMignite mixtures is

possible. A positive surprise was the lower tarcemtration. Further testing on lab
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and pilot-scale is required to explain the redutaedconcentration and to produce

more reliable data required for scale up of thegss.

7.15 Upgrading of the gasinto Bio-SNG
Research on upgrading of the MILENA producer gas Bib-SNG is an ongoing

activity at ECN. A lot of experimental work is dooe removing trace levels of
pollutants before the catalytic conversion of the gito CH.The experiences from
this experimental work are used to predict to flei@-SNG gas composition.

The output of the updated MILENA model as descrilmeplaragraph 7.9 was
used to calculate the gas composition of Bio-SN@&rathethanation and upgrading.
The calculated overall efficiency excludes eledlyidonsumption and electricity
production from excess heat.

The producer gas after the OLGA gas cleaning is éurtfeaned (complete
removal of S and CI) and the hydrocarbons are atenet atmospheric pressure
into CH,;, CO, CQ, H, and HO. Water is added to prevent formation of soot, CO
and water are partially removed from the gas aedgts is compressed to typical
methanation pressures (e.g. 40 bar). Conventioe#thanation processes are used
to convert the gas to Bio-SNG. After water remowed gas is ready for gas grid

injection. Table 7.11 shows the calculation results.

Table 7.11: Final Bio-SNG composition

CcO [vol.%)] 0.0
H, [vol.%] 1.2
CO, [vol.%)] 0.4
O, [vol.%] 0.0
CH, [vol.%] 934
N, [vol.%] 4.6
LHV [MInm?® 337
HHV [MJ nm®]  37.4
Overall efficiency (LHV) basis [%)] 68.3

The overall efficiency on LHV basis can be increasedover 70% by

integrating a dryer that uses low temperature waesst from the process.
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7.16 Discussion and concluding remarks

Oxygen transport from the combustor to the risestils not well understood. The
behavior of the MILENA gasifier when olivine is usednot predictable at the
moment. Luckily the overall effect of oxygen trandgpon the mass and heat
balance and the gas composition is relatively IBar. the basic engineering of the
MILENA demonstration plant this uncertainty was taketo account by making
different cases: one with sand as bed materiabiygen transport) and one with
an ‘active’ olivine.

The carbon conversion as function of temperature determined from
experiments in the lab-scale installation and pgtant. It must be noticed that
during some of the experiments done in the pilahplfuel might have leaked into
the combustor. This results in a lower calculatedb@a conversion. New
experiments are scheduled to verify this.

The main aim of the MILENA development was to arraea reliable
biomass gasification technology that can be scajfedo over 100 MW and to
produce a gas that can be upgraded to Bio-SNGawlitigh overall efficiency. The
experiments done in the lab-scale installation pitmt plant have shown that the
MILENA concept is capable of doing that. The desigiswnade is such a way that
the scale up is relatively easy and pressurizedatipa is possible. Experiments
have shown that the process operates as expectacanty fuels. Experimental
data were used to modify the MILENA model. The miopdifions were modest.
The model is usable to predict the gas compositimh the heat balance for the
MILENA gasifiers operated between 770 and 880°C atrdospheric pressure
using woody fuel. The model / relations can be ukedcomparable biomass
fluidized bed gasifiers as well (e.g. BFB and CF&sifers), but experimental
verification is recommended. The updated model shithat an overall efficiency
of 68% can be achieved from wood with 25 wt.% mwoisto SNG. The efficiency
can be increased by integrating a dryer that usesanheat.

Accumulation of char results in (type Il) agglomeya. Accumulation of

char can be prevented by combustion of the chais aone in the MILENA
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concept. Lab-scale and pilot-scale experiments lsheg/n that agglomeration is
not an issue in the MILENA reactor when clean woagsls are used. Several tests
with other fuels have shown that agglomeration lsaran issue. Further tests are
scheduled to identify the suitable fuels and opegatonditions for the MILENA
reactor.

Olivine is the standard catalytic bed material usededuce the tar yield of
fluidized bed biomass gasifiers. It was observeat thfferent batches of olivine
behave differently. The results in tar reductiorthe MILENA are disappointing.
This is probably due to the relatively short contaoes between the catalytic bed
material in the riser reactor and the produceragespared to BFB reactors which
are normally used in combination with olivine. Itasv observed that catalytic
activity of olivine increased over time, but thissvonly observed in the lab-scale
installation using clean wood. Better pretreatnaativation (higher calcination
temperature) of the olivine will probably lead tetter results. The origin of the
olivine also influences the tar concentration ia groducer gas, but this was not
subject of the work described in this thesis. Thieaber of olivine (and of other
catalytic bed materials) will be a topic of futussearch.

Because of the relatively high tar content of th&LBNA producer gas
additional tar conversion or removal processeseaqaired to make the gas suitable
for gas engine operation or Bio-SNG production. TGeGA tar removal
technology has been used successfully by ECN toverthe tars to an acceptable

level.
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Chapter 8

Conclusions and outlook

8.1 Conclusions

Tests in the lab-scale and pilot-scale MILENA gassfigrave shown that the
MILENA technology is suitable for conversion of wgodiomass into a
combustible gas with high efficiency. The residasi is virtually carbon free (< 1
wt.% C), which means that the loss in heating valiuthe residues including the
ash is close to zero. The yield of hydrocarbons,(@H, and GHg) is relatively
high, which has a positive effect on overall efiacy if the gas is used for power
generation or production of Bio-SNG. The £tbncentration in the producer gas is
higher than the target concentration of 12 vol.%emvBteam is used as gasification
agent in the riser.

Measurements have shown that the gas exchange dretwweenbustor and
riser gasifier can be below 1%, limiting the dbntent in the producer gasto 1 — 3
vol%.

The Cold Gas Efficiency (CGE) on LHV basis, definedresenergy content
of the cleaned gas (free of tars) divided by thergy content of the biomass
entering the gasifier varies between 79% for cleaod with 25 wt.% moisture
and 82% for wood with 10wt.% moisture. A furthecriease in cold gas efficiency

is possible by integrating a biomass dryer, reagctar to the gasification reactor,
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instead of the combustion reactor, or an incremseadmbustion air pre-heat
temperature.

The scale up from the 30 k\lab-scale to the 800 kyV pilot-scale
installation was without major problems for the g@ss related issues. The gas
composition and heat balance were up to the exjp@tsa All major problems were
related to mechanical failures. Solving the proldewlated with thermal stresses
took most of the time. They are still topic of angomg optimization program.
Fuel and bottom ash handling is the other majoliege.

In several duration tests clean wood was used @safud quartz sand or
olivine as bed material. Agglomeration of the bestenial was not observed to be a
problem. Demolition wood contains several pollusanthich can cause bed
agglomeration, but the first 50 hours of testspgisa relatively poor quality of
demolition wood with a lot of plywood, particle lkdaand glass pieces, showed
that bed agglomeration can be prevented. A longeatiwn tests (1000 hours) is
scheduled for the end of 2010 to prove that the MIAE)sifier can run for a
prolonged period using a relatively difficult fuglemolition wood B).

The tar content of the MILENA producer gas is rekivhigh (20 — 40
gram nn? dry). The use of a catalytically active bed matdika olivine has only a
modest effect on the tar concentration. This idabty due to the relatively short
contact time between the gas and the catalyst caupga Bubbling Fluidized Bed
reactors and the low steam to biomass ratio. Thginomf the olivine also
influences the tar concentration in the produces; fat this was not subject of the
work described in this thesis and requires moreaieh. Tar removal technology
like the OLGA is required to clean the gas beforeait be used in gas engines or
upgraded into Bio-SNG.

During tests with olivine as bed material, transpafr oxygen from the
combustor to the gasifier was observed. This isaerilry oxidation and reduction
of the iron in the olivine (chemical looping). Tla&nount of oxygen transported
varied strongly. More research is required to daeilee what parameters influence

the transport of oxygen.
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Many of the lab-scale tests and most of the pitaies tests were done with
the OLGA tar removal technology connected to theifga to clean the gas. The
relatively high concentration of tar can be suéfidly reduced by the OLGA gas
cleaning technology. The removed tar is used inctmbustor of the MILENA to
provide part of the required heat.

The MILENA Excel model was verified using data froiffatent tests at lab
and pilot-scale, using different fuels and diffardoed materials. Only small
modifications were required. The MILENA model can nbe used for “normal”
operating conditions (gasification temperature leetv 770 and 880°C and
atmospheric pressure) using woody fuel.

Empirical relations for hydrocarbon yields are alwagquired to model a
biomass fluidized bed gasifier. From literature yomlata for CH yield was
available. The relations for hydrocarbon yieldst teere determined for the
MILENA gasifier can also be used for comparable k@emgasification processes
(e.g. BFB and CFB gasification), but experimentarification is always
recommended.

The calculated overall efficiency from wood with 26.% of moisture to
Bio-SNG is 68% on LHV basis. A further increase t@n70% is possible by

integrating a biomass dryer that uses low temperataste heat from the process.

8.2 Short term outlook

HVC and ECN are preparing a MILENA demonstration fiEsito be operated on
demolition wood B (painted wood), in combinatiorttwDLGA gas cleaning. The
cleaned gas will be used in a gas engine to probdaaé and electricity. The Bio-
CHP demo is considered to be a crucial intermediie towards commercial Bio-
SNG plants. After a successful CHP demonstratiothén scale-up to a 50 My
SNG demonstration unit is foreseen.

The basic engineering of the MILENA demo plant isisined. The final

decision for realization will be taken after a 1080ur duration test in the
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MILENA and OLGA pilot-scale installation at ECN, ugidemolition wood as a
fuel. The demo plant will be built in Alkmaar nextthe waste incinerator and the
biomass combustion plant of the HVC group.

Several suppliers of major parts of the MILENA gasifivere consulted to
make an accurate cost estimate for a commercitd 8t ENA reactor. This cost
estimate has shown that a Bio-CHP configurationethasn the MILENA
technology is economically viable if the Dutch sdigson sustainable electricity
(SDE) is available for this demonstration plant. MieEENA demonstration was
designed for a net electrical output of approxiyag2— 3.5 MW.. Residual heat
will be used in the local heat grid. The demonsiragplant is not optimized to
electrical efficiency, because residual heat candael.

Special attention was given to the steel insertcivhseparates the
gasification and combustion zone. The steel inseekposed to high temperatures
(approximately 900°C) under oxidizing and reduciognditions. A thermo-
mechanical analysis was made using finite elemeftivare to check whether the
structure could support the mechanical stresses fprolonged period of time.
Several suppliers were consulted. Different commématerials were offered that
are expected to be enough corrosion resistant uhdewperating conditions. Now
the expected lifetime of the insert is more thayear. The mechanical design is
made such that replacement of the insert is easye Of the aims of the
demonstration project is to test what lifetime bamachieved.

Figure 8-1 shows the integrated demo-plant withftleé bunkers, MILENA
gasifier, OLGA gas cleaning, start-up flare, gagiees and containers to test the

upgrading of the gas into Bio-SNG.
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Figure 8-1: MILENA demo plant

After a successful demonstration period the MILEN®-BHP technology
will be ready for commercial application. The nextape will be a commercial
scale (50 MW,) MILENA Bio-SNG demonstration.

8.3 Longterm outlook

At the moment large scale biomass combustion plan®® MW,) have the highest
efficiency to electricity (approximately 30%), but practice use of the residual
heat is difficult, because of the large scale. $s@dle combustion plants have a
higher overall efficiency (electrical + thermalgdause their capacity is normally
based on the local heat demand. Electrical efficgsntor small scale (<5 MW
biomass boilers are in general low with typicak#ieal efficiency between 10 and
25% on LHV basis.

Gasification offers the option to use gas engirsGombined Heat and
Power production (CHP). The advantage of a gasneng the high electrical
efficiency, even at a small scale (< 5 MWPower production is normally the
economical driver for a Bio-CHP installation, soh@h electrical efficiency is

beneficial.
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The electrical efficiency of Bio-CHP’s using gas#imn technology can
vary significantly. The efficiency is strongly inBaced by the type of biomass,
water content of the biomass, scale of the insialiatype of gasifier, type of gas
engine, level of integration and emission limitgyUfe 8-2 shows the calculated net
electrical efficiencies for MILENA based Bio-CHP'Bhe fuel is demolition wood
with 20% moisture. The scale is based on the seledt two 2 MW, gas engines

Residual heat is used for district heating.
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Figure 8-2: Calculated efficiencies of MILENA BioHP configurations

The left column shows the efficiency assuming tradpcer gas is fired in a
gas engine (GE). Adding an Organic Rankine CyclR@Pincreases the electrical
efficiency significantly. A further increase can laehieved by integrating a
biomass dryer. The right column shows the calculatédiencies assuming wood
with 40% moisture is dried to 20%. The MILENA gas imeg (+ORC)
combinations offers a significantly higher efficggn than combustion based

processes at a typical scale of 3 — 10 M\W®br large scale applications a gas
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turbine in combination with a steam cycle needsejplace the gas engines, to
further increase overall efficiency and reduce gpeavestment costs.

The production of Bio-SNG from woody biomass is thajor driver for the
development of the MILENA technology at ECN. The congmm of different
biomass gasifiers in chapter 4 has shown the dweffadiency from wood to Bio-
SNG will be significantly higher if an Indirect gaser like the MILENA gasifier is
used. The net overall efficiencies on LHV basigjuding electricity consumption
and pretreatment but excluding transport of bionaass54% for Entrained Flow,
58% for CFB and 67% for Indirect gasification. Eificcy can be further increased
by integration of a biomass dryer using waste Hean the process and by
increasing the operating pressure of the gasifier.

Pressurized gasification can reduce or preventggneonsumption by a
producer gas compressor. The investment cost afge linstallation can also be
reduced by pressurization because equipment wilkrballer. A possible side
effect is an increased yield of methane/other hyafoons at elevated pressure.
Tests are required to verify this.

ECN plans to extend its work on MILENA pressurizedifieation. The
reactor concept is designed in such way that pression to a pressure between 3
and 7 bar is relatively simple, because the pro@dEs place in one vessel.

The general interest is Bio-SNG is increasing. Ssvdarge utility
companies are studying the option to produce BiG3tdm woody biomass. A 20
MWy, demonstration using the FICFB gasification techgyl is prepared in
Goteborg. The HVC ECN consortium plans to demorsstaab0 MW, SNG plant
based on the MILENA gasification technology in 20Experimental work will
focus on testing the required catalysts as wefired gas conditioning steps that

are required for upgrading the gas into Bio-SNG.
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