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Abstract

With today’s growing awareness of human caused climate changes there is a big interest to replace
fossil fuels with renewable fuel sources, such as biomass fuels. For power production biomass are
traditionally combusted in small scale facilities which uses a steam cycle. The electrical efficiencies
for such facilities are relatively low. By gasifying the solid biomass to syngas it can be used for
running a gas turbine. The gas turbine can then be combined with a steam cycle which could increase
the electrical efficiency.

The purpose of this master thesis was to investigate the electrical efficiency of biomass integrated
gasification combined cycle and compare this to current facilities using the Rankine-cycle. The work
was carried out in two steps, the first step was a literature survey and the second step was to model
an integrated gasification combined cycle plant.

The literature survey covered different gasification technologies, gas turbine operation, gas cleaning,
fuel drying etc. Equilibrium modelling of the gasification process was also investigated in the
literature survey. From the survey the concept of pressurized indirect gasification was chosen for the
second part of the work. The models and simulations are made with the software IPSEpro, which is a
simulation environment for energy engineering.

The air needed for the combustion chamber in gasifier was supplied from the gas turbine’s
compressor. The drained mass flow corresponded well to the increase in the fuel mass flow to the
gas turbine. The mass flow through the turbines thereby was kept close to the design case. When
fuel drying was integrated this lead to a reduction in the power output but the electrical efficiency
increased. The increase is explained by the fact that the efficiency is calculated on the lower heating
value of the fuel. The results for the electrical efficiencies were in the region of 45-50% which is
higher than for conventional power plants using biofuels. However an integration of a gasification
unit will create a very advanced system.

Finally the gasifier model was adjusted for atmospheric operation. This resulted in lowered electrical
efficiencies compared to those of the pressurized configuration.
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Abbreviations
BFB
BIGCC
CFB
CGE
CHP
coT
DFB
DME
GROT
HHV
HRSG
IGCC
LCV
LHV
MCV
MFV
ORC
RDF
SCR
SNG
TIT

Chemical
C

CH,

co

Cco,

H,

specific heat capacity, J/(kg-K)
power output, MW
Gibbs free energy change, J/mole

Gibbs standard free energy change at temperature T, J/mole

enthalpy, J/kg

heat of formation at 298 K, kJ/mole
equilibrium constant, -

mass flow, kg/s

number of moles, mole

pressure, Pa

reference pressure, 1.013 kPa

heat output or heat loss, MW
universal gas constant, 8.314 J/(mole-K)
temperature, K

fuel input, MW

molar fractions, -

mass fractions, -

efficiency, %

Bubbling Fluidized Bed

Biomass Integrated Gasification Combined Cycle

Circulating Fluidized Bed

Cold Gas Efficiency, %

Combined Heat and Power
Combustor Outlet Temperature
Dual Fluidized Bed

Di-Methyl Ether

GRenar Och Toppar (Swedish)
Higher Heating Value, MJ/kg
Heat Recovery Steam Generator
Integrated Gasification Combined Cycle
Low Calorific Value, MJ/Nm?
Lower Heating Value, MJ/kg
Medium Calorific Value, MJ/Nm?
Minimum Fluidizing Velocity
Organic Rankine Cycle
Refuse-Derived Fuels

Selective Catalytic Reduction
Substitute Natural Gas

Turbine Inlet Temperature

Carbon H,S
Methane N,

Carbon monoxide NH;
Carbon dioxide NO,
Hydrogen H,O

viii

Hydrogen sulphide
Nitrogen
Ammonia

Nitrogen oxide
Water



1 Introduction

Today’s growing awareness of human caused climate changes leads to interest in ways of producing
electricity without creating a negative impact on the environment. One way to produce energy
without adding to the global warming is by the use of bio-fuels. With a growing demand of electricity
the available biomass must be used in the most efficient way.

1.1 Purpose

The purpose of this thesis is to investigate the possibilities of a biomass gasification integrated
combined cycle (BIGCC) power plant. The main purpose is to compare the electrical efficiencies of a
conventional bio-fuelled power plant with a BIGCC-plant. Different types of integration will be
developed and compared to each other. Also practical issues regarding gasification are discussed.

1.2 Method

The first step of the project was a literature survey. This survey comprised different types of
gasification technologies, existing plants today, and practical issues regarding gasification such as gas
cleaning, fuel drying and gas turbine modifications. From the literature survey a gasification
technology was chosen. The literature survey also contained the theory of equilibrium modelling of a
gasification process.

The second part of the study involved the development of a gasifier model and the integration with a
combined cycle. This was done with the help of IPSEpro, a commercially available program used for
modelling and analyzing processes in energy engineering. In IPSEpro a gasifier model was developed
and integrated with a combined cycle.

1.3 Delimitations

There are several types of gasification technologies available today. Because of the time aspect only
one of them has been studied. The gasifier model is limited to an equilibrium model even though
equilibrium may not be achieved in the real process. The model of the gas turbine is created with
components already available from IPSEpro. This means that the gas turbine model will not consider
any changes in the type of fuel. The isentropic efficiencies for the compressor and the turbines are
assumed to be constant. Neither will a change in mass flow be considered in terms of changed
pressure ratios etc. No economic calculations are made in this thesis. The different solutions are only
evaluated from a thermodynamic perspective.

1.4 Outline

Chapter 2 is a summary of the literature survey which gives a basic description regarding different
types of gasification processes, practical issues concerning the integration, gas cleaning, existing
plants, fuels, biomass drying and other applications for gasification. Some examples of different bio-
fuelled power plants and their electrical efficiencies are also given so that the comparison to the
BIGCC can be made.

Chapter 3 is a description of the theory behind an equilibrium model and the assumptions made
during the modelling.

Chapter 4 describes how the different components in the BIGCC-plant are modelled and the
assumptions that are made.

In chapter 5 the different configurations of the BIGCC-plants that were developed are described.



Chapter 6 is the result chapter were the results obtained from the different concepts are presented.

In chapter 7 the results from chapter 6 are discussed. Here the different solutions advantages and
disadvantages are compared and evaluated.

Chapter 8 is the conclusion chapter were the conclusions made from this work are listed.
Chapter 9 is the reference chapter.

In the appendices the calculated equilibrium constants and the flow sheets of the different
configurations are attached.



2 Gasification and integration

2.1 History of gasification

The term gasification applies for the conversion of different carbon based fuels into a gaseous
product with a useable heating value. Thus combustion cannot be regarded as gasification since the
product gas lacks heating value. The technologies of pyrolysis, partial oxidation and hydrogenation
are included in gasification. Therefore the different techniques for gasification are varying and much
dependent on the source of fuel and the desired product.

The first commercial use of gasification started with the foundation of the London Gas, Light and
Coke Company in 1812. Town gas was produced through pyrolysis of coal or by the water gas
process, where coke was converted into a mixture of hydrogen and carbon monoxide. The town gas
was first used for illuminating and later on also for space heating. But the use of town gas for lighting
became unnecessary when the light bulb was introduced in the early 1900s. Later on cheaper natural
gas made the use of town gas for space heating redundant. Still, the technology of gasification was
useful for producing a raw material for synthesis of e.g. ammonia or methanol.

In the 1920s with the commercial introduction of the cryogenic air separator many of the
predecessors to today’s units were developed, the Winkler fluid bed process (1926), the Lurgi moving
bed pressurized gasification process (1931) and the Koppers-Totzek entrained flow process (1940s).
In the 1970s, with the first oil crisis, a renewed interest in the gasification technology took place.
Great investments in coal gasification took place, most of them with the aim of hydrogenating coal
directly to methane as a substitute natural gas (SNG). However most of these investments never
reached beyond the demonstration stadium and with lowered oil prices in the 1980s the
development of gasification once again stagnated.

As the energy prices once again started to rise in the early 2000s the possibilities of gasification once
again raised interest. Much of this interest has been directed towards the gasification of coal, for
instance to produce synthesis gas to be burned in a gas turbine. The acceptance for coal from an
environmental perspective is although not very high, especially with the growing awareness of
human caused climate changes. A climate neutral alternative is to gasify biomass, which offers
opportunities similar to those given by coal gasification [1].

2.2 Introduction to gasification

The main steps of the gasification process can be schematically described by figure 2-1 below.

Preprocessing Gasification Gas clean-up Gas utilization

of biomass & reforming

Size reduction. Heating. Cleaning of tar Gas turbine.
Drying. Chemical from syngas, Gas burner,
Preparation of reactions. Reforming of Fuel cell.
gasifying agents Catalysis the syngas, Combined heat
Catalysis and power

Upstream Gasification Downstream processing
processing

Figure 2-1. The principal steps of gasification [2].



By refining the solid biomass into a gaseous form several options for further utilization of the gas
appears:

e Using the gas as a fuel in gas turbines or gas engines.

e Creating synthetic diesel via the Fischer-Tropsch-process.

e Methanation to create Substitute Natural Gas (SNG)

e Creating a hydrogen rich gas.

e Chemical production, e.g. ammonia and ethanol.

Gasification occurs in a high temperature environment in the presence of an oxidation agent. Typical
oxidation agents are air, steam, oxygen or a combination of these. Heat is added to the process
either direct or indirect. The combination of heat and an oxidizer makes the large polymeric
molecules of which the biomass consist to decompose into lighter molecules and finally into
permanent gases. The product gas, or syngas, consists mainly of carbon monoxide (CO), hydrogen
(H,), methane (CH,4) and carbon dioxide (CO,). The syngas will also contain tar, char and other minor
contaminations [2]. The composition of the product gas is dependent on several different factors
such as, gasification temperature, oxidation agent, reactor type and biomass feedstock. Gasification
can occur with many varying types of solid biomass feedstock, e.g. wood chips, bark, paper mill
sludge, pelletized refuse-derived fuel (RDF) and straw. The choice of oxidizing agent strongly
influences the lower heating value (LHV) of the produced gas. If air is chosen as oxidizing agent it will
result in a low calorific value (LCV) gas (4-7 MJ/Nm?). Oxygen or steam as oxidizer leads to a medium
calorific value (MCV) gas (10-20 MJ/Nm?®). The later one is more appropriate as a feedstock for e.g.
synthesis of liquid fuels and chemicals while the previous is more suitable where the heat content is
not critical, for example in large boiler systems [3].

Instead of burning the produced gas in a conventional boiler it can be burned in a gas turbine which
gives the possibility of combining it with a steam cycle. This would enable utilization of the thermal
energy in the product gas and thus improving overall efficiency. Recent work has shown that
operation of gas turbines with a gaseous fuel with a LHV of somewhat above 20 MJ/kg cause no
major stability issues. However if gas with a lower heating value is used problems with a decreased
surge margin can appear [4]. To avoid this, modifications on the gas turbines have to be carried out
in order to maintain functionality of the unit. Such modifications will be discussed further on.

To be able to evaluate the performance of biomass gasification integrated in a combined cycle the
efficiency of both the plant and the gasification process has to be evaluated. The total efficiency of a
combined cycle with district heating is the plant’s total output, both power and heat, compared to
the total fuel input:

E+Q
Ntot = W (1.1)

The electrical efficiency is the plant’s total power output compared to the total fuel input:

E

Net = W (1.2)

Also the efficiency of the gasification process has to be evaluated somehow. Highman and van der
Burgt [1] give two possible efficiencies, the cold gas efficiency (CGE) and the carbon conversion, the
definitions are:

CCGE = Energy flow in syngas (MW) (- LHV )gyngqs
" Energy flow in feedstock (MW) CGE LHV ) feedstock

(1.3)



The clarification of which of the heating values, the low or the high heating value, that is used is
important. It should also be noticed that the CGE doesn’t take into account the sensible heat in the
syngas. The carbon conversion is defined as:

Carbon in gasification residue [kmol/h]

Carb ion=1— 1.4
arbon conversion Carbon in feedstock [kmol/h] a4

However care has to be taken when using both of these definitions of efficiency since they only leave
limited information about the process efficiency and the gas quality. For instance a process which
produces a gas with high methane content will have a high CGE. The high methane content makes
the gas suitable for power applications but it will not be suitable for synthesis to ammonia [1].

2.3 Gasification techniques

There is many different kind of technologies for gasification. The gasification process can for example
be either direct or indirect. In this section some of the most common gasification technologies are
described.

2.3.1 Moving/fixed bed gasifiers

This type of gasification has been used for a long time and the technology is quite simple and robust.
The bed is fixed in a compartment due to that the gasification fuel needs to be feed and the ash/char
retrieved; the bed “moves”. The size of the gasifier is limited due to problems with achieving a
homogenous bed. For a big gasifier the syngas quality and the amount of tar in the gas will vary due
to large variations in temperature along the bed. Advantages with the moving bed are that it’s
simple, robust and that is cheap to produce the gas. Disadvantages are the upscale limit, no real
process control and varying gas quality [5].

Downdraft gasifier

The fuel is fed from the top of the gasification compartment and the gasifying medium is introduced
from the side into a downward flowing packed bed. The principle of operation for the downdraft
gasifier is shown in figure 2-2. The gasifier has distinct drying, pyrolysis, oxidation and reduction
zones. The syngas has a low heating value due to the large amount of energy that is converted to
heat. Ash and syngas leaves the gasifier at the bottom through a grid where they are separated from
the fuel. Theoretically the product gas is supposed to have a low content of tar because of thermal
cracking in the high temperature zone. This does not have to be the case in a real process due to cold
spots in the combustion zone which comes from fluctuations in the fuel [5].
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Figure 2-2. The principal operation of a downdraft gasifying process [5].

Advantages:

The downdraft gasifier has a simple construction and is relative cheap to build. Low tar content
means little need for tar cleanup. No cyclone is needed for char and ash separation due to the ash
and char removal in the bottom of the gasifier. The syngas quality is good for such a simple process

[5].

Disadvantages:

This gasifier gives a high CO, content in the syngas which means low heating value due to
combustion of biomass in the process. Only small changes in fuel composition, particle size and
moisture content are allowed. Otherwise cold spots may occur in the gasifier which will lead to
higher tar content in the syngas. There is a risk of agglomeration in the gasifier and clogging of the
grid. It's impossible to optimize the gasifier because of the complexity of the inhomogeneous
gasification process [5].

2.3.2 Fluidized Bed Gasifiers

Fluidized beds have a moving bed of inert material. The most normal bed material is quartz sand with
a size distribution around 250 um. Other active materials may be used such as dolomite or blast
furnace slag if it can be supplied in large enough amounts. The sand/bed-material enhances the heat
transfer to the fuel particles and increases the mixing and kinetics, this will give an upswing in
gasification efficiency and fuel throughput. The risk for bed agglomeration when biomass fuels are
used makes it very important to exchange the bed material with proper intervals [5].

Air, oxygen, steam or a mixture of these can be used as fluidization agent where air is the most
common agent. The primary air speed must minimum be equal to the minimum fluidizing velocity
(MFV) if it’s lower the sand will not bubble. The MFV is when the pressure drop over the sand bed is
equal to the pressure the bed makes on the bottom of the reactor. If the velocity is the same as the
MFV the sand bed begins to flout and bubble, this is called a bubbling fluidized bed (BFB).



When the velocity is further increased the bubbles will burst at the surface of the bed. If the velocity
is increased furthermore the sand- and furnace particles will follow the gas stream up through the
reactor and in to a cyclone where they are separated from the gas. The gas leaves at the top and the
particles are lead back down to the sand bed. This is called a circulating fluidized bed (CFB) [5].

There is a high risk for agglomeration due to ash forming in this type of gasifiers. The ash that is
formed becomes sticky even at low temperatures and sticks to the sand. If nothing is done the
agglomeration will accelerate and cause the bed to defluidize. The agglomerated bed can form a
glass surface on the grid which usually is very hard to get rid of. To prevent this from happening the
bed material has to be changed in close enough intervals or an additive has to be added to stop the
agglomeration. The agglomeration is very temperature dependent and the agglomeration
temperature for a fuel is near the melting point for the ash. This is why high alkali content in the fuel
decreases the agglomeration temperature due to its lower melting point and increases the risk for
defluidization. Changing the bed-material or adding an additive will increase the total cost of the gas
production [5].

Bubbling Fluidized Bed (BFB) gasifier

Figure 2-3 shows the concept of a BFB-gasifier. The fuel and additional sand is feed into the sand bed
from the side of the gasifier. The gasification agent is inserted from the bottom with a velocity of 2-3
m/s to create bubbles up through the bed. The velocity of the fluidization agent is of great
importance for the size and the speed of the bubbles and the heat transfer between the fuel and
sand particles. The syngas leaves the gasifier at the top of the cyclone where sand and ash particles
are separated from the syngas. Fluidization agent can be air, oxygen, steam or a mix of these. The
fuel is mostly wood pellets and wood chips with different size and amount of moisture [5].
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Figure 2-3. Schematic description of a BFB gasifier [5].

Advantages:

This kind of gasifier has higher throughput than fixed beds. It allows good mixing, optimized kinetics,
good particle/gas contact and heat transfer. All this leads to high carbon conversion rates and
consequently high yields. The tar content is quite low. It is possible to use in-bed catalytic processing
due to the use of bed material. The BFB gasifier works with different particle size, fluctuations in feed
quantity and water content in the fuel. With intelligent fuel mixing the BFB gasifier may allow higher
temperatures, around 900-950°C. This temperature increase gives a decrease of tar in the syngas [5].



Disadvantages:
e High particle content in the syngas.
e Advanced technology, especially when pressurized.
e Agglomeration risk for biomass fuels.
e Large bubbles can lead to gas bypass through the bed [5].

Circulating Fluidized Bed (CFB) gasifier

Fuel is feed into a sand bed and the gasification medium enters from the bottom with a velocity of 5-
10 m/s, enough to get the fuel and sand particles to the top of the reactor, shown in figure 2-4. Some
of the particles will follow the syngas to the cyclone where the syngas is separated from the particles,
mainly consisting of char and sand. The syngas leaves the cyclone from the top. The char and sand is
then recycled to the bed material. Typical fuels that are used are wood pellet and wood chips.
Operation temperature and pressure is somewhere around 800-1000°C and 1-19 bar respectively [5].
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Figure 2-4. A typical Circulating Fluidized Bed Gasifier [5].

Advantages:

Isothermal conditions, good mixing, optimized kinetics, good particle/gas contact and heat transfer
as well as long residence time gives high carbon conversion rates and consequently high yields. The
CFB gasifier gives higher quality of syngas than a BFB gasifier and allows an even higher fuel
throughput than BFB gasifiers and fixed beds. It produces medium levels of tar content. The bed
material can be chosen so that it also functions as a catalyst for reducing tars. The CFB gasifier is also
tolerant to particle size and moisture content in the fuel. It is suitable for large scale, fuel capacities
over 10 MWy, and overall a very fuel flexible technique [5].

Disadvantages:

This process gives many particles in the syngas. It is an advanced technology which becomes even
more advanced when pressurized. Bed may agglomerate when using biomass. Intelligent fuel mixing
may be needed for safe operation at higher temperatures around 900-950°C. Too big particles
require high transport speed which can cause equipment erosion. Temperature gradients can occur
in the direction of the flow of bed material [5].



2.3.3 Indirect gasification

Indirect gasification means that the feedstock is not used for combustion in the gasifier to yield heat.
If the heat supply is done without partial combustion there is no need for a steady supply of oxygen.
Instead steam can be used to transfer heat from an external heat source to the feedstock. Steam as
the gasification agent creates an oxygen-free environment with very low levels of nitrogen. This will
lead to lower fixed nitrogen as well as a product gas with higher energy content. The big challenge
with indirect gasification is that the net reaction always is endothermic, so additional heat is required
in some way. There are some different ways to accomplish this; one way is by combusting a part of
the fuel by adding air or oxygen in the amount that is required. The gasification agent will now be a
mixture of steam and air/oxygen (direct gasification). Another way is to superheat the steam and/or
supply more steam to the gasifier. A third way is heating of the bed-region externally for example by
heat pipes, heat exchangers or by a separate combustion process that heats the sand-bed or ball-bed
directly and then re-injecting the bed material into the gasification process [5].

Most of the time indirect gasification gives higher heating values for the dry synthesis gas than
gasification with oxygen because of an increase of methane in the gas. The methane content
increases dramatically when using steam instead of air/oxygen especially at low temperatures, 800-
900°C, and high pressures, 20-60 bar. This is indicated in both reports and chemical equilibrium
calculations. The increase in methane is desired if the syngas is going to be used for power
generation with a gas turbine but not if it is used as a fuel catalyst where a methane reformer or
other techniques has to be used to decrease the amount of methane [5].

Indirect single stage gasification with steam reforming

The single stage indirect gasifier works as a bubbling fluidized bed except that it has a burner that
produces heat from a small portion of the product gas to gasify the feedstock. Steam blowing gives
heat transportation through the bed to the fuel. Fuel type varies from wood pellets and woodchips of
different size and moisture content to black liquor [5]. Figure 2-5 shows the schematics the gasifier.
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Figure 2-5. A indirect single stage gasifier with steam reforming [5].



Advantages:

The gasification agent is steam so there are very low levels of nitrogen present. This also gives the
produced gas higher energy content due to the lower nitrogen fixation. The gasifier has a high rate of
throughput and if the technical challenges are overcome, it’s potentially one of the most economical
gasification systems for large scale biomass power or fuel production [5].

Disadvantages:
e Complicated construction.
e High-temperature operation can cause material issues.
e Risk of ash problems.
e Large feeds of black liquor require a complex design.
e More appropriate for large scale.

Char Indirect, Two-Stage with Steam Reforming

This system consists of two connected circulating fluidized bed, see figure 2-6. One of the beds uses
steam as the fluidizing medium; this is the one which acts as the gasifier and produces the syngas.
The char and sand particles are separated from the syngas in a cyclone and are then feed to the
other bed which employs air as fluidizing medium. Here the char is combusted and the heat is
transferred back to the first bed via the sand after separation from the flue gas in a second cyclone.
The heat from the sand provides the needed amount of heat to gasify the fuel [5].
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Figure 2-6. A char indirect, two-stage gasifier with steam reforming [5].

Advantages:
e Low levels of nitrogen in the syngas due to the use of steam as oxidizing agent.
e A high throughput of fuel is possible.
e Good heat exchange due to twin fluidized bed.
e Interesting for scale up when used with gas clean up and heat recovery.

Disadvantages:
e Large scale applications.
e Complex construction.
e High investment cost.
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Dual fluidized bed (DFB) steam gasification

The dual fluidized bed technology was developed at Vienna University of Technology. The system
works as a bubbling fluidized bed connected to a circulating fluidized bed where the BFB act as the
gasifier and the CFB as a combustor to keep a high temperature on the bed material, figure 2-7
below show the principle of operation. When using steam as an agent there is no partially oxidation
of the fuel which leads to the need of an external heat source. The air blown CFB gasifier combust
the residual char coming with the bed material and additional fuel to generate enough amounts of
heat. After gas-solid separation the bed material is transported back to the gasification chamber. In
the steam blown bubbling fluidized bed the gasification process of drying, degasification, steam
reforming of degasification products and partially heterogeneous char gasification takes place at a
temperature of 850-900°C. The process gives a medium calorific product gas (12-14 MJ/Nm?) stream
as well as a flue gas stream. The biomass that serves as fuel is exclusively wood. This process is used
in GUssing and Oberwart, Austria, see section 2.4 [6].
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Figure 2-7. The DFB scheme [6].
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Advantages:

The syngas has very low levels of nitrogen due to the use of steam in the gasifier. There is also no
need for a steady supply of oxygen. Air is only supplied in the combustor and separated in the
cyclone as flue gas. This gasification system also has high throughput and the absence of nitrogen
lowers the nitrogen fixation which gives a product gas with higher energy content. Good heat
exchange by using a twin fluidized bed. This process is one of the most interesting gasification
systems for large scale biomass power or fuel generation if it's combined with gas cleanup and heat
recovery.

Disadvantages:
e Large scale applications.
e Complex construction
e High investment cost.
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2.4 Existing and planned gasification projects

There are some different plants based on various kinds of gasification technologies operating today.
For example indirect gasification and air-blown gasification are technologies that have been
implemented.

The world’s first biomass integrated gasification combined cycle (BIGCC) power plant was built by
Sydkraft in Varnamo, Sweden. The facility operated between 1993 and 1999, primary with wood as
fuel. The purpose of the project was to demonstrate a complete integration of a gasification facility
and a combined cycle power plant. The plant in Varnamo provided 6 MW of electricity and 9 MW
heat to the district heating system, from a total fuel input equivalent to 18 MW. In the seven years
the project was running the gasification part operated for 8500 h and for 3600 h as a fully integrated
system. The plant was able to run on different kinds of wood fuel and straws [7].

The gasifier type used at the Vdarnamo plant was a circulating fluidized bed (CFB) and consisted of a
gasifier, a cyclone and a cyclone return leg. The gasifier used about 10% of the air from the gas
turbines compressor for the fluidized bed. Before the air entered the gasifier it was further
compressed in a booster compressor. The re-circulated solids were burnt at the bottom of the
gasifier to keep the required temperature. The temperature in the gasifier was 950-1000°C and the
pressure approximately 18 bar. The electricity efficiency was 32% and the total efficiency 83%, both
calculated on the lower heating value of the fuel. The gas quality was as expected for the heating
value but the hydrogen content was slightly lower than expected. The methane content
compensated for the lower amount of hydrogen [7].
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Figure 2-8. Flow chart of the Viarnamo BIGCC-plant [8].

The future plans for the BIGCC-plant in Varnamo are to use RDF and other waste fuels, for example
waste tires. Production of clean hydrogen rich synthesis gas is another planed project. The pilot plant
will also be rebuilt to incorporate production of alternative motor fuels [7].
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The research and design semi-industrial plant in Glissing, Austria, built in 2002, has been a pre-model
for the commercial sized indirect gasification CHP-plant located in Oberwart built 2007. The Gissing
plant has a thermal power of 8 MW with combined heat and power. The Oberwart plant uses the
same type of steam blown dual fluidized bed technology as in Gissing. However there are some
major differences between Gissing and Oberwart. Oberwart has an integrated biomass drying
system that feeds the gasifier with biomass which now has the desired constant amount of water. In
Oberwart there is a different strategy of controlling the gasification temperature in order to
maximize utilization of the product gas. To get maximum electricity the residual heat from the
gasification process is converted to electricity by using an Organic Rankine Cycle (ORC).For power
generation two Jenbacher J-612 gas engines are used, each of them delivering about 1150 kW, and
650 kWy,. The Jenbacher J-612 is a twelve cylinder engine. The estimated electrical efficiencies for
the CHP-plant in Oberwart are 32%. The thermal power input is 8.5 MW, [9].

Carbona is planning to build a BIGCC-plant in Andhra Pradesh, India which is scheduled for
commissioning in October 2011 [10]. The technology used for this project is pressurized fluidized bed
gasification. The plant is going to use biomass wood from nearby plantations for fuel, for example
wood chips. The fuel moisture content before the gasifier is about 20 wt-% with a lower heating
value of 17.5 MJ/kg for the dry fuel. The gasifier will be feed with 210 ton biomass per day. The
power from the gas turbine and steam turbine is 9.5 MW and 4.0 MW respectively and the net
power is 12.5 MW. The estimated net electric efficiency is around 37% [11].
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Figure 2-9. The Andhra Pradesh IGCC process [11].

2.5 Practical issues concerning gasification and integration

As previously discussed an integration of the gasification process with a combined cycle could enable
a high efficiency. There are however some factors that has to be evaluated in order to have a well
functioning system.

e Operational parameters for the gasification process.
e Gas turbine operation on a LCV-fuel.
e Syngas cooling and steam production.
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2.5.1 Gasification pressure and temperature

The choice of gasification pressure is mainly determined by the downstream application. So if the
produced gas is to be used in a combined cycle the gasifier pressure can be chosen to match the
pressure required for supplying the fuel to the gas turbine. A slightly higher operational pressure
should be chosen to overcome pressure drops between the gasifier and the gas turbine [1].

The temperature of the gasification process is determined depending on the properties of the ash.
The temperature cannot exceed that of the ash melting temperature for fluid-bed gasifiers. This is
because ash-melting will give agglomeration problems [1].

2.5.2 Gas turbine operation

One of the major issues with a BIGCC-plant is the use of a LCV gas in a gas turbine designed for a fuel
with a high heating value, such as natural gas. If a fuel with a low heating value is used more fuel has
to be supplied to the combustion system in order to maintain the combustor outlet temperature
(COT). This leads to difficulties such as admitting the fuel to the burners, velocities, mixing and flame
anchoring. Since the fuel flow is increased to ensure the designed COT the total mass flow through
the turbine will increase as a consequence. For a single shaft machine Orbay et al. [4] show that if the
mass flow through the turbine is increased the pressure ratio of the machine is raised. If the pressure
ratio becomes higher the surge margin of the compressor will decrease. Surge is a condition which
involves reverse flow through the compressor and can damage the machine severely. Several studies
have been conducted on possible strategies for coming to terms with the problem of decreased
surge margin. Some of these strategies are listed below [12, 13]:

e The pressure ratio increase is accepted.
The compressor will operate at a higher pressure ratio which leads to a reduction of air mass
flow.
-Advantages
If no retrofitting of the gas turbine is to be
made this is the option that gives maximum
power and efficiency for an atmospheric
gasifier.

e De-rating
The gas turbine firing temperature is decreased.
-Advantages -Disadvantages
It is the simplest strategy since it involves no This will give serious negative effects on the
retrofitting. Also the reliability of the gas gas turbines efficiency and power
turbine will increase. production.

e Compressor bleed
Air is bled from the compressor discharge.
-Advantages
Gives small effect on the power production
and enables return to natural gas as a fuel.

e Redesign of the expander inlet nozzle
The inlet nozzle of the expander is modified to the new mass flow.

-Disadvantages

This is a very aggressive option because of
the decreased surge margin but also the
increased thermal loads and torque.

-Disadvantages
Might affect the distribution of air to the
combustors and cause frictional losses.

-Advantages
Gives the best performance of the gas
turbine.
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The BIGCC plant at Vdarnamo, Sweden used a Typhoon from ABB Alstom Gas Turbines. Modification
of the combustors and the burners were done prior to operation. The strategy adopted to handle the
decrease in surge margin was that of air bleed from the compressor. About 10% of the air was
extracted from the compressor. Evaluation of the gas turbine performance has concluded that it has
been able to operate under stable conditions [7].

2.5.3 Syngas cooling

The temperature level for many biomass gasification processes is in the region of 800-900°C [1].
Since the gas contains different contaminants it has to be cleaned before the gas can be used as a
fuel in a gas turbine. The different contaminants and approaches on removal of them are discussed
in section 2.6. The key issue is that all of these cleaning processes, even so called hot gas clean up,
will require temperatures far below those of the gasification process, therefore demanding gas
cooling. Gas cooling is also a way to make use of the sensible heat in the produced gas, for example
by producing steam. The most common types of gas cooler used in gasification systems are
conventional convection cooler, either the fire-tube boiler design or the water-tube boiler design,
with water/steam as cooling agent.

The fire-tube boiler is less expensive than the water-tube boiler but have some restrictions when it
comes to high-pressure steam. Since the steam pressure is almost always higher than the gas
pressure, the tubes, through which the hot gas passes, will be exposed to an external pressure. This
will limit the maximum steam pressure for the fire-tube boiler and depending on the design the
maximum steam pressures will be in the region of 100-150 bar. The flow of the hot gas in the fire-
tube boiler will be well defined because of the gas passing through the tubes. However the inlet has
to be designed taking into account that particulates is still present in the stream and may cause
erosion. Also the inlet has to withstand very high heat fluxes since there is a lack of cooling in this
region. Water-tube boilers will have a gas flow around the tubes that can be uneven, local areas with
very low gas flow velocities can cause particulate accumulation [1].

Fouling of the heat exchanging surfaces is undesirable because it will lead to decreased heat transfer
rates. This can eventually lead to too high temperatures of the gas passing to downstream
applications ultimately damaging this equipment. Even if well defined flows are ensured particulate
accumulation cannot be completely avoided. Therefore regular clean up of the heat exchanger may
have to be performed. The Wabash IGCC-plant in the United States uses a fire-tube boiler for gas
cooling. They reported that scheduled removal of deposits in the boiler tube was required. The
cleaning was performed with a drilling technique which was used to bore out the tubes [14].

2.5.4 Steam production

Typical figures for a syngas cooler are about 900°C to 300°C when cooling the syngas. These
temperature ranges are very suitable for producing steam of high quality. This steam can then be
used in either the Rankine cycle or for the gasification process, if steam-blown gasification is
employed. Integration of the steam production from the gas cooling with the heat recovery steam
generator (HRSG) could increase the power production of the steam cycle. If the gas cooler can help
produce saturated steam more energy is supplied to the steam cycle. Thereby the overall efficiency
can be improved since the power output from the steam cycle can be increased [1].

To use the gas cooler as an evaporator in the overall steam system is a strategy used for several
different plants. The BIGCC at Varnamo uses its gas cooler, which is of fire-tube design, as one out of
two evaporators. Part of the steam is also evaporated in the HRSG. The same principle idea is applied
at the Wabash IGCC-plant. A difference is that were the Varnamo-plant uses a single-pressure cycle
the Wabash-plant uses a triple-cycle pressure system [7, 14].
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2.5.5 Pressurization of the fuel

The main idea of using a pressurized gasification process is that no further compression of the syngas
will be necessary. However this will require that the biomass feedstock must be pressurized and this
will cause practical issues that have to be solved. A common method for feeding the fuel is by the use
of lock hoppers. The principle idea of the lock hopper system is that of three vessels connected to
each other and separated by valves, a schematic figure is shown below [1].
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Figure 2-10. principle of operation of a lock hopper system [1].

The first vessel is always at atmospheric pressure while the last vessel is always at the operating
pressure of the gasifier. When the fuel level in the last vessel is starting to sink, the valve between
the high pressure hopper and the lock hopper is closed and the lock hopper is filled with fuel from
the low pressure hopper. The first valve is then closed and the lock hopper is pressurized. When the
pressure has reached that of the high pressure hopper the second valve is opened and the last vessel
is then refilled with fuel [1]. The system of fuel feeding with a lock hopper system was used at the
Varnamo BIGCC-plant. Nitrogen was used for pressurizing the lock hopper [7]. This will mean that
more nitrogen is added to the gasification process, thereby diluting the syngas. A new technology
utilizing piston feeding has been developed, tested and patented at the Varnamo BIGCC-plant.
Although the technique wasn’t fully developed it showed promising results for decreasing the
amount of inert gas needed for pressurization [15].

16



2.6 Gas cleaning

The produced gas leaving the gasifier will contain undesired particulates, tars and other
contaminations which can cause problems in the downstream application. Depending on the
feedstock, the type of gasifier used and other factors the composition of the produced gas will vary.
Despite the type of application in which the produced gas is meant to be used, it must meet the
requirement of the specific application. For a direct combustion system the raw gas may be used
with little cleanup but for use in a gas turbine extensive cleanup may be needed. It would be
preferable to design gasifiers that minimize the contaminants but since the forming of these
contaminants is somewhat inevitable additional gas cleaning must be considered [16].

There are five primary contaminants that have to be regarded [16]:
e Particulates
e Alkali compounds

e Tars
e Nitrogen-containing components
e Sulphur

2.6.1 Particulates

Particulates are solid-phase materials entrained in the product gas leaving the gasifier. They include
inorganic ash, unconverted biomass in the form of char or material from the gasifier bed. Particulates
are unwanted in the product gases since they can cause erosion on downstream equipment which
leads to a shortened time of operation [16].

Particulates cleanup
Depending on the desired application requirements for particulate removal varies but for use in gas
turbine levels below 15 mg/Nm3, with a particle size below 5 um is needed. The most common
systems for particular removal are the following [16]:

e Cyclonic filters

e Barrier filters

e Electrostatic filters

e Wet scrubbers

Cyclonic filters

Cyclonic filters, or cyclones, are a general technique for removing particulates from gases. Centrifugal
force is used to separate the solids form the gas. Because of their inertia the particulates are
separated from the gas stream. Cyclones are often used as a first step in many gasifier systems due
to their efficiency and the relatively low price and easy operation. In CFB- or entrained bed gasifiers
they are integrated with the reactor for separation of the bed material and other particulates.

Cyclones are most effective for removing larger particles, they can remove >90% of particulates
above about 5 um. The pressure drop over cyclones is also very small, in the magnitude of 0.01 atm.
The problem with cyclones is the removal of sub-micron particles, for these sizes the cyclonic filters
becomes ineffective. Another advantage of cyclonic filters is the wide range of temperature under
which they are able to operate. The limiting factor here is the choice of the material of construction.
This enables for hot gas clean up which means that the sensible heat in the product gas can be
maintained. They are also able to remove condensed tars and alkali metals, although the vaporized
part of these contaminations still remains in the gas [16].
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Barrier filters

The principle of operation for barrier filters is that of a porous material allowing gases to pass but
stops particulates. They can effectively remove small-diameter particulates, including sub-micron,
but the pressure drop along the filter will increase as the pores decreases. Therefore there are
technical difficulties with these filters when they must handle large gas flows. Another problem is
that of wet or sticky contaminations like tars. The tars stick to the filter surface and can undergo
carbonization which leads to plugging of the filters.

One of the most interesting types of barrier filters is the rigid barrier filter, or hot gas filter, which
enables cleaning of the gas while keeping the sensible heat. They can be constructed from either
metal or ceramic materials. The metal filter may need previous cooling of the gas to avoid sintering
of the filter; also there is the risk of corrosion. Ceramic filters are more suitable for high temperature
operations but are more sensible to thermal stresses [16].

Electrostatic filters
Electrostatic filters are a well known technique used in many coal-fired power stations. Due to their
size and high cost they are only appropriate for large-scale operation. There are two types of
electrostatic filters, one with a dry scrubbing of the collector plates and one with wet scrubbing. The
first can operate at temperature of 500°C or above while the other types are limited to temperatures
of about 65°C [16].

Wet scrubbers

Wet scrubbers spray the gas with a liquid, often water, to remove the particulates. Many scrubbers
use a venturi design to create a pressure drop which makes it easier to spray the liquid into the gas
phase. Wet scrubbing using water as a liquid requires that the water is in it liquid phase. This means
that the gas must be cooled prior to cleaning which leads to loss of sensible heat [16].

2.6.2 Alkali compounds

Biomass can contain large amounts of alkali compounds, such as CaO, K,0, P,0s, MgO, Na,O, SiO,
and SOs. This is problematic since some of these contaminations can vaporize at fairly low
temperatures of about 700°C. Therefore these alkali vapours cannot be separated by filtration. When
the gas temperature then is lowered the vapours will start to condensate and form particles which
finally deposit on cooler surfaces of the downstream equipment. If the gas is to be used in a gas
turbine, such build-up must be avoided otherwise it may cause imbalance which in turn can lead to
breakdown of the machinery [16].

Alkali cleanup

To remove alkali vapours today’s gasification system has to cool the product gas below 600°C. By
doing so the alkali vapours condensate to solid particulates. After that previously described filtration
techniques can be used to remove the alkali compounds. Consideration of the alkalis possibilities to
cause corrosion on metallic or ceramic filters although has to be taken into account [16].

2.6.3 Tars

Tar is a general term which describes a wide range of oxygenated organic elements. These elements
are produced by partial reaction of the biomass fuel. The tars occur in the gas stream in the form of
vapour or aerosols. The presence of tar can be accepted if the product gas is to be used in e.g. burner
because then cooling and condensation of the tar can be evaded. The tar then contributes to the
calorific value of the fuel. If the gas is intended for applications with higher demands on the product
gas even small concentrations of tar can cause a problem. Tars can easily condensate on cool
equipment which can result in plugging and fouling. Also at temperatures above about 400°C the tars
can undergo reactions forming solid char and coke that can plug the equipment [16].
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Tar cleanup

Removal of the tar is essential in systems where cooling of the gas occurs before use, this because
the condensation of tar on pipes and other equipment will cause problems. Besides the operational
problems, tar also means that the gasification efficiency is reduced. Therefore it is also important to
choose a gasification technology that minimizes tar production. Two different approaches on
removing tar is to either physically remove the tar, using techniques resembling that of particulate
removal, or catalytic or thermal processing. The physical removal requires that the product gas is
cooled, allowing the tars to condensate. Catalytic processing can potentially destroy tars in their
vaporized state [16].

2.6.4 Nitrogen-containing components

Ammonia is the primary contamination originating from nitrogen in the biomass. It is formed from
protein and other nitrogen-containing components. Therefore high-protein fuels will result in higher
concentration of ammonia. Pressurized gasification will yield higher ammonia production because of
the equilibrium considerations. Ammonia in the product gas is unwanted due to the formation of
NO, when the product gas is burned. The formation of NO, in gasifiers is not a big problem since the
temperatures at which gasification occurs are low in comparison with combustion [16].

Nitrogen-containing components cleanup

Ammonia in the product gas can be removed with either catalytic destruction or wet scrubbing. If the
product gas is going to be used as a fuel combusted with air the formation of NO, in this process also
has to be regarded. Therefore NO,-reducing systems such as selective catalytic reduction (SCR) may
be a more suitable solution [16].

2.6.5 Sulphur

If the biomass contains sulphur it can be converted to hydrogen sulphide or sulphur oxides when
gasified. Most of the different biomass fuels contain very low shares of sulphur. For example wood
generally contain <0.1% sulphur by weight. RDF can contain higher levels of sulphur. However, most
biomass contains so low levels of sulphur that the concentrations of hydrogen sulphide and sulphur
oxides are below cleanup requirements for most applications [16].

2.7 Fuel and fuel handling

One of the most interesting biomass fuels for gasification in Sweden is forest residual such as GROT,
wood chips or other by-products from the forest industry [17]. In this section the properties and
possible difficulties concerning GROT and wood chips is reviewed.

GROT and wood chips however is not the only biomass fuel that is possible to gasify. For example
bark, straw and saw dust is also suitable for gasification. These fuel will however not be treated in
this report.

2.7.1 GROT

GROT is an abbreviation for the Swedish words GRenar Och Toppar which can be translated into tree
branches and the tip of the tree. The Swedish standard SS 187106 contains several definitions of
GROT, however a common denominator for these definitions is that they state that GROT is a biofuel
that can be obtained when the final felling of the timber is done [18].

The total energy available from GROT is estimated to somewhere around 57-68 TWh/year [19]. GROT

is currently almost exclusively used as a fuel in thermal power stations where it is mixed with other
wood based fuel prior to combustion [18].
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The Varnamo BIGCC-plant has performed some test with GROT mixed with bark. The results from
these test indicated that the unit operated satisfactory when mixing in GROT [7]. There are although
very little experience from using GROT as a fuel. GROT however has some properties that have to be
considered if it is going to be used. These are:

e Moisture content

e Contaminants

e Fuelsize

The moisture content of GROT is high, very often in the region of 40-50% [18]. Since gasification
often requires a moisture content of the fuel around 10-15% [20] the fuel has to be dried prior to
use. Methods for drying are discussed later on.

Examples of contaminants can be sand, gravel or scrap metal. These contaminants originate from the
storage of the biomass on the cutting area. They can be avoided by storing the biomass on a surface
free from gravel and stone [18].

The fuel size is important since too large fractions of the fuel can cause problem in transport screws
and other transport mechanisms [19].

Another issue concerning GROT is that is very voluminous. Therefore there is the risk of that the
transport of untreated GROT can become very inefficient. The distance from supplier to user should
not be larger than 70-100 km otherwise the transports will become uneconomic [18]. If the GROT is
chipped prior to transportation this could enable more efficient transports since the GROT then can
be compressed. This will require special equipment for chipping on the cutting area.

An example of a fuel composition for GROT is given in table 2-1 below:

Table 2-1. Example of composition for untreated GROT [18].

Fuel content Value [% weight]

Moisture 47.9

Ash content (dry basis) | 2.7

Elementary analysis | Value [% weight]
(dry and ash free basis)

C 53.13
H 5.96
0 40.55
S 0.04
N 0.31

2.7.2 Wood chips

Wood chips can be of either the type raw wood chips or dry wood chips. The raw wood chips are
obtained when the timber is prepared for sawing. They generally have a high moisture content of
around 50% and are today primarily used in the paper industry [18]. Dry wood chips are a by-product
when boards are cut into desired lengths, the waste pieces can then be chipped. The moisture
content of dry wood chips is lower than for the raw wood chips and can be used for manufacturing
fuel pellets [18].
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Even though raw wood chips have a high moisture content, with appropriate drying method, they
can possibly be more suitable for gasification since the fuel is much more homogenous than GROT.
Wood chips have been used in gasification both at the Varnamo BIGCC-plant and at the Gussing CHP-
plant [6, 7].

2.8 Drying of biomass

Normally biomass has high levels of moisture. However the gasification process requires relatively
low moisture contents of the fuel, therefore fuel drying may be necessary. There are different ways
of drying biomass and each method has its own advantages and disadvantages.

The drying mechanism for biomass is in short two simultaneous processes, heat transfer to the
biomass and mass transportation of the evaporated moisture. The heat is usually applied with
convection, conduction or a combination of them. The drying medium is the gaseous medium that
transfers the heat to the process. The drying medium can be in direct contact with the biomass or
indirect contact. It can be air, steam, a combination of vapour and air or flue gas for example from a
combustion process. If steam is used in a direct contact with the biomass it has to be superheated
otherwise the steam will condensate on the biomass and increase the moisture content. If the drying
medium on the other hand is flue gas the gas can’t be in the saturated state. The moisture in the
biomass is removed as vapour either naturally or by forced drying. Forced drying is often used to
increase the overall efficiency or to reduce the cost of drying. Which drying medium and technology
that should be used depends on the system that it’s going to work with. It is important to integrate
the dryer in the power plant to get an efficient plant as possible. Some things to think of when
choosing the drying technique are available heat source and capacity range[21].

2.8.1 Natural drying

Natural drying is the oldest type of drying and uses the surrounding air to dry the biomass. Natural
drying is not considered as a forced drying type. How much the biomass can be dried depends on a
various number of factors like initial moisture content, material type, location of storage and if it’s
stored in an open or closed storage [21]. The amount of heat transferred to the biomass from the air
is also important for the drying. When using an open storage the weather has a great impact on the
drying. During the time the biomass is stored natural drying occurs. The principle of natural drying is
that when the biomass is stored air transports the moisture away from the biomass. The heat
needed to evaporate the moisture comes from convection with air or from activity in the biomass.
Natural drying takes time and depends on how much the biomass is supposed to be dried [22]. In
European conditions using natural drying, wood can be dried to 15-25% moisture depending on
season and location [23].

When using biomass in a power plant the demand of biomass varies with the electricity production
from the plant. Because of the varying demand the biomass often has to be stored before use. To
have enough bio fuel at all times the biomass is often stored near the power plant as the type of
biofuel used in the plant, usually wood chips. When storing wood chips in large piles for a long time
some known problems or negative effects can occur. Like high dry matter loss, heat development
which can lead to self ignition, health issues because of allergenic microspores released in high
concentrations into the air are some issues [22].
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The temperature increase in the wood pile is due to fungal activity, especially fungal growth. To
decrease the risk for self ignition when storing wood chips a tunnel of air under the pile can be used.
For example if the pile of wood chips has an initial moisture content of 22 wt-% (wet basis) the result
is that after a couple of days the temperature gradually decrease from 75°C to 50°C for the ventilated
pile but remains 75°C for a conventional pile. The last weeks of storage the temperature was
between 25-50°C for the ventilated pile. After ten weeks the amount of microspores was reduced
with a factor of ten. The storage with an air tunnel also gives extreme low moisture content around
15%. But the lower temperature for a longer time gives a favourable environment for different
species of micro fungi that can grow despite the low moisture content [22].

2.8.2 Flue gas drying

Flue gas drying is a well known drying type on the market with good availability and stable operation.
The dryer uses heat from a flue gas to evaporate the moisture in the biomass. The biomass is directly
heated by the flue gas for most of the flue gas dryers but it can also be indirect heated. After the
dryer the cooled flue gas and the evaporated moisture is separated from the fuel by a cyclone.
Because of that the latent heat in the evaporated moisture can’t be utilized it goes to waste which is
a big drawback for the flue gas dryer. If the heat needed to evaporate the fuel moisture could be
used in the process the plant would get a higher overall efficiency. When using an oxygen rich hot
flue gas the fire and explosion risk increase which also is a disadvantage along with the release of
organic compounds from the dryer that causes odor emissions [21].

One of the most common flue gas dryer used for biomass drying are the direct rotary dryer also
called rotary cascade dryer. This type has low electricity consumption and well known empirical
design rules. A rotary dryer can be direct or indirect heated. The rotary dryer consists of a slowly
rotating drum that is in a small angel to the horizontal plan and a cyclone. The wet material enters at
the upper end of the dryer and exits at the lower. The drying medium that’s in direct contact with the
biomass can have a parallel flow or counter flow to the drying mass. The force that’s moves the
drying material down the drum is gravity and when parallel flow is used also the entrainment with
the drying medium. The drum has flights on the inside of the shell that lifts the material around the
periphery and causes a uniform cascade which the hot gas passes through. A direct rotary dryer is
shown in the figure 2-11 below and a typical flight arrangement can be seen in figure 2-12 [23].

Wet material in Moist gas out
Lifting flights 1

Gq

Hot gas in

Drive

Dry material out

Figure 2-11. Direct rotary dryer [23].
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Figure 2-12. Typical flight arrangement in a direct rotary dryer [23].

The primary drying takes place when the biomass is in the cascade falling down and the gas has good
contact with the biomass. When the biomass is in contact with the drums surface the drying is
minimal. The dryer often has a draught fan at the exit that uses suction to drive the flue gas through
the dryer. In a counter flow dryer the feedstock is driest when it meets the hottest drying gas. This
will increase the fire hazard which is why the counter flow dryer isn’t used in IGCC-applications. The
counter flowing dryer otherwise generally has a superior heat transfer. The inlet temperature for a
non temperature sensitive drying material can be as high as 1000°C. For drying of wood chips in
commercial installation the inlet temperature is often limited to 250°C for safety reasons. The
residence time in the dryer depends on numerous factors such as flight design, number of flight,
rotation speed, gas speed, dryer inclination and dryer length [23].

2.8.3 Steam drying

Steam dryers uses steam indirect or in direct contact with the biomass. Because the direct steam
dryer operates in a steam environment the latent heat can be recovered by the condensing the
vapour produced from the evaporated moisture. The atmosphere is inert around the biomass which
means that there is no risk for fire in the steam dryers. A disadvantage on the other hand is that the
evaporated steam contains organic compounds. Throughout the heat recovery the condensate is
corrosive due to the high biochemical oxygen demand. Because of the corrosive effect the
condensate has to be cleaned in some way [21].

When superheated steam comes in contact through convection with a wet fuel, depending on the
temperature of the material the steam may first condense and thereby increase the moisture
content of the material. When the temperature of the material is raised the moisture begins to
evaporate. This occurs at a constant surface temperature and evaporation rate as long as the surface
is kept wet from the inside of the material. If now the steam flow or temperature increase the drying
rate increases considerably. The largest amount of moisture is evaporated under this period which is
called the constant rate period. When the transportation of moisture to the surface can’t keep the
moisture constant the falling rate period starts and the critical moisture content is obtained. This is
also when the temperature and pressure begins to rise. It is not common to dry biofuel to a moisture
content less than 0.15 kg/kg for industrial applications. This is far from the falling rate period and
even further from the equilibrium moisture content which is around 0.06 kg/kg. In figure 2-13 the
moisture content over time is shown during direct steam drying. The figure shows the heat up period
(a), the constant rate period (b), the falling rate period (c) and where the critical moisture content
occurs [24].

23



Figure 2-13. Moisture content as a function of time during steam drying [24].

2.9 Other applications

As mentioned in section 2.2 there are other applications where the syngas produced in the
gasification process can be used. In this section a brief overview of these alternatives are given.

2.9.1 Substitute natural gas

The main users of natural gas in Sweden today are power production facilities and the industry. It is
to some extent used for domestic applications, a small fraction is also used as a fuel for the
transportation sector. This sector is however expanding rapidly [25]. Because SNG is equivalent to
natural gas and SNG from biomass is a renewable energy source this could enable replacement of
natural gas, which is a fossil fuel, with a renewable fuel. By reforming the produced syngas into SNG
the already existing natural gas distribution net can be used to supply the gas to the end users [26].
Thereby the SNG can be produced in large scale facilities enabling cost effective production.

Since methane is the main component of natural gas the gasification plant has to be combined with a
methanation process in order to convert the syngas into SNG. In the methanation process CO and
CO, is converted into CH, and H,0 by the following reactions:

CO + 3H, S CHy + H,0 2.1)
€O, + 4H, S CH, + H,0 (2.2)

To catalyse the methanation of CO and CO, different metals can be used where nickel is the most
common due to its relatively low price, reactivity and selectivity towards methane [27].

Since the methanation of both CO and CO, is strongly exothermic the design of the methanation
reactor has to be considered. This is to avoid too large temperatures which can cause equipment
failure.

After the methanation process the CO, content of the gas is still too high to be acceptable for the
natural gas net. The removal of CO, can be done with membrane separation, scrubber absorption or
pressure swing adsorption [28]. Depending on the type of CO, removal technique used the gas is
dried either prior to or after the CO, removal.
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The gas clean-up requirements for the syngas are determined by both the methanation process and
the natural gas infrastructure. The methanation process is very sensitive to particles since they can
cause build up on the wall of the reactor and thus inactivating the catalyst. The methanation process
is not very sensitive to tars as long as the tar levels aren’t too high. If the tar levels are too high this
can bring a decline in the catalyst activity [27].

Two different configurations of a SNG-plant with biomass as feedstock has been evaluated by ECN -
Biomass Systems, one with an oxygen blown CFB-gasifier and one with a steam blown indirect
gasifier. The indirect system gave a slightly higher SNG efficiency, 67% compared to 66.3%, but it was
mentioned that the technique of indirect gasification isn’t as developed as the CFB-gasification
technique [27]. The SNG efficiency is defined as the energy output in form of SNG compared to the
total energy input of biomass.

Goteborgs Energi and E.on has started a two stage project based on indirect gasification technology
for SNG-production. The first stage is to have a working 20 MW plant in 2012. The second part of the
project is to upgrade the plant to 80 MW which will be up and running in 2015 [29].

2.9.2 Synthetic fuels and chemicals

Raw syngas can also be used for production of different chemicals and synthetic fuels. How to
separate these two classes is somewhat dependent on the end use of the final product. For example
it is common to produce methanol via gasification but often the methanol is just an intermediate
product which can be further processed. The methanol can however also be used as a fuel.

Synthetic fuels

Examples of synthetic fuels that can be derived from syngas are methanol, Di-Methyl Ether (DME)
and Fischer-Tropsch Diesel. The production of these fuels is most of the time carried out with some
type of catalytic process. To reach the requirements of these fuel catalysts some kind of syngas
processing is needed. The requirements state the maximum allowable content of CH, and CO, and
the optimal H,/CO ratio. The techniques for catalysing the syngas are different for the desired final
product but the steps between the gasification and the final processing is somewhat similar.

Depending on the fuel catalyst up to 2% by volume of methane can be accepted. As methane
contents often can be as high a 5-10% by volume the syngas has to be processed. This can be
achieved by using steam methane reforming where methane is allowed to react with steam to form
CO and H,. The H,/CO-ratio can be adjusted with the CO-shift-reaction as described by Eq. 3.7. The
CO, in the syngas can finally be removed by techniques similar to those described in the previous
chapter [5].

Methanol
About 3.3 million ton/year, which is about 9% of the world’s total methanol production, is produced
from gasification of coal or heavy residues. However only about 3% of the total methanol produced is
used as a fuel. Other frequent applications for methanol are [1]:
e Production of formaldehyde.
- Formaldehyde is used for production of plastic.
e Production of MTBE.
- MTBE is primarily used as a addition to gasoline in order to raise the octane number.
e Production of acetic acid
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Fischer-Tropsch Diesel

In 1923 the German scientists Fischer and Tropsch were able to produce liquid hydrocarbons via a
catalytic process. The first use of this process was during the Second World War but it was shut down
close after the war ended. Renewed interest was gained in the 1950s in South Africa as the country
was subjected to a trading embargo due to the apartheid regime. A new facility was opened in De
Meern in the Netherlands in 2002 [5].

FT-diesel is very similar to conventional diesel and can be blended with regular diesel and used in
existing diesel engines. If pure FT-diesel is to be used some additive has to be used in order to ensure
proper lubrication etc [5].

There are two options for the Fischer-Tropsch synthesis, either high or low temperature synthesis.
Independent of which route that is chosen both takes place at pressures around 10-40 bar [5].
Therefore either a pressurized process or compression of the syngas is required.

Chemicals

Ammonia
Ammonia produced from coal and heavy oil gasification amounted to almost 10% of the world’s total
ammonia production in 2001. Ammonias prime use is as a fertilizer for agriculture.

Production of ammonia from syngas is done in a catalytic process where the following reaction
occurs:

N, + 3H, S NH, (2.3)

Because of that the gas intended for ammonia synthesis primarily should contain N, and H, the raw
syngas has to be pre-treated. This pre-treating includes tar and volatiles removal, desulfurization,
removing the CO with the CO-shift process, CO, removal and adjustment of the N,/H,-ratio. Since N,
is needed for the ammonia synthesis the question of what kind of gasification process appears.
Higman and van der Burgt suggest that an oxygen blown gasification where the separated nitrogen is
added later is to prefer as this improves the cold gas efficiency [1].
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2.10 Rankine cycle

The total amount of electricity produced in Sweden in 2007 with biomass as fuel was 6.1 TWh* [30].
This is a relatively small part of the total electricity production which amounted to a total of 144.9
TWh in 2007. However it is estimated that the total energy input from biofuels can be increased [19].
Almost all electricity from biofuels is produced in combined heat and power plants.

The Rankine cycle is used for power generation for all different types of fuel. The combustion of the
fuel creates hot flue gas that is used to produce steam and power is generated from the steam with
help of a steam turbine. This is one of the easiest ways of producing electricity from biomass. In table
2-2 the efficiency, size and type of fuel for some different power plants using the Rankine cycle in
single cycle process is listed [31].

Table 2-2. Performance data for bio-power plants using a Rankine cycle [31].

Fuels used Efficiency Efficiency
Plant (country, startup | (moisture Size | HHV LHV
year) content wt% | MWe | ne, net [%] Ne, net [%]
w.b.)
Average Zurn/NEPCO | Wood (50) 25 24 28
plant (-, -)
Delano | plant (USA, Agricultural 27 26 29
1991) waste (24)
McNeil plant (USA, wood (47) 50 25 30
1984)
Straw  (16)
Mabjergvaerket CHP | wood(40)
plant (DK, 1993) msw  (23) |34 |- 30°
natural gas
(0)
Handeléverket CHP Wood(50) 46> | 27 32°
boiler (S, 1994)
Enkoping CHP plant Wood (45) 28> | 28’ 33°
(S, 1995)
EPON co-fire plant Demolition 20 34 37
(NI, 1995) wood
Whole Tree Energy whole trees | 100 | 33 38
concept (-, -)
ELSAM cofiring scale-up | coal (10)
project straw (16) 250 - 44
(DK, 2005) wood (45

The electrical efficiencies for the power plants are in the region of 30% based on the lower heating
value. Co-fired plants showed a slightly higher efficiency.

! Peat is included in this figure.
* For CHP plants a theoretical estimation has been made of how much electricity that could be generated when
there was no heat supply.
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3 Theory of equilibrium modelling

To be able to construct a valid model of a BIGCC-plant it is important to understand the theory of the
gasification process. This chapter will provide the theoretical background on equilibrium modelling of
a gasification process.

When modelling a gasification process the choice of making a model based on thermodynamic
equilibrium or a kinetic rate model appears. Kinetic rate model is depending on the design of the
gasifier. The equilibrium model is independent of the gasifier design which can make them more
suitable for a system study of the most important process parameters [32]. The use of an equilibrium
model assumes that the residence time of the reactants in the gasifier is high enough to reach
chemical equilibrium [33].

3.1 Assumptions

The calculations assume that the main product gases CO, CO,, H,0, H, and CH, are at equilibrium.
Nitrogen is considered inert. Sulphur in the fuel is assumed to form hydrogen sulphide. Formation of
tars is neglected although it has to be taken into account during plant operation [32]. The bed
material is considered inert and only act as a transportation agent of the heat released in the
combustion reactor. All gases are assumed to behave as ideal gases.

3.2 Reactions

The main chemical reactions of a gasification process are those containing, carbon, carbon monoxide,
carbon dioxide, hydrogen, water/steam and methane. These reactions are [1]:

combustion reactions,

C+ %0, =CO (3.1)
CO + %20, = CO, (3.2)
H, + %20, = H,0 (3.3)
the Boudouard reaction,
C+CO, s 2C0 (34)
the water gas (or steam carbon) reaction,
C+H,05CO+H, (3.5)
and the methanation reaction,
C+2H, S CH, (3.6)

Reactions with free oxygen can all be regarded as complete under gasification conditions and thus
the combustion reactions is not needed for determining an equilibrium composition, the three
heterogeneous reactions Eq. 3.4-3.6 are enough. In some cases the carbon conversion is almost
complete and then Eq. 3.4-3.6 can be reduced to the two homogeneous reactions [1]:

the CO-shift reaction,

CO + H,0 5 CO, + H, (3.7)
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and the steam methane reforming reaction,
CH, + H,0 S CO + 3H, (3.8)
Chemical equilibrium occurs where Gibbs free energy is at its minimum and thus the equilibrium

concentration can be solved when knowing the chemical equilibrium constant K,. The chemical
equilibrium constant for the different reactions are given by [34] for the Boudouard reaction;

Xco2 4
= — 3.9
B Xco, p° 9)
for the water gas reaction;
Xco Xu, P
K =—2— 3.10
»,SC XHZO p() ( )
for the methanation reaction;
XcH, PO
= — 3.11
p,M XH22 p ( )
for the CO-shift reaction and
Xco, " Xu
K =—2 2 (3.12)
pSH Xco " Xu,0
for the steam methane reforming reaction.
o = Xco Xu,® (ﬁ)z (3.13)
pSK Xcn, * Xu,0 \P° '
The equilibrium constant can be calculated from [34]:
_AO
K, = exp ( RT ) (3.14)

AGY is the Gibbs free energy change when going from pure reactants to pure products. R is the
universal gas constant and T is the temperature. 4GY can be calculated from:

AG® = G(products) — G(reactants) = Z n; (AGIQ,T)i - Z nj - (AG]gT)j (3.15)
i j
Where AGIP'T is the Gibbs standard free energy change at a certain temperature and n is the number
of moles in the balanced reaction. Values of the Gibbs standard free energy changes are adopted
from the JANAF thermochemical tables [JANAF]. Calculated values of K, for Eq. 3.9-3.13 over a range
of temperatures are presented in appendix A.
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3.3 Energy balance

An energy balance, based on the heat of formation, for the process can be described by the following
equation [35]:

Z MAHL 595 + Z mH(T) = Z MAHE 4 + Z hH(T) +Q (3.16)
feed feed product product

On the left hand side of the equation, the two terms describes the total heat of formation and the
total enthalpy for all feed streams. The two first terms on the right hand side describes the total heat
of formation and the total enthalpy for all product species. The heat loss of the system to the
surroundings is denoted by Q.

The heat of formation of the biomass fuel and the unconverted carbon can be calculated from [36]:
AHP piomass = MuDHPy o + NeAHR o + nsAHD 5o + LHViomass + NwaterAHP p o (3.17)
AHj?,coal = nCAHfg,COZ + LHVcoal (3-18)

This is based on that CO,, H,0 and SO, are the only combustion products and that all the nitrogen in
the fuel is considered inert. n; denotes the moles of species per kg fuel.

The lower heating value of the biomass fuel can be calculated by numerous methods, in this work the
heating value is determined accordingly to [37]:

LHVbiomass = HHVbiomaLss(1 - Ywater)
— 2.444(Ypaeer + Y - 8.936(1 — Yypucer)) [MJ/kg, w.b] (3.19)

Ywater and Yy denotes the mass fraction in the fuel of water and hydrogen respectively. Yuaeer is on
wet basis and Yy is on dry basis. 2.444 is the enthalpy difference between gaseous and liquid water

at 25°Cin MJ/kg. 8.936 is the molar ratio between H,0 and H,. The HHV is calculated from:

HHVyiomass = 34.91 - Yz +117.83 - Yy + 10.05 - Y — 01.51 - Yy — 10.34- Y, — 2.11 - Yy,
[MJ]/kg, d.b.] (3.20)

Yirepresents the mass fraction of the species in the biomass fuel on a dry basis.

3.4 Mass balance

In the gasification zone a mass balance for each element is implemented:
¢ piomass = Mc,co T Mc,co, + Mecu, + Me char (3.21)
mH,biomass + mH,moisture in biomass + mH,oxidizer = mH,HZO + mH,Hz + mC,CH4 + mH,HZS (3-22)
7'ho,biomass + 7’hO,moisture in biomass + mo,oxidizer = mO,Hzo + mC,CO + mC,COZ (3-23)
By combining the mass balance equations with the equations for the equilibrium constants, Eq. 3.9-

3.11 for the heterogeneous case and Eq. 3.12.-3.13 for the homogenous case, along with the energy
balance to obtain the equilibrium temperature a syngas composition can be obtained.
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4 Modelling
4.1 IPSEpro

The program IPSEpro is used for simulations in this master thesis. IPSEpro is a simulation
environment for modelling and analyzing processes in energy engineering. It consists of two parts,
the Model Development Kit (MDK) and the Process Simulation Envrionment (PSE).

MDK is used for building new component models or adjusting already existing models from a library.
This is done by specifying the mathematical equations that applies for a certain component, e.g. a
compressor in a gas turbine. Thereby the complexity of the models can be chosen by the user and a
more or less realistic component can be built.

PSE is where the process model is built with help of the components from a library created in MDK. It
provides a flow sheet editor where the desired components can be inserted and connected to each
other. The properties of the components can then be specified to match the equipment which is
being modelled, e.g. the mechanical efficiency for a generator. PSE can then solve the equations for
the components by using a Newton—Raphson method provided that enough variables are specified
for the number of equations given. Reasonable starting values has to be estimated or else the
calculations may not converge.

IPSEpro also contains the Advanced Power Plant library (APP) which is a library that contains models
created in MDK. The APP-library contains different components such as compressors, turbines, heat
exchangers etc. Many of these standard components are used in this thesis and the settings of them
are matched so they fit the desired parameters.

IPSEpro also provides the PS MS Excel Integration which is a module that enables exchange of data

between PSE and Microsoft Excel. It can also be used to perform a series of calculation and so
different parameters and their influence on the model performance can be studied [38].
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4.2 Gasifier model

The selected gasification technology in this study is a char indirect, two-stage gasifier with steam
reforming, described in section 2.3.3. This type of gasifier is chosen because of its potential of
producing a medium calorific value gas with low amounts of nitrogen in the produced gas. The
indirect gasification dual bed concept has not been demonstrated in practice for a pressurized
gasifier although the atmospheric version has been successfully demonstrated.

The developed model consists of a gasification chamber, a combustion chamber and streams for
handling the transport of the char, ash and bed material between the chambers. The pressure level
of the gasifier is chosen so that the syngas pressure meets the required pressure for the combustion
chamber in the gas turbines. The pressure drop in the gasifier and combustor can be set as a fraction
of the total pressure or as a specific amount of bar. Figure 4-1 shows the graphical representation of
the gasifier model in IPSE.

oHp EpRE

Figure 4-1. The gasification and combustion chamber and their connected streams.

In the gasification chamber the main part of the carbon in the feedstock is converted to syngas. Any
unconverted solid carbon from the feedstock is separated from the gas flow by a cyclone and
transported to the combustion chamber were it is combusted. The amount of carbon converted to
CO, CO, and CH, is described by the variable conversion C and is defined as:

. Amount of carbon in syngas (kg/s)
Conversion C = - 4.1
Amount of carbon in fuel (kg/s)

The heat released in the combustor is transported back to the gasification chamber by the circulating
bed material. Specific heat capacity for the char, bed material, and ash must be set in the model. In
the gasification chamber the heating value and heat of formation for the biomass fuel are calculated.
In the gasifier the heat loss must be specified while in the combustion chamber heat loss is neglected
or it can be added to the heat loss in the gasifier. The heat loss is set as a fraction of the total amount
of heat input into the gasifier.

The air to fuel ratio, lambda, in the combustor must be greater than 1 in order to ensure complete
combustion of the char.

In IPSE for every connection a global must be specified. The global describes the composition of the
material flow, for example steam can be a global. The char and ash connection stream to the
combustor is basically a fuel stream with a fuel composition. Extra variables for specifying the specific
heat for the bed material, the heat flow and the fuel and bed mass flows has been added to the
standard fuel stream connection. The connection stream back to the gasifier chamber is of the type
bed material which has the same settings as the char and ash stream but the global in the stream is
of the type bed composition. The bed composition only consists of one component which is the bed
material. The gasifier models settings can be seen in table 4-1 to table 4-3.
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Table 4-1. Gasification chamber settings.

Pressure drop: 1 bar

Cp char: 0,71 kJ/kgK

Equilibrium equations: | Boudouard, water gas and methanation
Heat loss: 2%

Table 4-2. Combustion chamber settings.

Pressure drop: | 1 bar

Cp ash: 0,71 kJ/kgK

Lambda: 1,1

Table 4-3. Stream settings

Cp bed (Char and ash stream) | 0,84 kJ/kgK

Fuel mass flow (bed material) | 0 kg/s

The energy required for pressurizing the fuel is accounted for in the gasifier. A specific work
(kW/(kg-bar)) can be set and the total work is thereby calculated.

For a real gasifier equilibrium may not be reached [32]. Therefore the model has been developed so
that this can be accounted for. By adding offset temperatures to the equilibrium temperatures a
more correct composition can be calculated. This however requires that measured data is provided
so that equilibrium temperatures can be calculated. The offset temperatures are not used during the
modelling but are added for future work.

4.2.1 Atmospheric gasifier

The previously developed gasifier model required some changes in order to function at an
atmospheric pressure. A re-circulation of the syngas from the gasification chamber to the
combustion chamber had to be introduced. This was necessary to maintain the high gasification
temperature, with the extra energy supplied to the combustion chamber more steam could be added
to the gasifier without lowering the gasification temperature. Otherwise the model of the gasifier is
the same as for the pressurized version.

4.3 Gas turbine

The choice of a suitable gas turbine is dependent on the size of the total facility. With a plant size in
the magnitude of 50-100 MW of fuel input, which is the case for this study, the matching gas turbine
will have an electrical power output in the order of ~13-26 MW. For a gas turbine to perform well in
a combined cycle, the exhaust gas temperature from the gas turbine cannot be too low. Otherwise
the remaining energy in the exhaust gas won’t be sufficient for the steam cycle and this would
decrease the overall efficiency of the combined cycle. The choice fell on a Siemens machine, SGT-
400, a twin shaft gas turbine. The reason for choosing the SGT-400 was that it had an appropriate
power output and also a suitable exhaust gas temperature for combined cycle applications. The data
in table 4-4 is adopted from available data from Siemens [39].

Table 4-4. Performance data for the SGT-400 [39].

Power output 12.9 MW,
Electrical efficiency 34.8%
Pressure ratio 16.8:1
Exhaust gas flow 39.4 kg/s
Exhaust gas temperature 555°C
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This data is for a natural gas fired machine. For the model of the gas turbine, standard components
from the APP-library for the compressor, the turbines and the combustion chamber were used. The
parameters of each component were then adjusted so that the results should match those given in
table 4-4. This was done with natural gas as a fuel. The resulting turbine inlet temperature (TIT) and
mass flow air to the compressor obtained from this model was then used as set points for the model
when used in the BIGCC with syngas as fuel.

The fuel pressure required for admitting the gaseous fuel to the combustion chamber is calculated
according to [40]:

pfuel =1.25- pcompressor delivery pressure (4'-2)

This elevated fuel pressure in comparison with the pressure of the air supplied by the compressor is
needed to ensure that the admission of the fuel is working properly. An overall pressure drop over
the combustor is assumed to be 2% of the compressor delivery pressure [41].

The model of the gas turbine doesn’t consider what happens when the fuel mass flow is increased.
The strategy of bleeding air from the compressor is used when the turbine is connected to the
gasifier. The aspect of the increased mass flow to the gas turbines combustion section is neglected in
this model and it is assumed that the unit is modified so that admitting the fuel will cause no
problems.

4.4 Steam cycle

Once the choice of gas turbine is made it is the design of the steam cycle that will determine the
overall efficiency. The challenge is to transfer the thermal energy from the gas turbines exhaust
gases so that maximum power from the steam turbine is achieved. However the BIGCC-plant will
differ from a conventional combined cycle power plant in that it is possible to extract thermal energy
from the gasification. Therefore no greater effort will be made to optimize the basic steam cycle.
These different integration strategies for recovering the heat from the gasification process will be
discussed further on. The following section will only describe the basic configuration of the steam
cycle and assumptions made for it.

The configuration chosen for the steam cycle is shown in figure 4-2 below. The steam cycle is of the
single pressure level design. The reason for choosing a single pressure cycle is because of the
relatively low exhaust gas temperature and mass flow from the SGT-400. Multiple pressure levels
would result in too low flows in the low pressure section of the cycle.
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The steam cycle has an extra heat exchanger preheating the feedwater to the feedwater
tank/deaerator. The deaerator pressure is 1.2 bar. The slight overpressure is chosen because it
makes disposal of the expelled gases easier. The pressure determines the saturation temperature of
the feedwater. Since the deaerator requires a temperature difference of at least 11°C to achieve a
high enough level of deaeration the feedwater temperature to the deaerator is set to 93°C. The
steam used for deaeration is supplied by a drain connection from the economizer with a pressure
reducing valve as shown in figure 4-2. After the deaerator the feedwater pressure is raised to the
desired pressure, which is the admission pressure to the steam turbine plus the pressure drops along
the way. The following heat exchanger is the economizer which brings the feedwater temperature to
almost saturation temperature [42].
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Figure 4-2. The basic steam cycle configuration.

The approach temperature difference in the steam drum is set to 5°C. This is the difference between
the saturation temperature for the water in the drum and the temperature of the water exiting the
economizer. The reason for having a difference in temperature is to avoid evaporation in the
economizer [42].

The feedwater is then evaporated and superheated before entering the steam turbine. The pinch-
point for the evaporator is set to 5°C. The pinch-point is the temperature difference between the
outlet temperature of the steam and the exit temperature of the exhaust gases. The pinch-point is
decisive for the heat exchanger surface of the evaporator. A larger pinch-point requires a smaller
heat exchanger surface and the other way around [42].

The overall pressure drop on the exhaust gas side is set to 3 mbar. It is favourable to have as low

pressure drop as possible on the exhaust gas side otherwise the gas turbine will be punished in form
of a lower enthalpy drop in the turbine [42].
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4.5 Other components

4.5.1 Steam dryer

The choice of dryer depends on what form the available energy is in. In this case there is enough
energy in the HRSG to extract energy required for drying. The steam dryer model is a simple model
of an indirect dryer using steam as drying medium. The superheated steam enters the dryer,
transfers heat to the biomass and then leaves the dryer as condensate.

The steam dryer has five connected streams, fuel and superheated steam entering the dryer and
dried fuel, condensate and evaporated moisture leaving. The model uses simple energy and mass
balances equations to calculate the steam needed for evaporating the desired amount of moisture.
In the model the desired moisture content of the dried bio-fuel has to be set. The superheated steam
entering the dryer leaves as saturated water and all the energy from the steam is transferred to the
bio-fuel. The amount of energy transferred to the fuel and the mass of evaporated water from the
bio-fuel is calculated in the model. The moisture evaporated from the fuel leaves the dryer as
saturated steam. The temperature of the dried fuel leaving the dryer is the same as the saturation
temperature of the water. Also the lower heating value of the incoming bio-fuel is calculated, this is
done in the same way as in the gasification model.
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5 Biomass integrated gasification combined cycle

In this section different concepts for integration of the gasification system with the combined cycle is
described. Although indirect steam gasification has been demonstrated it is to the authors not
known that this gasification scheme has been integrated with a combined cycle. Neither has the
pressurized concept of the indirect gasification been demonstrated. Since there is no practical
experience for this integration a few different configurations has been tested. To get comparable
results between the different configurations the same operation parameters for all systems has been
used. Flow charts for the different configurations can be seen in appendix B. The configurations and
the operation parameters are described below. All of the configurations have some common
features regarding the integration, described by figure 5-1;

e The gasification steam is preheated and evaporated in the HRSG (1, 2).

e The gasification steam is superheated in a heat exchanger utilizing heat from the syngas (3).

e The air to the gasifier combustion chamber is bled from the gas turbines compressor outlet
and further compressed to the required pressure by a booster compressor (4).

e The flue gases from the gasifier combustion chamber are lead to the HRSG (5).

e An extra economizer is introduced for heating the feedwater in the steam cycle (6).

e The syngas passes through a hot gas filter before entering the gas turbines combustion
chamber. The filter is for cleaning alkali compounds and particulates not separated in the
gasifier cyclone (7).

e All of the configurations used the same type of fuel, described in section 6.1.
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Figure 5-1. Common features of the different BIGCC-configurations.

37



5.1 Operation parameters

The operation parameters are given in Table 4-1table 5-1 below:

Table 5-1. Operation parameters for the different BIGCC-plants.

Gasification process
Gasification temperature 750°C
Gasifier combustor chamber temperature | 850°C
Temperature at filter inlet 550°C
Pressure drop hot gas filter 0.2 bar
Gasification steam temperature 550°C
Steam cycle
Live steam pressure 100 bar
Live steam temperature 565°C
Gas turbine
Turbine inlet temperature 1160°C
Mass flow air 38.65 kg/s

The reason for choosing the gasification temperature to 750°C is because this is a normal operating
temperature for many gasifiers [5]. With this temperature ash softening issues can be avoided since
they are in the region of about 800-950°C for many biomasses [1]. The value for the pressure drop
over the hot gas filter is obtained from operational data from the Varnamo BIGCC pilot plant [7].The
filter inlet temperature is chosen so that the alkali compounds have condensed but the tars will
remain in their vapour state. The gas turbine data is chosen from the results obtained when
modelling the SGT-400, see section 4.3.

5.2 Configuration A:

In this configuration the saturated steam from the steam cycles evaporator was split up into two
streams where one of the streams were superheated in the HRSG and the other stream was
superheated by the syngas cooler. The streams were superheated to the same temperature, then
connected and lead to the steam turbine. The reason for using the heat in the syngas for
superheating was due to the high temperatures of the syngas. The exit temperature of the syngas
leaving the syngas cooler matched the live steam temperature. Therefore it was believed that this
would give a favourable T-Q-chart in the form of minimized exergy losses in the syngas cooler.

5.3 Configuration B:

Here the heat from the syngas was used to preheat part of the feedwater in the steam cycle before
the steam cycles evaporator. A drain was made after the first economizer in the steam cycle and part
of the flow was lead to the syngas cooler. The two streams were then connected before entering the
evaporator in the steam cycle.

5.4 Configuration C:

In this configuration an extra heat exchanger was introduced for cooling the syngas. It is a
combination of configuration A and B where the extra syngas cooler is used for preheating part of
the feed water in the steam cycle. A part of the flow to the steam cycle’s superheater is directed to
the first of the two syngas coolers and superheated to the steam turbine inlet temperature. It is then
connected back to the main flow after the HRSG superheater. The temperature of the syngas
between the two heat exchangers is 600°C.
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5.5 BIGCC-plant with integrated fuel drying

Because of the varying moisture content of the biomass feedstock during the season fuel drying
equipment could make the BIGCC-plant more flexible. By integrating the fuel dryer excess heat from
the overall process also could be utilized in an efficient way. The selected method of drying is by
using an indirect steam dryer. The reasons for choosing a steam dryer is that the exhaust gases from
the gas turbine contains a large fraction of oxygen, this excess of oxygen together with an elevated
temperature could mean an increased risk of fire development. Also the efficiency of steam drying is
higher than for flue gas drying. Two different approaches on integration have been evaluated, the
flow charts of the alternatives are shown in appendix B. The operational parameters for the two
alternatives are the same as for the previous configurations except for the pinch-point in the
evaporator. The pinch-point was increased due to that more energy was needed downstream in the
HRSG for the production of the drying steam.

5.5.1 |Integrated fuel drying, alternative 1

The overall outline of alternative 1 is similar to configuration A, the extra drying configuration is
described in figure 5-2. An extra evaporator (1) and superheater (2) for the steam intended for drying
is added to the HRSG. The steam produced from the moisture in the fuel is added to the drying steam
(3) and then superheated before re-entering the steam dryer (4). The condensate leaving the steam
dryer has two drains (5), one drain for disposal of the excess condensate and one drain were the
condensate is pressurized (6), evaporated, superheated and then used for the gasification process
(7). The remaining condensate is evaporated and reused for drying. This alternative has no external
water supply, instead it uses the moisture in the fuel.
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Figure 5-2. Description of the drying circuit for alternative 1.

5.5.2 Integrated fuel drying, alternative 2

In alternative 2 the steam used for the fuel drying is in a completely closed loop. The steam that is
expelled from the fuel is used to preheat the water intended for the gasification process. It is also
used for preheating the water in the steam cycle to the deaeration temperature and then it is
discharged from the system. The condensate from the steam dryer is evaporated and superheated in
the HRSG and then reused for drying. Water for the gasification process is added from an external
source and preheated, partly by the steam from the dryer and partly by the HRSG. The evaporator
and the superheater for the gasification steam are located in the HRSG.
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5.6 Atmospheric BIGCC

The main difference between a pressurized and atmospheric BIGCC is that the atmospheric version
will require further cooling and compression of the syngas before it can be supplied to the gas
turbine.

Since the syngas will have a temperature in the region of 100°C before the compression this will lead
to problems with the tars. At this temperature the tars will no longer remain in their vapour state.
Therefore some kind of tar clean up has to be performed. Tar clean up is however not considered in
this work since the formation of tars is very complex and difficult to model.

The configuration of the atmospheric BIGCC is similar to the pressurized BIGCC. However there are
some differences. The air needed for the combustion chamber is not bled of from the gas turbine,
instead it can be supplied from the surroundings. The combustion air is preheated in a double heat
exchanger which also superheats the steam for the gasification process. Prior to the double heat
exchanger an extra heat exchanger is located. This is intended for superheating a part of the steam
to the steam turbine. The compression of the syngas is done in two steps with intercooling in order
to minimize the compressor work. The heat recovered from the intercooling is used as an
economizer for a part of the steam in the steam cycle. The flow sheet of the configuration can be
seen in appendix B.

The pressure ratio of the two compressors was set according to:
Ttotal = 1 (5.1)

Where 1,4 is the total pressure ratio, 1, is the pressure ratio of the first compressor and n is the
number of compressors. The pressure ratio in the first and second compressor is equal.
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6 Results

6.1 Gasifier model

The model of the gasifier has been studied with different parameter values to evaluate its
performance. This has been done by using PS Excel. Three parameters have been studied; pressure,
temperature and steam to fuel ratio. The steam feed temperature to the gasifier and fuel inlet
temperature has been set to 300°C and 15°C respectively. For these variations the fuel in table 6-1
has been used.

Table 6-1. Composition for the fuel used in the parameter study.

Component | Value [% weight]
C 42.48

H 5.20

(0] 36.12

N 0.47

S 0.05

Ash 0.68

Moisture 0.15

For the pressure variation the syngas composition along with the cold gas efficiency have been
studied. The diagram below shows the influence of the pressure on the syngas composition when the
pressure is varied from 2 to 25 bar. The syngas temperature is 750°C and exhaust gas temperature is
850°C.

Pressure variation
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Diagram 6-1. Pressure variation in gasifier model.
The diagram shows that the CH,;, CO, and H,0 increases while H, and CO decreases. The heating

value will decrease due to that H, and CO decreases more than the increase of CH, which has a
negative effect on the heating value.
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Cold gas efficiency
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Diagram 6-2. The cold gas efficiency for different gasification pressures.
As can be seen in diagram 6-2 the cold gas efficiency increases slightly with an increased pressure.

The syngas composition is also of interest in the temperature variation. The effect of the gasification
temperature on the syngas composition and the lower heating value was studied. The cold gas
efficiency was also studied here. The variations can be seen in diagram 6-3 and diagram 6-4. The
pressure in the gasifier was set to 20 bar. The exhaust gas temperature from the gasifier combustor
was set 100°C higher than the gasification temperature.

Temperature variation
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Diagram 6-3. Temperature variation in gasifier model.

The temperature variation shows that the amount of H, and CO increases and CH,4, CO, and H,0
decreases as the temperature is raised. The LHV of the syngas increases with temperature. This is
because the increase of H, and CO and the simultaneous decrease of the H,O and CO, fractions. It
was noticed during the testing that the mass flow of steam to the gasifier became very small and
eventually negative at syngas temperatures of 900°C and above.
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Cold gas efficiency
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Diagram 6-4. The cold gas efficiency for different gasification temperatures at 20 bar.

The gasification temperature’s influence on the cold gas efficiency is shown in diagram 6-4. As can be
seen the efficiency decreases at higher temperatures.

Finally the steam to fuel ratio variation was done. Here the syngas composition as well as the
gasification temperature was studied. The gasification pressure was 20 bar, the temperature
difference between the gasification temperature and combustion chambers temperature was set to
100°C. The result from the variation can be seen in diagram 6-5.

Steam/Fuel-ratio variation
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Diagram 6-5. Steam to fuel mass variation in the gasifier model.
As the amount of steam to fuel decreases, i.e. less steam or more fuel, the H,- and CO-concentration
increases and the CH,-, CO,- and H,0-concentration decreases. The temperature in the gasifier

increases from 600°C to 850°C when the steam to fuel ratio decreases. The lower heating value
increases due to the favourable change of composition in the syngas.
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6.1.1 Atmospheric gasifier

A temperature variation was performed to see how the composition changed with the gasification
temperature during atmospheric pressure, the results are shown in diagram 6-6. At temperatures
below 630°C there was no need for syngas recirculation to the combustion chamber. When the
gasification temperature was raised more syngas had to be re-circulated. When the gasification
temperature became higher all the coal from the biofuel was converted into permanent gases.
Therefore the two equilibrium reactions for the homogenous case were used when the temperature
became higher than 720°C.
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Diagram 6-6. The influence of the gasification temperature on the syngas composition.

The temperature influence on the cold gas efficiency is seen below.
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Diagram 6-7. The cold gas efficiency for different gasification temperatures at atmospheric pressure.

In diagram 6-7 it can be seen that the cold gas efficiency decreases with a higher gasification
temperature.
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6.2 Results for configuration A

The total net power output from the plant was 19.8 MW with an electric efficiency of 46.89%. The
gas turbine produced 12.6 MW and the steam turbine 7.8 MW. The conversion factor in the gasifier
was 0.792. The stack temperature was 97°C. The mass flow of exhaust gas through the gas turbine
was 38.9 kg/s. The steam flow to the gasifier was 0.72 kg/s and the cold gas efficiency was 85.37%.

6.3 Results for configuration B

The total net power out from the plant was 19.3 MW with an electric efficiency of 45.83%. The gas
turbine and the steam turbine produced 12.6 and 7.4 MW respectively. The conversion factor was
the same as for configuration A, 0.792. This configuration had a much higher stack temperature of
125.4°C with the same turbine mass flow of 38.9 kg/s, this explains the lower efficiency. The steam
flow to the gasifier was 0.72 kg/s and the cold gas efficiency was 85.37%.

6.4 Results for configuration C

This configuration gave a total net power output of 19.6 MW and an electric efficiency of 46.46%.
The power output from the gas turbine was 12.6 MW and 7.6 MW from the steam turbine. The
conversion factor was in this configuration also 0.792. The steam flow to the gasifier was 0.72 kg/s.
The stack temperature was 108.6°C and the turbine mass flow 38.9 kg/s. The cold gas efficiency was
85.37%.

Because of that the gasifier operates under the same conditions in configuration A to C the syngas
composition will be the same for the configurations. The syngas composition for the three
configurations is shown in diagram 6-8 below.

Syngas composition for configuration A-C
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Diagram 6-8. Syngas composition for configuration A-C.

6.5 Parametric study for configuration A

Since configuration A gave the highest efficiency this configuration was used to study how different
parameters influenced the performance of the plant. The different parameters that were studied
were the syngas temperature at the hot gas filter inlet, the steam temperature at gasifier inlet and
the operational parameters of the steam cycle, i.e. the live steam pressure and temperature.

6.5.1 Hot gas filter inlet temperature

The hot gas filter inlet temperature was varied to see the influence this had on both the total
electrical efficiency and the gas turbine efficiency. The temperature was changed from 490°C to
650°C. The stack temperature was also observed to evaluate the effect on the steam cycle. The
effects are shown in diagram 6-9.

45



Effect of syngas temperature at hot gas filter
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Diagram 6-9. Effect of changes in syngas temperature at the hot gas filter inlet.

As shown in diagram 6-9 the filter inlet temperature has a small influence on the electrical efficiency.
The gas turbine efficiency however increases somewhat with increasing filter inlet temperature. The
stack temperature also increases with a higher filter inlet temperature.

6.5.2 Gasification steam temperature

The temperature of the steam used for the gasification was varied to study the effects on the
electrical efficiency. The result is shown in diagram 6-10.
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Diagram 6-10. The gasification steam temperatures influence on the electrical efficiency.

With a higher steam temperature a slight increase of the electrical efficiency was obtained together
with an increase in the conversion factor.
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6.5.3 Steam cycle parameters

The inlet pressure to the steam turbine was studied to see its influence on the electrical efficiency.
The result is shown in diagram 6-11. This was done with a constant steam temperature of 565°C.
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Diagram 6-11. The steam turbines inlet pressure influence on the electrical efficiency.
The steam turbines inlet temperature was also varied to study the effects on the electrical efficiency.
This was done with the steam turbines inlet pressure set to 100 bar. The pinch-point in the

evaporator had to be changed in order to avoid crossing temperature lines in the T-Q-diagram. The
effect of the steam temperature is shown in diagram 6-12.
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Diagram 6-12. The steam turbines inlet temperature influence on the electrical efficiency.
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6.6 Results for the BIGCC-plant with integrated fuel drying

The two alternatives for the integrated drying were evaluated with two different levels of moisture
content in the fuel. The results are shown in table 6-2 below.

Table 6-2. The results for the two alternatives of integrated fuel drying.

Alternative 1 Alternative2
Moisture content 40% 50% 40% 50%
Electrical efficiency 48.85% 51.47% 48.77% 49.30%
Gas turbine power output 12.6 MW 12.6 MW 12.6 MW 12.6 MW
Steam turbine power output | 7.3 MW 7.3 MW 7.3 MW 6.5 MW
Total net power output 19.3 MW 19.3 MW 19.2 MW 18.5 MW
Pinch-point evaporator 25°C 25°C 25°C 55°C
Stack temperature 122°C 115°C 106°C 105°C
Cold gas efficiency 85.84% 85.84% 85.84% 85.84%

The electrical efficiency increased with increased moisture content even though the steam turbine
power output decreased. For alternative 1 the flow in the drum to the dryer’s evaporator became
very small.

6.7 Atmospheric BIGCC

Two different approaches were tested when the atmospheric BIGCC was evaluated. The first
alternative was to allow an increase in the gas turbine mass flow and the second alternative was to
have a drain from the gas turbines compressor. Thereby the mass flow through the gas turbine could
be kept as for the design case.

Table 6-3. Results for the atmospheric BIGCC.

Increased gas turbine mass flow

Design gas turbine mass flow

Electrical efficiency 43.34% 41.94%
Gas turbine power output 13.9 MW 12.6 MW
Steam turbine power output | 10.7 MW 10.2 MW
Total net power output 21.6 MW 20 MW
Gas compressor consumption | 2.9 MW 2.8 MW
Stack temperature 91°C 91°C
Cold gas efficiency 77.05% 77.05%
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7 Discussion

7.1 Gasifier model

The results from the pressure variation in diagram 6-1 regarding the syngas composition are what
one would expect. This is because when looking at the equilibrium constants, for example for the
methanation reaction, it is dependent on the pressure according to:

_ Xcw, p°

This gives that the concentration of methane will increase with an increasing pressure and that the
hydrogen will decrease. This is due to that for a given temperature the value of K}, has to be
constant.

The lower heating value decreases with a higher pressure due to that the H, CO and CH, becomes a
smaller part of the total composition and the other components, CO, and H,0, have a negative
influence on the heating value. The three mentioned components contain different amounts of
energy, for example CH, contributes with more energy per volume than CO. So with an increasing
concentration of methane as the pressure is raised this would have a positive effect on the heating
value but as the concentration of H,and CO also decreases the resulting effect is a decrease in the
lower heating value.

In the literature survey it was found that the gasification temperature in a char indirect, two-stage
gasifiers with steam reforming was between 600-1000°C. The difference is that these figures are for
an atmospheric gasifier while the modelled gasifier is pressurized. Therefore a parametric study was
done where the gasification temperature influence on the syngas composition was studied. The
gasification temperature variation showed the same behaviour as Fredriksson Méllers [36] which was
expected because a similar method of modelling was used. The syngas composition changes due to
that the equilibrium constants changes. This corresponds to that the reactions becomes faster at
higher temperatures.

The model showed small or negative mass flows of steam at high temperatures. The reason for this is
that at high temperatures the gasification process requires a certain amount of energy, in form of
heat from the combustion chamber. This heat is supplied by combusting a part of the carbon from
the biomass feedstock. A higher gasification temperature therefore means that less carbon is
converted. This also gives less carbon is present in the syngas. The equilibrium equations will then
require a decrease in hydrogen and oxygen to maintain the equilibrium between the carbon and
oxygen/hydrogen. To keep a realistic flow of steam for fluidizing the bed in the gasifier, a part of the
syngas must be circulated to the combustion chamber.

Steam enters the gasifier with a lower temperature than the temperature in the gasifier which
results in that energy is needed to raise the steam to the gasification temperature. This is the reason
why the temperature increases with a lowered steam to fuel ratio as shown in diagram 6-5. Different
steam to fuel ratios give different mass flow of carbon to the combustion chamber i.e. the
conversion factor will change and thereby also different heating value, mass flows of syngas and heat
flow to the gasification process from the combustor will be obtained. This will result in different
gasification temperatures and thus give different syngas compositions.
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The behaviour of the cold gas efficiency and its dependence on the gasification temperature and
pressure was studied. For the pressure variation the cold gas efficiency increased with an increasing
pressure. This can be explained by that when the pressure is increased the mass flow of steam to the
gasifier increases. So although the LHV decreases with a higher pressure the increase in the syngas
mass flow contributes to a slight increase in the cold gas efficiency. The reason for the decrease of
the cold gas efficiency with the increase in temperature is that more energy is needed to raise the
temperature of the input material to the gasification temperature. The steam mass flow to the
gasifier also decreases with an increased temperature which lowers the total syngas mass flow and
thereby the total energy flow.

When the literature survey was performed there were not much work found on the pressurized
indirect gasification concept. And since this concept never has been built no test results can be
obtained. Therefore it has been hard to validate the results of the gasifier model. But with the
comparison of results with Fredriksson Moéller [36] along with the testing and variations the result for
the indirect gasification model seems realistic and satisfying. The equilibrium constants that has been
calculated has been compared to those found in the literature and found to be in accordance with
these.

7.1.1 Atmospheric gasifier

As seen in diagram 6-6 the product gas composition varies largely at low temperatures, this is due to
that the carbon steam ration varies along with the temperature. Above 720°C the fuel to steam ratio
is constant, and the conversion factor is also constant. Therefore the changes in the syngas
composition become smaller and are only related to the change in temperature. The concentration
of methane was much lower compared to the pressurized gasification. This is because of the fact that
a high pressure shifts the equilibrium to a higher concentration of methane which can be seen in Eq.
3-11.

The cold gas efficiency for the atmospheric gasifier shows the same tendencies as the pressurized
process but is slightly lower due to the re-circulation of syngas. The reason for the re-circulation of
the syngas to the combustion chamber is that more energy is needed to maintain the gasification
temperature. At atmospheric pressure the gasifier showed the same behaviour as the pressurized
gasifier did at high temperatures. However for the atmospheric gasifier this becomes more visible
already at lower temperatures. Less energy is supplied from the gasification steam. This is because
the steam pressure is atmospheric and thereby it can’t be superheated to the same temperature as
when pressurized without very large heat transfer areas. Also at a lower pressure the water in the
fuel will require more energy in order to be evaporated.

7.2 Gas turbine performance

For configuration A-C the flow of exhaust gas from the gas turbine has been fairly constant. The flow
has been somewhat lower than the exhaust gas flow for the design case. This indicates that bleeding
air from the compressor outlet can be a successful strategy for handling the problem with an
increased fuel mass flow. The amount of air extracted from the compressor is dependent of the
amount of carbon converted in the gasifier reactor. If a greater amount of carbon is gasified then less
char is transported to the combustion section of the gasifier and less amount of air is needed to
ensure complete combustion.

As seen in diagram 6-9 the gas turbine efficiency increased as the temperature of the syngas supplied
to the gas turbine was raised. However care has to be taken when evaluating the efficiency of the gas
turbine. For configuration A-C a higher gas turbine efficiency was obtained even though the mass
flow of combusted gases through the turbines was somewhat lower than in the design case. The
higher efficiency could be explained by the fact that the temperature of the fuel supplied to the gas
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turbine is very high. However the fact that the gas turbine is running in “off-design” mode, i.e. the
mass flow through the turbine is lower than for the design case, isn’t considered in the model.

Another important issue is the fact that the mass flow of fuel that has to be supplied to the gas
turbine is around 4 times higher than the mass flow when using natural gas as fuel. This will require
extensive modifications of the fuel system. The gas turbine used at the Varnamo BIGCC-plant
required a completely separate fuel gas module when operating on syngas [15]. The high
temperature of the syngas is another factor that has to be considered when using the gas turbine.
Thermodynamically a higher temperature of the gas would enable lower fuel consumption and thus
improving efficiency but the high temperature has to be considered when designing the fuel system.

When increasing the mass flow through the gas turbine the safety margin towards surge decreases
and problems with the gas turbine may occur more frequently. This is not considered in the gas
turbine model and will only result in an increased power output from the gas turbine due to the
increased mass flow through the turbines.

7.3 Evaluation of configuration A-C

In configuration A the extra heat from the syngas is used to superheat a part of the steam in the
steam cycle. What happens is that the evaporator will receive more energy and is able to increase
the mass flow in the steam cycle. This increases the mass flow in the steam turbine and thereby
more electricity is produced which leads to that more energy from the exhaust gas is used. This
results in a low exit temperature of 97.1°C from the HRSG and an increased efficiency. If the
temperature after the syngas cooler is lowered there is more energy for the steam cycles evaporator
and the steam flow is further increased. A problem occurs when too much steam is superheated in
the syngas cooler. What then happens is that the steam evaporator will require so much energy that
there won’t be enough energy left in the exhaust gases for the downstream heat exchangers in the
HRSG.

The T-Q-diagram, diagram 7-1, for the syngas cooler in configuration A shows that the temperature
for the steam cycle and gasification steam is in the same region and near the syngas temperature. By
using the energy from the syngas to the warmest part of the steam cycle the potential of the syngas
energy is maximized. This means that the energy from the syngas cooler is used in the best way.

T-Q-diagram syngas cooler
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Diagram 7-1. The T-Q-diagram for the syngas cooler in configuration A
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With the configuration B the extra heat from the syngas is used to preheat the water in the steam
cycle. This was done due to the problem that occurred when the evaporator required too much
energy. The electrical efficiency is lower than in configuration A because of a lower steam flow
through the steam turbine but this configuration allows a larger change in energy transfer in the
syngas cooler which also means that the exhaust gas temperature from the gasifier can vary more.
The HRSG's exit temperature is higher than in configuration A which means that more energy goes to
waste.

Configuration C is a compromise between a high efficiency and a high flexibility. The mass flow of
steam to the gasifier is determined by the gasifier. Therefore the amount of energy to superheat the
product steam is the same. Because of the higher temperature after the first syngas cooler the steam
flow to the steam cycle is decreased due to that the syngas cooler isn’t able to superheat the same
amount of steam. The second syngas cooler transfers the rest of the energy to the steam cycle’s
economizer. This allows a larger energy transfer to the steam cycle from the syngas and the syngas
temperature before the hot gas filter can be kept constant if the gasification temperature increase.

Configuration A has the highest efficiency and shows a satisfying flexibility for different operating
parameter, so this is considered as the best configuration for the integration of the gasifier.
Configuration C also shows good results for the efficiency and an even better flexibility than
configuration A. However the electrical efficiency is somewhat lower and this concept also requires
an extra heat exchanger which will increase investment costs. A second downside with the second
heat exchanger for cooling the syngas is that the syngas cooler is one of the most vulnerable
components in the whole BIGCC-plant. Therefore with the introduction of an extra syngas cooler this
could cause extra downtime to the plant and thus decreasing the availability of the plant.

Another important consideration is that all these configurations consume water for the gasification
process. The flue gas from the combustion chamber of the gasifier has a high temperature and
pressure. An option would be to install some type of a small radial turbine to utilize this energy.
However this could perhaps require cleaning and treatment of the gas which means that the
temperature must be decreased. With a lower inlet temperature the specific work for the turbine
will decrease and the contribution from such a turbine would be small compared to the practical
issues surrounding it. Instead the heat from the flue gas is recovered in the HRSG but the useful work
from the elevated pressure is lost.

7.4 Influence of different operational parameters

7.4.1 Effects of different hot gas filter temperature

The hot gas filter is an important component in the BIGCC-plant to avoid operational problems with
the gas turbine. It is also one of the most exposed components in the plant, receiving dirty syngas at
high temperatures. Therefore it was interesting to study how the operation temperature for the filter
could influence the overall performance of the plant.

It was seen that if syngas at a higher temperature could be supplied to the gas turbine this would
improve gas turbine efficiency, as shown in diagram 6-9. This is because less energy is needed to
raise the syngas to the combustion temperature. However as diagram 6-9 also show the total
electrical efficiency remains almost constant for the whole temperature range despite the increase in
gas turbine efficiency. The reason for this is that if less heat is extracted from the syngas in the
syngas cooler the mass flow of superheated steam to the steam turbine will decrease. This is why the
stack temperature increases with a higher filter inlet temperature. Because of this maybe a lower
working temperature for the filter would be appropriate to avoid material issues due to high
temperatures. However the syngas temperature still has to be high enough for keeping the tars in
their vapour state.
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The Varnamo BIGCC-plant has used the technique of hot gas filtration and tested both a ceramic and
a metallic filter. Both the ceramic and the metallic filter showed good result for filtration of the
syngas but with the ceramic filter material failure was detected [7].

7.4.2 Effects of the gasification steam temperature

As seen in diagram 6-10 the electrical efficiency increases as the gasification steam temperature is
raised. The increase is however quite modest. The reason for the increase can be explained by the
fact that when the steam temperature is raised this results in a higher energy flow to the gasifier, i.e.
more heat is supplied to the gasification process. If more heat is supplied to the process a larger
amount of carbon can be gasified, this is because the need for the heat supplied through the external
combustion decreases. The increase in the conversion factor is also seen in diagram 6-10.

A consideration in this case is that these high temperatures may cause material problems in the
equipment.

7.4.3 Effects of steam cycle parameters

The current model of the steam turbine doesn’t consider what happens when the moisture content
is increased, it will give the same result independent of the moisture content in the steam turbine
exhaust. Too high moisture content will however lower the performance of the steam turbine. A limit
of around 16% moisture content is required to avoid problems with erosion in the last stages of the
steam turbine [42]. When the steam pressure is increased less energy is needed for the evaporation
of the water and thereby the electrical efficiency is raised. However the moisture content is also
increased. By increasing the steam temperature a lower moisture content can be achieved but at the
cost of a decrease in the electrical efficiency. The decrease in the electrical efficiency is explained by
the fact that when the steam is evaporated to a higher temperature energy which could be used for
steam production in the evaporator is removed. Even though a larger enthalpy drop is achieved in
the steam turbine the first effect will be dominating. When choosing the steam temperature and
pressure this is a compromise between power production, an efficient heat transfer in the HRSG and
the moisture content in the steam turbines exhaust. The choice of steam parameters is however
mainly an economic consideration. High pressures and temperatures will require larger investments,
for example in the form of more advanced steam turbines and larger heat exchanger surfaces. The
upper limit for the steam temperature is determined by the material used in the steam turbine and
the upper limit is somewhere around 565°C. The length of the turbine blades in the first stage will
also be a limiting factor. With a high pressure a smaller flow area is needed and thereby the turbine
blades will become very small.

7.5 BIGCC with integrated fuel drying

Although the power production was decreased when the steam dryer was introduced the electrical
efficiency increased quite dramatically. This is explained by the fact that the electrical efficiency is
based on the lower heating value of the biofuel. The lower heating value considers the amount of
water in the fuel and the energy required for the evaporation of this water (see Eqg. 3-19). When the
moisture content is increased this will render in a much lower LHV for the biofuel and although the
mass flow of fuel is increased the total energy input will be lower than with a dryer fuel. However
since the fuel is dried to the same moisture level as for the BIGCC-plant without fuel drying, the
energy flow to the gasifier will be the same if the same fuel is used. This is because the gas turbine
will still require the same amount of fuel for maintaining the specified turbine inlet temperature for
the given mass flow of air. But since the fuel entering the system has a higher moisture content the
energy flow into the system will be lower. This is illustrated by a simple calculation example in table
7-1 where the energy flow for the same fuel but with different moisture content is calculated.
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Table 7-1. Energy flows for fuels with different moisture contents.

Without fuel drying With fuel drying
Moisture content | 15% 40% 50%
LHV 15.7 MJ/kg 10.6 MJ/kg 8.23 MJ/kg
Mass flow 2.69 kg/s 3.73 kg/s 4.55 kg/s
Energy flow 42.2 MW 39.5 MW 37.4 MW

7.5.1 Integrated fuel drying, alternative 1

When the moisture content in the fuel was 40% the resulting T-Q-diagram for the HRSG became as
shown in diagram 7-2 below.

T-Q-diagram alternative 1, 40% fuel moisture
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Diagram 7-2. T-Q-diagram for the HRSG in alternative 1, fuel moisture 40%.

The explanation to the decrease in power output compared to configuration A is that the pinch-point
in the evaporator is increased, shown by the black circle in diagram 7-2. The pinch-point has to be
increased in order to meet the increased requirement of energy further downstream in the HRSG. By
increasing the pinch-point the total mass flow to the steam turbine is decreased thereby lowering
the power output. Since the pinch-point in the superheater for the drying steam is set to 10°C it will
be the double heat exchangers temperature line that will cross the temperature line of the exhaust
gas, this is show by the red circle in the diagram 7-2.
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When the moisture content of the fuel was increased to 50% for alternative 1 the resulting T-Q-
diagram became accordingly to diagram 7-3.
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Diagram 7-3. T-Q-diagram for the HRSG in alternative 1, fuel moisture 50%.

The T-Q-diagram for the HRSG does not change dramatically when the moisture content is increased.
Because of the increased moisture content of the fuel the energy required for drying increases. This
gives a larger mass flow in the drying circuit and thereby more energy is extracted from the exhaust
gases. This explains the decrease in stack temperature and the pinch-point for the double heat
exchanger. This is however only affecting the components downstream of the steam cycle
evaporator in the HRSG. Therefore the same amount of energy can be transferred to the steam cycle
and thus the power output will be the same. Because of the lower LHV of the fuel the efficiency will
increase drastically.
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7.5.2 Integrated fuel drying, alternative 2
The HRSG's T-Q-diagram for alternative 2 is shown in diagram 7-4.

T-Q-diagram alternative 2, 40% fuel moisture
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Diagram 7-4. T-Q-diagram for the HRSG in alternative 2, fuel moisture 40%.

Just as for alternative 1 the pinch-point in the evaporator has to be increased. Thereby there will be a
loss in power production from the steam cycle. The component that limits the power production and
thereby also the evaporator’s pinch-point is the evaporator for the drying steam which is placed last
in the HRSG.
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When the moisture content of the fuel is increased the amount of water that has to be evaporated
increase, this can be seen in diagram 7-5.

T-Q-diagram alternative 2, 50% fuel moisture
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Diagram 7-5. T-Q-diagram for the HRSG in alternative 2, fuel moisture 50%.

The amount of heat that is needed to be transferred to the drying steams evaporator has a great
impact on the pinch-point in the steam cycles evaporator and thereby also the power output. To be
able to dry the wet fuel the pinch-point had to be more than twice as large as for the fuel with 40%
moisture. Such a large pinch-point in the evaporator would cause larger exergy losses and therefore
this configuration is not appropriate for moisture contents much higher than 40%.

7.5.3 General discussion concerning integrated drying

Overall a satisfying integration of the dryer has been hard to achieve. The integration will result in
several new components such as heat exchangers and drums thereby increasing the complexity of
the system.

For alternative 1 there is no need for an external water supply but due to the mixing of the
evaporated moisture and the steam for drying a build-up of contaminants in the drying steam may
occur. This may lead to several operational problems such as corrosion, filter plugging, a decrease in
heat transfer capacity etc. Preferably the steam produced from the dryer would be injected directly
into the gasifier perhaps after superheating. This would however require that the drying would take
at place at pressure levels of those in the gasifier and this could be a very difficult practical problem
to solve. Another option is to condense the steam from the fuel, pressurize the condensate,
evaporate and superheating it, before injecting it into the gasifier. The steam from the drying could
also be pressurized directly but as this would consume large amounts of energy this option doesn’t
seem realistic. If atmospheric gasification was used the use of the steam from the fuel dryer maybe
had been much easier to use in the gasifier. The flow to the dryer’s evaporator became very small
and therefore this may not be the best way for supplying saturated steam to the drying circuit.
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A benefit for alternative 2 is that the steam for the drying is in a completely closed loop. However the
steam supplied to the dryer will require larger amount of energy from the HRSG. Also there is a
larger energy loss when the steam generated in the dryer is rejected from the system. Even though
energy is transferred back to the system, by preheating water intended for the gasification and the
water to the deaerator, the flow from the dryer will leave the system as a mixture of steam and
water. This solution will also require an external water supply to the gasification process.

For both of the alternatives excess water and/or steam will be generated. This could be a potential
problem since this water/steam may require special treatment before disposal.

If a dryer should be integrated the decision between power output and electrical efficiency should be
considered. Another aspect is the fuel cost versus the cost of the fuel dryer. With an integrated fuel
dryer a lower quality fuel could be used but at the price of a more complex and expensive plant. If
fuel with a higher quality is chosen this could admit a less advanced configuration but with higher
operational costs in terms of fuel prices.

7.6 Atmospheric BIGCC

Due to the higher mass flow through the gas turbine its power output increases. The steam turbine
also shows higher power outputs compared to the BIGCC with pressurized gasification. This can be
explained by the fact that when the syngas is re-circulated to the combustion chamber more air is
needed in order to ensure complete combustion. Thus the flow of flue gas from the combustion
chamber will increase and thereby the total flow in the HRSG will increase. More energy is thereby
possible to transfer to the steam cycle. The total mass flow in the steam cycle is therefore increased,
giving a higher power output from the steam turbine. This is also why the steam turbine has a
somewhat lower power output compared to when the mass flow through the gas turbine is higher.

The electrical efficiency was lower than when pressurized gasification was employed. This can be
explained by the fact that re-circulation of the syngas has been introduced. This will lower the
efficiency of the gasification process and thereby reducing overall efficiency. The work needed for
the compression of the syngas along with the lower temperature of the combustion air will also have
a negative effect on the overall efficiency.
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The T-Q-diagram for the atmospheric BIGCC is shown in diagram 7-6. It shows that the total amount
of energy transferred to the steam cycle is larger than for the pressurized alternative.

T-Q-diagram for the atmospheric BIGCC
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Diagram 7-6. The T-Q-chart for the atmospheric BIGCC.
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8 Conclusions

It has been seen that the electrical efficiencies of BIGCC-plants has been higher than for conventional
bio-fuelled power plants. Electrical efficiencies in the region of 45-50% have been obtained for the
different configurations developed and tested in this thesis. However pressurized gasification is still a
commercially unavailable technology requiring many practical problems to be solved.

Even though an equilibrium model of a gasification process only is an approximative estimation of
the actual process it is well suited for overall thermodynamic calculations. By such overall
calculations different strategies can be compared and evaluated from thermodynamic, practical and
economical points of view.

The models showed promising results when it came to handling the increased fuel mass flow to the
gas turbine. The amount of air that was bled of from the compressor was in the same region as the
increase in fuel flow, keeping the mass flow through the turbine fairly close to the design value. This
was valid for several different operation conditions of the gasifier. This strategy requires a relatively
easy modification to the gas turbine for it to be able to operate on syngas.

For a BIGCC-plant without fuel drying it was found that the best way of utilizing the sensible heat in
the syngas was for superheating part of the steam for the steam turbine. The corresponding
temperature levels results in a high potential.

When a fuel dryer was integrated the electrical efficiency increased. With the current definition of
the electrical efficiency based on the lower heating value of the fuel the results will be somewhat
misguiding. This is especially obviously for alternative 2 when the fuel had a moisture content of
50%. Even though the power production decreased drastically compared to configuration A, the
electrical efficiency became much higher. For alternative 1 this was also noticed when going from a
fuel moisture of 40% to 50%. By simply adding water to the fuel the electrical efficiency will rise.
However this definition is what is used in the industry when comparing different plants and
technologies to each other. It may be worth reconsidering the definition of the electrical efficiency
when the drying is integrated in the overall process.

When introducing a fuel dryer the plant configuration becomes more advanced. There could be
problems with contaminants in the expelled steam. For the pressurized gasification process there
was a problem making use of the energy in the steam produced in the dryer. The best option would
be to be able to use the steam for the gasification process but since this occurs at a higher pressure
this could not be achieved in a satisfying way.

If the pressure level of the gasifier is chosen so that it matches that of the gas turbine no further
compression of the syngas is needed. Compared to an atmospheric gasification process the syngas
don’t have to be further compressed and thus no extra energy is required for this compression work.
Also by having pressurized gasification the gas don’t need to be cooled because no compressor is
needed. By maintaining a high temperature of the syngas the tars can be kept in their vapour state
and no tar clean-up will be necessary. A downside with an elevated pressure is the issue of fuel
feeding. Existing technology, such as lock-hoppers, will require the addition of an inert gas for
pressurizing the fuel and thereby the heating value of the syngas will decrease.
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The atmospheric BIGCC showed lower electrical efficiency than the pressurized concept. However
the power output increased due to a higher mass flow through the gas and steam turbine. The power
consumption of the syngas compressor along with the lower cold gas efficiency of the gasifier is the
main reason to the lower electrical efficiency. Some form of tar removal will also be required since
the compression of the syngas requires a low syngas temperature. However the atmospheric dual
fluidized bed concept has been successfully demonstrated and the step from atmospheric to
pressurized gasification will require a more advanced fuel feeding system.
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Appendix A: Equilibrium constants

Reaction
Bourdoard Water-gas Methanation CO-shift Steam methane reforming
TI[K] log Kp [-]

298,15 -21,037 -16,017 8,895 5,020 -24,911
300 -20,849 -15,875 8,814 4,974 -24,689
400 -13,320 -10,129 5,492 3,191 -15,621
500 -8,787 -6,648 3,421 2,139 -10,069
600 -5,764 -4,311 1,993 1,453 -6,304
700 -3,609 -2,619 0,943 0,990 -3,562
800 -1,998 -1,371 0,138 0,626 -1,509
900 -0,750 -0,387 -0,500 0,363 0,113

1000 0,244 0,401 -1,018 0,158 1,420
1100 1,052 1,047 -1,447 -0,005 2,494
1200 1,721 1,584 -1,851 -0,137 3,435
1300 2,284 2,039 -2,115 -0,245 4,153
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Flow charts for the different BIGCC-configurations

Appendix B
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Configuration C

2892 | 423.29

17.02 _ 4019

=

)

38.91 | 643.22

1.043 _ 568.96

mass[ka/s]| hlkJ/ki
P_el net 196 [Mw I 4204 | 116.18 [kg/s] ﬁ_d@_
7 plbar] [Tl
1013 | 108.62
Eta GT 349585 |% i »,
I .M_ o
Eta_tot 464552 |% 1
Wv R_L_H
_‘_w.wl @ %
r L | 7
[
) _I\T
1
_ iy "4
LT o
i
Eg
$%
6.47 | 35393 - y
100 | 565 1
-

67



massfkg/s] h[kJikg]

pbar] | Tl

P_el net 193 [MW
Aﬂ 4204 | 13035
Eta GT 3485 |% 1013 | 121.73
eta_el 4885 |% 2
[
_ﬂ o
-— el
G .
| = L =
[ 1< =1 o X
3.156 | 1482.9 ]
3728 | [215 7 2151 730 _m_.\r_l_
r -
L [ |._|_
~ —_
_ Ea
— 2.818 | 47954 3.049 | 950.88 _m_.\L 7
2151 [ 45294 2051 | 850 i _
i i _|_|_ I.._l
-,
0.7289 | 35766 _Mu_..\_l_ = .
M
2251 550 e - w2
@ [ 2 | LK
SR o
i wm 6.204 | 3539.3 4208 | 6673
100 565 1.053 | 59066
= ) \m__ %
.
g 771 _
=] mm
- 1 38.09 | 645.13 “F
Integrated steam drying 7 1.083 | 570.54

Alternative 1

68



P_elnet 191 MW 1053 | 94593 10 4208|122 mass[kg/s] h[kJ/kg]
1013 | 99.967 1013 | 114 - plbar] 1Tl
Eta GT 3485 |% =
L) v
_I_I_
eta_el 4844 |%
- _HW|I|_| 1
o L
1
e [T ]
w (| e
_|@| J
_
[ _
1< >l kg X
e
[ .
;] 3.049 | 950.88 _|A_?L
2051 [ 850 _
_ e [471]
3728 | |215 - L
A
hng
_ ]
I E]
L
L 2818 | 479.56 | b
9 2151 | 452.96 wawm Eww% o
L o1 | | Zy » |
L& o
11 ¥
—ii— 3 @
| |
0.7289 | 3576.6 £ 2] _ L -
2251 550 — &
6.066 | 3539.3 1208 | 6673
100 565 : -
iwm i 1053 | 59065 |
|
ﬂ|.m\a
[ S
L)
| Fama | _
(4
A Wu - - _
3
4 K 2
38.99 | 645.13 _
Integrated steam drying 1.053 | 570.53
Alternative 2

69



P_el net 200 |Mw

Eta GT 344040 (%

Eta_tot 419350 |%

2.459 | 1573.1

,_._ﬁ 46.71 | 97.491
(1013 91228

mass[kg/s]

hlkJ/kg]

plbar]

Hlk

1013 750 |

0

£
L]
i \
— _ = a -
30745 K 2 - % o I
300 L
1
| o—t—F]
_|_|_ 8682 | 35393 7 y
100 | 565
miZ G
i 46.71 _ 698.03
i b 1043 | 61555
171 | 23207 7 ¥ E
1702 | 4019
L [
FaiN]

¥

Atmospheric BIGCC Alw

o i

394 | 6291

1043 | 5648

70



