Assessment of Fischer—Tropsch liquid fuels
production via solar hybridized dual fluidized

bed gasification of solid fuels

Peijun Guo

Thesis submitted for the degree of Doctor of Philosophy
School of Chemical Engineering

Faculty of Engineering, Computer & Mathematical Sciences

The University of Adelaide, Australia

May 2017



Table of contents

Table of Contents

F N =N 1 TN @ iv
DECLARATION -« reereteutteatte ettt vii
ACKNOWLEDGEMENT +:reeerrererrmmmneiiee i, viii
] = e = s = X
CHAPTER L INTRODUGCTION “ccerereerureemneeaneeaaeeanterineeraeeraneaaneans 1
1.1 BaCKGIOUNG -+ -+ - e ee e 2
1.1.1  Fischer-Tropsch liquid fuels produCtion:««««-«««««s ssereeesmmrresnineeennn. 2
1.1.2  Gasification OF SOl FUEIS - -+« xcrrrrerrerenrenmenmenmenennetnenaenaeneenennenns 5
1.1.3  Application of biomass and solar energy for FTL fuels production-------- 8
1.2 SCOpe and Structure Of the theSis «-«««««««rrrreerrrrrermmrreaniirieaieeene 12
CHAPTER 2 LITERATURE REVIEW vt treettttitiiiiiiiiiiiii i eiaaaans 14
21 TRYTe016 S0 [0 o IEE R T TR 15
2.2 Fischer-Tropsch liquid (FTL) fuels production ««««« -« evevevevneinnnenn. 15
2.2.1  FTL fuels production via coal gasification -« -« -« - ovoevvieiiinin. 15
2.2.2  FTL fuels production via natural gas reforming:«-«««-«o«ooveeievinennn. 16
2.2.3  FTL fuels production via biomass gasification -« «««-« xovevevrieieninns 17
2.3 SOIar gasifiCatioN «««««««r+ s rrrrrrreemmmnirreea e 20
2.3.1  Directly irradiated SOIar gasifiers - -«««««««««« sserrreeeammmmiiiiniiiii, 21



Table of contents

2.3.2  Indirectly irradiated SOlIAr Gasifiers - «««««««««=sserreeeemmmmmerearnniiiiaan 24
2.3.3  Solar hybridized dual fluidized bed gasifier -« -« - ovoevvieiiiii. 27
2.4 Solar hybridized FTL fuels production proCess -« -+« xaerevrerineriennane. 32
2.5  Gasification reactivity and characteristics of torrefied biomass char ---------- 36
2.5.1  Gasification of torrefied DIOMASS -« -+« xveererrvviii 36
2 5.2  CNAr CRArACIEIISTICS <+« v v v v rrrrrerrrrnneerneerinee e aaeeeans 38
2.6 IMPliCations fOr CUMTENT SEULY ««««++rrrrresrrrrremmmmrreaniireaaiirea e 46
2.7 ODbjectives Of the Present StUCY ««««««««xrrreermrrrrrrearmmmmrrieaaiiiiaeans 47

CHAPTER 3 PERFORMANCE ASSESSMENT OF FISCHER-TROPSCH
LIQUID FUELS PRODUCTION BY SOLAR HYBRIDIZED DUAL

FLUIDIZED BED GASIFICATION OF LIGNITE ++++sresseeressraeennainis. 49

CHAPTER 4 SYSTEM OPTIMIZATION FOR FISCHER-TROPSCH
LIQUID FUELS PRODUCTION VIA SOLAR HYBRIDIZED DUAL

FLUIDIZED BED GASIFICATION OF SOLID FUELS:-:-evevereeereieennns 65

CHAPTER 5 GASIFICATION REACTIVITY AND PHYSICOCHEMICAL

PROPERTIES OF THE CHARS FROM RAW AND TORREFIED WOOQOD,

GRAPE MARC, AND MACROALGAE -+« rrerremremrinariariarinaraeaaanne 78
CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS - -+ +oveeveennnnn. 94
6.1 CONCIUSIONS « v v rrrrraee e i ettt e e a s a s aanas 95

6.1.1  Performance Assessment of Fischer—Tropsch Liquid Fuels Production by

Solar Hybridized Dual Fluidized Bed Gasification of Lignite -« ovoeveveenne. 96



Table of contents

6.1.2  System optimization for Fischer—Tropsch liquid fuels production via solar

hybridized dual fluidized bed gasification of solid fuels «---«-evovvevvieininnnns 98

6.1.3  Gasification reactivity and physicochemical properties of the chars from

raw and torrefied wood, grape marc and macroalgae -« -« -« ««oxovorrereiiinn. 100

6.2  Recommendations for future Worki: -« -« ovovvevini 101

REFERENGES « - crnreenttauttattatee ettt eneananenns 103



Abstract

ABSTRACT

To mitigate the emissions from the widely studied and even applied coal to FT liquid
(FTL) fuels systems, two kinds of promising renewable energy, biomass and solar
energy, have been proposed and assessed as a partial or total substitute for coal feed.
The concept of a solar hybridized FTL fuels production system has the potential to
obtain higher productivity with lower greenhouse gas emissions, when compared with a
conventional system. However, less attention has been paid to the comprehensive
system analysis of this topic. Hence, the aim of the present thesis is to achieve the
annual performance of the solar hybridized solid fuels to FTL fuels processes with

novel configurations.

A novel solar hybridized dual fluidized bed (SDFB) gasification process for FTL fuels
production is proposed and investigated in the present thesis for cases with high
reactivity solid fuels as the feedstock. The concept offers sensible thermal storage of the
bed material and a process that delivers a constant production rate and quality of syngas
despite solar variability. As a reference scenario for this concept, the proposed solar
hybridized coal-to-liquids (SCTL) process is simulated for the case with lignite as the
feedstock using a pseudo-dynamic model that assumes steady state operation at each
time step for a one-year, hourly integrated solar insolation time series. For a solar
multiple of 3 and bed material storage capacity of 16 h, the calculated annual solar
share is 21.8%, assuming that the char conversion in the steam gasification process is
100%. However, the solar share is also found to be strongly dependent on the char
conversion in the steam gasification process, so that the solar share is calculated to

decrease to zero as the conversion is decreased to 57%.



Abstract

New configurations of the solar hybridized solid fuels (biomass and/or coal) to FTL
fuels process are proposed and assessed, which are characterized with a novel SDFB
gasifier with char separation, the incorporation of carbon capture and sequestration
(CCS) and/or the use of FT reactor tail-gas recycle. Montana lignite and spruce wood
have been chosen as the studied coal and biomass, respectively. Assessed using the
pseudo-dynamic model, the annual solar share of the SCTL system can be increased
from 12.2% to 20.3% by the addition of the char separation, for a char gasification
conversion of 80%. To achieve well-to-wheel greenhouse gas emissions for FT liquid
fuels parity with diesel derived from mineral crude oil, a biomass fraction of 58% is
required for the studied non-solar coal and biomass-to-liquids system with a dual
fluidized bed (DFB) gasifier. This biomass fraction can be reduced to 30% by the
addition of carbon capture and sequestration and further reduced to 17% by the
integration of solar energy with a solar multiple of 2.64 and a bed material storage
capacity of 16 h. This reduction of the biomass fraction is very important given that
biomass is typically more expensive than coal. As the biomass fraction is increased
from 0% to 100%, the specific FT liquids output is decreased from 59.6% to 48.3% due
to the increasing light hydrocarbons content. These two outputs (for biomass fractions
of 0% and 100%, respectively) can both be increased to 71.5% and 70.9%, respectively,

by integrating a tail-gas recycling configuration.

Co-gasification of biomass with coal has the potential to further reduce the GHG
emission from the SCTL systems, as discussed above. The application of biomass is
usually limited by some properties (e.g., high moisture, low heating value and so on),
which can be improved by torrefaction, as proved by previous work. Previous work also
found that torrefaction can impact the bio-char gasification reactivity. In the present

thesis, to better understand the influence of torrefaction on the bio-char gasification
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reactivity, further investigations were carried out on the char physicochemical
characteristics that can influence the gasification reactivity, i.e., the char specific
surface area, the char carbonaceous structure and the catalytic effect of inorganic matter
in the char. The present experimental investigation showed that the influence of the
torrefaction on the char gasification reactivity depended strongly on the biomass species
and char preparation conditions. For a pyrolysis temperature of 800 °C, the gasification
reactivity of the chars from both the torrefied grape marc and the torrefied macroalgae
were found to be lower than that of the chars from their corresponding raw fuels. This is
mainly due to a lower specific surface area and a lower content of alkali metals (sodium
and/or potassium) in the chars produced from both the torrefied grape marc and the
torrefied macroalgae than for those chars produced from their corresponding raw fuels.
However, the opposite influence of torrefaction was found for the macroalgae char
when the pyrolysis temperature was increased to 1000 °C. This is mainly due to a
higher sodium concentration and a more amorphous carbonaceous structure for the

torrefied macroalgae char than for the raw macroalgae char.

In the present thesis, the process modelling results can be used for further economic
analysis of the proposed novel configurations of solar hybridized coal and/or biomass to
FTL fuels system via an SDFB gasifier. In addition, according to the experimental
results of this study, the investigation of the influence of torrefaction on the bio-char
characteristics can help to better understand the influence of torrefaction on the bio-char

gasification reactivity.
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CHAPTER 1 - INTRODUCTION

1.1 Background
1.1.1 Fischer-Tropsch liquid fuels production

The continual depletion of crude oil reserves, energy-supply security concerns and the
projected long-term demand for transport liquid fuels has provided motivation for the
development of alternative fuels. The gasification of solid feedstocks (e.g., coal and/or
biomass), together with the subsequent Fischer-Tropsch (FT) processing of the syngas,
is considered to be one of the promising classes of technology to meet this need due to
its capacity to process a variety of feedstock (e.g., coal, biomass, petroleum coke and so
on), and the high quality of the FT liquid (FTL) fuels (being free of sulphur, nitrogen,
and other contaminants typically found in petroleum products), and its compatibility

with the requirements of current vehicles (Takeshita & Yamaji, 2008).
1.1.1.1 Fischer-Tropsch synthesis

The Fischer-Tropsch (FT) synthesis is a set of catalytic chemical reactions that convert
syngas (CO and H) into long chain hydrocarbons. It was first developed by Franz
Fischer and Hans Tropsch in Germany in 1920s. Equations 1.1 and 1.2 describe the FT

reaction in its simplest form (Trimm & Adesina, 1996).

(2n+ 1)H, +nCO - C,Hyp4p + nH,0 (1.1)
2nH, + nCO - C,H,, +nH,0 (1.2)

The FT reaction is catalyzed by both iron and cobalt at pressures ranging from 10 to
60 bar and at temperatures ranging from 200 to 300 °C (Ail & Dasappa, 2016). For
cobalt catalysts, the required ratio ranges between 2.06—2.16 since the extent of the
water gas shift reaction (CO + H20 < CO2 +H>) is negligible (Dry, 2004; Tavasoli, et

al., 2007; Ail & Dasappa, 2016). However, the water-gas shift reaction occurs

2
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concurrently with the FT reaction when iron is used as a catalyst, thus making it

possible to use syngas with an H2/CO ratio of less than 2.1 (Ail & Dasappa, 2016).

The FT product distribution follows the Anderson-Schultz—Flory (ASF) chain length

statistics as shown in Equation 1.3:

acp = (1 — a)a® D (1.3)

Here acn is the mole fraction of hydrocarbons with n carbon atoms in the product from
the FT reactor; o is the chain growth probability. A higher value of « will lead to a
higher production (Dry, 2002) although variations may be required to account for the

nature of the catalyst particles (Overett, et al., 2000).
1.1.1.2 Conversion processes for FTL fuels production

Figure 1.1 presents a simplified process flow diagram for FTL fuels production. Syngas
generation via gasification or reforming has been widely studied and demonstrated.
Since the present thesis will focus on the solid fuels to FTL fuels production, syngas
generation via reforming will not be discussed in the following sections. Nitrogen free
syngas is preferred here to lower the size of the downstream reactors and to achieve
better conversion of the FT synthesis process. Therefore, pure oxygen is required by the
autothermal syngas generation processes (in which part of fuel is burned to provide heat
for the syngas generation processes) while air is still acceptable for the allothermal ones
(in which the heat required by the syngas generation processes is provided by external
combustion processes, e.g., dual fluidized bed gasifier) (Hofbauer, et al., 2002). Since
the FT synthesis process requires clean syngas with a specific H2 to CO molar ratio, the
raw syngas should be cleaned and upgraded by removing the contaminants and acid
gases (e.g., H2S, particles, HCN, NHs, CO2, COS, HCI and so on) and by adjusting the

H> to CO ratio (e.g., using a water gas shift reactor) before being sent to the FT reactor.

3
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Then the FT liquids can be upgraded to produce the target fuels (e.g., gasoline, diesel,

kerosene, etc).

Syngas Syngas cleaning
generation via and cooling; Fischer-Tropsch Hydrocarbon
gasification, H, to CO ratio Synthesis upgrading
reforming... adjustment

Figure 1.1 A simplified process flow diagram for FTL fuels production.

The vast reserves and relatively low cost of coal, as well as the relatively well
developed coal gasification technology, have led to great international interest in the
production of FTL fuels via the gasification of coal. However, the high greenhouse gas
emissions from coal-to-liquids (CTL) processes are a major barrier to their
implementation. Co-gasification of biomass with coal, carbon capture and sequestration
(CCS) technology, as well as the concept of solar gasification, have the potential to

mitigate these emissions.
1.1.1.3 Application prospect of FTL fuels

The industrial application of the FT process started in Germany and by the 1940s, there
were nine plants in operation with a total capacity of about 600 x 10° t per year (Schulz,
1999; Dry, 2002). After the second world war, these plants ceased to operate due to the
availability of cheaper crude oil resulting from the discovery of big oil fields, e.g. in
Saudi Arabia, Alaska, the North Sea and other areas (Dry, 2002). However, a
coal-based FT plant was built in Sasolburg, South Africa, during the 1950s, relying on
extremely cheap domestic coal and the particular State policy. By 2007, South Africa’s
FT plants produced over 150x102 barrels of liquid fuels per day, which was more than

40% of its national liquid fuels requirements (Gibson, 2007). Over the past half century,
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in consequence of the considerably varied price of the crude oil, the decisions to

construct FT plants have clearly been fraught with risk.

The economic factor is not the only one which can influence the development of FT
technology. Environmental demands and energy supply security concerns also provide
incentives to apply the FT process. Moreover, FTL fuels are largely compatible with
current vehicles and are blendable with current petroleum fuels (Tijmensen, et al., 2002;
Takeshita & Yamaji, 2008). Due to the syngas cleaning process, which is necessary for
the FT synthesis process, FT products are free of sulphur, nitrogen, aromatics, and other
contaminants typically found in petroleum products, which is especially true for
FT-diesel with a very high cetane number (Takeshita & Yamaji, 2008). Beyond this, the
clean FTL fuels are expected to be suitable for fuel cell vehicle applications without
damaging the fuel cell catalyst (Tijmensen, et al., 2002). In addition, any carbonaceous
feedstock (e.g., coal, biomass, natural gas and so on) can be used to produce syngas for
the FT synthesis process to produce liquid fuels which are easy to transport and store.
The diverse feedstock of the FT process can strengthen the energy supply security for
countries poor in oil but rich in other carbonaceous fuels. For instance, China imported
around 60% of the petroleum it consumed in 2015 (IEA, 2016). Therefore, in China, the
proponents of coal to liquids (CTL) technology argue that the country should take

advantage of its abundant coal reserves to reduce its dependence on imported petroleum.

1.1.2 Gasification of solid fuels

In typical gasification processes of coal, biomass and other solid carbonaceous fuels, a
series of physicochemical processes (drying, pyrolysis, heterogeneous and

homogeneous reactions) take place in different temperature ranges. A simplified



CHAPTER 1 - INTRODUCTION

chemical reaction sequence for the gasification of coal or biomass is shown in Figure

1.2.

PYROLYSIS GASES

(CO, H,, CH,, H0, CO, H,, CH,, CO,,
SOLID =Te) GAS PHASE REACTIONS  2°
CARBONACEOUS »& > TAR, OIL, NAPHTHA 2 » AND CRACKING
MATERIAL PYROLYSIS (CRACKING, REFORMING, bRODUGTS
(COAL, BIOMASS) OXYGENATED COMBUSTION, CO SHIFT)

COMPOUNDS

(PHENOLS, ACID) _

Cram CHAR-GAS REACTIONS €O, H,, CH,, CO,,

(GASIFICATION, H,0
COMBUSTION, CO SHIFT)

Figure 1.2 Simplified reaction sequence for gasification of coal or biomass (Higman &

van der Burgt, 2003).

1.1.2.1 Drying and pyrolysis

In the drying process, moisture migrates from inside the particle to the surface and then

evaporates by absorbing heat according to the following equation (Bell, et al., 2011):

s
H,0 () =S H,0(g) AHg = 43.99 kJ/gmol (14)

In the solid fuels (e.g., coal and biomass) gasification process, pyrolysis is a series of
complex physical and chemical processes which takes place as the temperature

increases to above 200 °C.

pyrolysis
Solid fuel (s) — char (s) + Volatiles (g) AHg = positive, variable (1.5)
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1.1.2.2 Reaction with oxygen

In an air or oxygen blown gasifier, O. can react with the char and volatiles to form
combustion and/or partial combustion products according to the following equations

(Bell, et al., 2011):

Volatiles + 0, — €O, + CO + H, + H,0 + H,S + SO,

(1.6)

AHp = negative,variable
C+0, - CO, AHp = —393.98kJ/molcarbon (1.7
C+1/2 0, - CO AHgz = —110.65kJ/mol carbon (1.8)

The heat generated from these reactions with oxygen can be used to drive the other

endothermic gasification reactions in the gasifier.

1.1.2.3 Other gasification reactions

Two important gasification reactions, i.e., the steam gasification reaction (Equation 1.9)
and Boudouard reaction (Equation 1.10), also take place in most of the gasifiers (Bell,

etal., 2011).

C+H,0 - H,+CO AHg = +131.46kJ/mol carbon (1.9
C+CO0, »2CO AHp = +172.67 kJ/mol carbon (1.10)

In most of the gasifiers, the pyrolysis and heterogeneous reactions involving oxygen
(Equations 1.7 and 1.8) are fast. Therefore, the slower steam gasification reaction
(Equation 1.9) and the Boudouard reaction (Equation 1.10) determine the required

gasifier residence time (Higman & van der Burgt, 2003).
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1.1.2.4 Other gas phase reactions

Due to the high temperature in the gasifier (typically higher than 700 °C), the water-gas
shift reaction (Equation 1.11) and steam reforming reaction (Equation 1.12) may occur

spontaneously even in the absence of a catalyst (Bell, et al., 2011).

CO+H,0 & CO,+H, AHg= —20.6kJ/mol (1.11)

CH, + H,0 & CO +3H, AHg = 103.1kJ/mol (1.12)

1.1.3 Application of biomass and solar energy for FTL fuels

production

As discussed above in Section1.1.1.2, the CTL processes have been widely
investigated and even applied due to the plentiful reserves and relatively low cost of
coal. To mitigate CO2 emissions from the CTL processes, two kinds of promising
renewable energy, biomass and solar energy, have received growing attention as partial

or total substitutes for the coal feed.
1.1.3.1 Application of solar energy

In the conventional gasification processes, a portion of the feedstock is combusted to
provide high-temperature heat for the endothermic gasification reactions (as discussed
in Section 1.1.2). To increase the syngas yield per unit of feedstock and reduce the
amount of CO> produced from the gasification process, solar gasification has been
widely investigated in the past few decades (Piatkowski, et al., 2011). Solar gasification
iIs a process in which concentrated solar thermal provides the heat to drive the
endothermic reactions, which displaces the partial combustion of feedstock in the

conventional gasification process. Therefore, compared with the conventional solid

8
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fuels to FTL fuels process, the FTL fuels production system via a solar gasification
process has the potential to achieve a greater FTL fuels output per unit of feedstock and
lower CO, emissions. However, the transient nature of the solar resource would result
in an intermittent syngas output from the solar gasification process, which would

impact the downstream operation of the FTL fuels production process.

With sufficient energy storage, a stable flow-rate and composition of syngas to the FT
reactor can potentially be obtained over a full year of operation for the FTL fuels
production system via a solar gasification process. In addition, since no secondary
source of thermal energy is proposed to be used to drive the gasification reactions, this
type of system has the potential to achieve a significant solar share, which is a
parameter defined as the fraction of the total energy flow attributed to solar energy.
Solar share can be defined in two different ways: either based on energy inputs or
energy outputs (Sheu, et al., 2012). The solar share defined based on energy output can
show the percentage of output that comes from solar. However, two types of product
(electricity and liquid fuels) are usually proposed in the FTL fuels production system.
Therefore, it is better to evaluate the variation of each type of product that resulted from
the integration of solar energy rather than using a single parameter solar share. In the
present thesis, solar share is defined based on the energy input to present the percentage
of solar energy in the total energy input, thus indicating the ratio of carbonless solar
energy input to the carbonaceous fuel input. However, the huge capacity for energy
storage required by the system discussed above would limit its application (Kaniyal, et

al., 2016).

On the other hand, solar hybridized FTL fuels production systems were proposed,
together with solar hybridized gasification processes, to maintain a continuous and even
steady input to the FT reactor. In these systems, a secondary source of thermal energy

9
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(e.g., the partial combustion of the feedstock, combustion of synthesis gas product and
so on) is proposed to be supplied to assist the solar thermal input. Hybridization
requires a much lower amount of energy storage to maintain a continuous and steady
operation of the FT reactor, even if this is at the expense of reduced solar share
(Kaniyal, et al., 2013b; Kaniyal, et al., 2016). Therefore, increasing attention has been
focused on the investigation of solar hybridized FTL fuels production. However, of the
recently proposed solar hybridized coal and/or biomass to FTL fuels systems, the high
gasification temperature (> 1200 °C) (Kaniyal, et al., 2013a; Kaniyal, et al., 2013b), the
unsteady operation of the FT synthesis process (Kaniyal, et al., 2013a; Kaniyal, et al.,
2013b), the need for storage of syngas (Kaniyal, et al., 2013a; Kaniyal, et al., 2013b;
Kaniyal, et al., 2016) and/or the need for high temperature molten salt storage

(Hathaway, et al., 2014; Nickerson, et al., 2015) have impeded their application.

1.1.3.2 Application of biomass

The gasification of biomass has been widely studied because the greenhouse gas
emissions can potentially be reduced by substituting biomass for coal. In addition, the
continual depletion of fossil fuel reserves and the increasing global population have also
provided motivation for the development of the utilization of biomass as an alternative
renewable energy source. In addition to the widely studied woody biomass, the utilization
of agricultural and industrial residues and algal biomass has also received much attention.
Agricultural and industrial residues have significant economic advantage, while the algal
biomass has merits including the high areal energy yields, adaptability to a diverse range of
aquatic environments and no requirement for arable land (Lawton, et al., 2013; Stephens, et
al., 2013; Kumar, et al., 2016; Neveux, et al., 2016). However, the application of biomass
can be limited by the typically high cost (compared with coal) and some biomass

properties, e.g., the high oxygen content, high moisture content, low calorific value,
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hygroscopic nature and low density, which can result in a low conversion efficiency and

difficulties in collection, grinding, transportation and/or storage.

Torrefaction is a mild thermal pre-treatment technology (200—300 °C) that has been
widely studied and demonstrated to improve these properties thus making the biomass
more suitable in large scale applications (e.g., fluidized bed gasification, high
temperature entrained flow gasification). Various types of reactors (e.g., fluidized bed
reactors, moving bed reactors, rotary drum and toroidal reactors) have been proposed
and/or demonstrated for large-scale torrefaction processes (Chew & Doshi, 2011; Chen,
et al., 2015; Thrén, et al., 2016). Even if the commercial implementation of torrefaction
is currently in its early phase, its potential has been demonstrated by running pilot-scale

and demonstration plants (Chew & Doshi, 2011; Thrén, et al., 2016).

In addition, an influence of torrefaction on bio-char gasification reactivity has also been
found (Coubhert, et al., 2009; Fisher, et al., 2012; Weiland, et al., 2014; Karlstrom, et al.,
2015; Li, et al., 2015; Cerone, et al., 2016; Ku, et al., 2016; Kulkarni, et al., 2016),
which can influence carbon conversion during the gasification process, thus affecting
the whole FTL fuels production process. To better understand the influence of
torrefaction on bio-char gasification reactivity, the factors affecting reactivity (e.g., the
specific surface area, the catalytic inorganic matter content and the carbonaceous
structure) of the bio-chars prepared from raw and torrefied biomass should be

investigated. However, little work has been undertaken on this topic.

The aims of the present thesis are to evaluate the annual performance of the solar
hybridized coal and/or biomass to FTL fuels processes with novel configurations and to
better understand the influence of torrefaction on the bio-char gasification reactivity. To

meet the former aim, a novel solar hybridized dual fluidized bed (DFB) gasification
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process is proposed for FTL fuels production as a reference scenario. Furthermore,
based on this reference scenario, additional new configurations of solar hybridized FTL
fuels process are also proposed, which are characterized with a novel SDFB gasifier
with char separation, the incorporation of carbon capture and sequestration (CCS)
and/or the use of FT reactor tail-gas recycle. All of these proposed systems are assessed
by using a pseudo-dynamic model for coal and/or biomass. The latter aim is met by
experimentally investigating the gasification reactivity, the specific surface area, the
carbonaceous structure and the catalytic inorganic element content of both the raw and

torrefied biomass chars produced under various conditions.
1.2 Scope and structure of the thesis

Chapter 2 provides a critical review of the literature relating to solar hybridized FTL
fuels production and bio-char reactivity. The emphasis of this chapter is on the solar
gasification processes, solar and non-solar FTL fuels production processes, factors
affecting char reactivity (char characteristics), and the influence of torrefaction on the

char gasification reactivity.

Chapter 3 presents the first of three journal publications, and proposes a novel solar
hybridized dual fluidized bed gasification process for FTL fuels production using
lignite as the feedstock. This concept offers sensible thermal storage of the bed material
and a process that delivers a constant production rate and quality of syngas, despite
solar variability. This solar hybridized FTL fuels production system is assessed using a
pseudo-dynamic model that assumes steady state operation at each time step for a

one-year, hourly integrated solar insolation time series.

Chapter 4 presents the second of three journal publications, and proposes a new

configuration of the solar hybridized dual fluidized bed gasification process with char
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separation for the production of FTL fuels from solid fuels of biomass and/or coal. The
addition of carbon capture and sequestration and the used of FT reactor tail-gas recycle
configurations is also assessed by simulating the new systems using the

pseudo-dynamic model described in Chapter 3.

Chapter 5 presents the final journal publication of the present thesis, and deals with the
influence of torrefaction on the gasification reactivity of the char produced at different
temperatures for three types of biomass, i.e., pine wood (woody biomass), grape marc
(agricultural and industrial residue) and macroalgae (algal biomass). In addition, the
influence of torrefaction on the factors affecting char reactivity (i.e., the char specific
surface area, the char carbonaceous structure and the catalytic inorganic element
content in the char) was also investigated to further explain the variation of the char

reactivity caused by the torrefaction.

Chapter 6 presents the conclusions of the work, together with the recommendations for

future work in this area of research.

Finally, a list of the references cited in Chapters 1, 2 and 6 is given. All other references
cited in the individual journal papers (Chapters 3-5) are presented within the relevant

papers.
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2.1 Introduction

This chapter reviews the published literature related to solar hybridized FTL fuels
production and bio-char reactivity. The emphasis of this chapter is on the solar and
non-solar FTL fuels production processes, solar gasification processes, factors affecting
char reactivity (i.e., char specific surface area, char carbonaceous structure and catalytic
inorganic matter in the char), as well as the influence of torrefaction on the bio-char

gasification reactivity.

2.2 Fischer-Tropsch liquid (FTL) fuels production
2.2.1 FTL fuels production via coal gasification

The commercial applications of the CTL technology were not very successful, except
for the one in South Africa, as discussed in Section 1.1.1.3. Therefore, the long-term
viability of CTL plants should be assessed considering the price fluctuations of crude
oil and coal, policy factors and technology development. CTL was suggested as having
the potential to account for around a third of global liquid fuels by 2050, without
considering a climate policy (Henry Chen, et al., 2011). However, the huge carbon
footprint could make the viability of the CTL process quite limited in regions with a
climate policy. The techno-economic analysis was performed to assess the prospect of
the CTL process in China by considering different system configurations and coupling
carbon capture and sequestration (CCS) technology (Zhou, et al., 2013). The authors
suggested that the recycled synthesis of unreacted syngas could be better than the
once-through synthesis for liquid fuels production because more carbon could be
incorporated into the liquid fuels through the recirculation. Moreover, although CCS
technologies could lead to certain economic losses, it was also expected to be

competitive if climate policies were applied. Another techno-economic analysis of CTL
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was also performed to assess the feasibility of the CTL technology in China (Zhou, et
al., 2016). The economic analysis showed that it could be economically competitive to
develop the CTL process, when the oil price was over 70 USD/bbl. Moreover, the
authors also suggested that the CTL process was less thermodynamically efficient than
the conventional crude oil to liquid fuels process due to the low carbon efficiency
caused by the low H> to CO molar ratio in the crude syngas generated by coal

gasification.

Depending on the types of feedstock and gasifier, as well as the operating conditions,
the Ho to CO molar ratio produced through gasification is typically about 0.7-1.1 which
is lower than the optimal ratio required by the FT synthesis process (typically around 2)
(Adams & Barton, 2011). Therefore, the water-gas shift reaction (CO + H20 « CO> +
H>) has been proposed to upgrade the syngas to the required H> to CO molar ratio.
However, the heat loss from the mildly exothermic water-gas shift reaction, together
with the capital and energy intensive CO> recovery step (CO. generated by using the
water-gas shift reaction) can cause a negative impact on the energetic, environmental

and economic performance of the system (Adams & Barton, 2011; Fout, et al., 2015).
2.2.2 FTL fuels production via natural gas reforming

Compared with coal gasification, natural gas autothermal steam reforming can be used
to generate syngas with a better H> to CO molar ratio (around 2) for the FT synthesis
process, thus achieving a better energetic and environmental performance of the FTL
production process, compared with the coal gasification process (Sudiro & Bertucco,
2009; Wood, et al., 2012). In addition, gas to liquids (GTL) technology is also expected

to play an important role in reducing the natural gas flaring associated with oil
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production and monetizing the natural gas resources stranded in remote locations

(Wood, et al., 2012).

The life cycle greenhouse gas emissions of the natural gas to liquids process were
calculated to be equivalent or less than that of the current fossil-fuel process (Baliban,
et al., 2013). Compared with the performance of the GTL process with steam reforming
alone, the GTL process with CO»/steam-mixed reforming has the potential to achieve a
higher process efficiency and lower value in both the total CO, emissions and the total
product cost per unit of product. (Zhang, et al., 2016a). Nuclear energy was also
proposed to provide the heat for natural gas reforming, thereby displacing the burning
of natural gas (Salkuyeh & Adams li, 2013). The high-temperature helium produced in
a modular helium reactor (a type of nuclear reactor in which helium is used as the
coolant) was proposed to deliver the nuclear heat to natural gas reformer. For a coal and
natural gas to liquids process without CCS, the calculated fossil fuel consumption can
be reduced by up to 22%, while the calculated CO, emissions can be decreased by up to
44%, with the incorporation of carbonless nuclear energy. However, the CO> emitted
from nuclear fuel production and nuclear waste disposal processes were not considered

in their analysis.

Natural gas to FTL fuels processes will not be discussed in the following sections since
they are beyond the scope of the present thesis. The present thesis will focus on the

solid fuels to FTL fuels processes.
2.2.3 FTL fuels production via biomass gasification

As a type of promising renewable energy, biomass has been widely investigated as the

feedstock for producing low-emission liquid fuels (Larson, 2006; Hu, et al., 2012; Ail
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& Dasappa, 2016). In addition, compared with the direct biomass to liquid process, FT

liquid fuels have a significant environmental advantage because they are free of sulphur.

2.2.3.1 Biomass only processes

Techno-economic analysis has been widely performed to evaluate the viability of the
biomass to liquids (BTL) process. The evaluation of an FTL fuels production system
with 400 MW biomass input shows that a calculated overall efficiency of 45% (HHV
basis) can be achieved while the system has the potential to produce FTL fuels at
16 €/GJ (the biomass price was assumed to be 3 €/GJ) (Hamelinck, et al., 2004). In
addition, better energetic and economic performance of the system is also expected with
the increasing scale and technology improvements. In Finland, there is the potential to
produce FT bio-diesel at a cost of around 18 €/GJ, including by-products income
(Natarajan, et al., 2014). A techno-economic analysis has also been performed for two
biomass to liquids (BTL) plants based on gasification utilizing 2000 t/d (~ 390 MW)
corn stover (dry basis, ~4.9 USD/GJ) (Swanson, et al., 2010). A low temperature
(870 °C) fluidized bed gasifier and a high temperature (1300 °C) entrained flow gasifier
were proposed for the two plants, respectively. The analysis shows that the high
temperature gasification scenario has the potential to produce gasoline with a lower cost
(about 30.3—37.7 USD/GJ) than the low temperature one, although the investment costs
(500-650 million dollars) are higher. The costs of the FTL liquid fuels produced from
biomass can be significantly influenced by the cost of the feedstock. Even though the
price of biomass is sensitive to species and time, it is generally more expensive than
coal. In addition, if the BTL processes were widely applied, the feedstock cost would

further increase due to the severe competition for biomass.
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2.2.3.2 Co-feed of biomass and coal

Co-feed of biomass and coal to FTL fuels productions has the potential to take
advantage of certain synergies between coal (high CO2 emissions, while low cost) and
biomass (low CO. emissions, but high cost), thus achieving certain emission targets
with relative low cost (van Vliet, et al., 2009; Noureldin, et al., 2014). For example, Xie,
et al. (2011) suggested that the calculated greenhouse gas emissions of the FT diesel
(without CCS) could be at parity with diesel derived from mineral crude oil with a
biomass fraction of 61% (with forest residue as the biomass). The application of CCS
was suggested to have the potential to reduce this required biomass fraction to less than
10%. To further reduce the calculated greenhouse gas emissions to close to zero, only
55% of biomass in the feedstock (the biomass and coal mixture) is required, if CCS is
applied. For a once-through coal and biomass (corn stover) to liquid process with CCS,
a biomass fraction of only 9% (higher heating value basis) was required to achieve the
calculated net life cycle greenhouse gas emissions for the FTL fuels parity with the
liquid fuels derived from crude oil (the electricity co-product greenhouse gas credit is
assumed to be 138 kg CO- equivalent/ MWh) (Larson, et al., 2010). For this system,
there is the potential to produce FTL fuels at a cost of 12.2 USD/GJ. In addition, the
calculated greenhouse emissions for the FTL fuels could be decreased to zero as the
biomass fraction was increased to 37.4%. However, the calculated cost of the FTL fuels
can be increased to 18.7 USD/GJ. van Vliet, et al. (2009) also suggested that the
proposed FTL plant with CCS technology had the potential to produce liquid fuels with
zero well-to-wheel emissions if 54% biomass was proposed to be co-gasified with coal.
Furthermore, negative well-to-wheel emissions could be achieved by increasing the

biomass fraction to a value higher than 54%.
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Parasitic electricity consumption and challenges in CO: storage limit the application of
CCS technology. Therefore, more investigation on the CO2 storage approaches needs to
be performed. But this will not be discussed further in the present thesis since it is
beyond the scope of this study. In addition, the application of biomass is limited by its
relatively high cost and some biomass properties, as discussed in Section 1.1.3.2.
Therefore, more renewable energy sources (e.g., solar) are also needed to further
improve the energetic and environmental performance of the FT liquid fuels production

processes.
2.3 Solar gasification

A solar hybridized FTL fuels production system, via a solar gasification process has the
potential to obtain a greater FTL fuels output per unit of feedstock and lower CO>
emissions. Solar gasification reactors have been widely studied since the 1980s and can
broadly be classified as directly or indirectly irradiated reactors. In the directly
irradiated reactors, the solid fuels are directly exposed to concentrated solar irradiation,
while the heat is transferred to the reaction zone via an opaque wall or other medium in
the indirectly irradiated reactors (Piatkowski, et al., 2011). Compared with the indirect
reactors, the direct ones offer the advantage of a more efficient heat transfer, which
enables a higher reaction temperature (Piatkowski, et al., 2011; Nathan, et al., 2017).
Nevertheless, to introduce the irradiation to the reaction site, a directly irradiated reactor
requires an aperture through which the convective losses should be minimized. For this
reason, a quartz glass window was successfully employed in lab-scale reactors for
short-term operation (Kodama, et al., 2002; Z'Graggen, et al., 2006; Z'Graggen, et al.,
2007; Piatkowski, et al., 2011; Gokon, et al., 2012). However, both the reliability and

the scalability of the window become big challenges under high pressures and severe
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gas environments, especially for long-term application. On the other hand, interest is
growing in investigating the indirectly irradiated reactors, which can eliminate the
window, although the exergetic losses caused by the temperature difference between the
wall and the reaction site need to be minimized (Piatkowski, et al., 2011; Nathan, et al.,
2017). Nevertheless, the challenges to the application of solar gasification are still
linked to the methods and materials which are used to transfer the concentrated solar

thermal to the reaction site reliably and efficiently.

2.3.1 Directly irradiated solar gasifiers

2.3.1.1 Packed-bed gasifier

Solar gasification reactors have been widely studied since the 1980s, with directly
irradiated packed bed solar gasifiers for both coal and biomass among the first types to
be assessed (Gregg, et al., 1980; Taylor, et al., 1983). Simulated solar irradiation was
introduced to the gasification zone through a window from the side (Gregg, et al., 1980)
and top (Gregg, et al., 1980). Even though directly irradiated packed bed solar gasifiers
are relatively simple, robust (for a wide range of feedstock) and cost effective, their
performance is limited by the build-up of ash (especially for feedstock with a
significant ash content), which then inhibits the irradiation heat to be transferred to the
unreacted fuel (Kaniyal, et al., 2016). However, effective design to remove ash
continuously has not be investigated yet. In addition, the limitations of heat and mass
transfer through the bed and the window can impede the large-scale application of this

type of gasifier.
2.3.1.2 Fluidized bed gasifier

Compared with packed bed gasifiers, fluidized bed gasifiers have a greater potential to

be applied on a large scale due to their improved heat and mass transfer through the bed.
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Taylor, et al. (1983) proposed one of the first designs of solar fluidized bed gasifiers.
The fluidized bed was located in a quartz tube through which the solar irradiation was
introduced onto the top of the bed. The bed zone was surrounded by a ceramic
reflector-insulator to reduce the heat loss. Murray and Fletcher (1994) designed another
type of quartz tube fluidized bed gasifier which was located in a cavity. Simulated solar
irradiation was introduced to the side of the bed. A similar design was also proposed by
Kodama, et al. (2002) for coal gasification with CO2. However, quartz tube reactors are
not reliable for large-scale applications (Puig-Arnavat, et al., 2013). Kodama, et al.
(2010) studied the CO> gasification of coal in a top windowed stainless steel fluidized
bed gasifier prototype designed for beam-down optics. Based on this concept, an
internally circulating fluidized bed gasifier was also proposed and used to investigate
CO:. gasification of coal coke (Kodama, et al., 2008; Gokon, et al., 2012). Compared
with the design of the fluidized bed gasifier without internal circulation, this design
allows for a homogeneous and higher temperature (middle and bottom layer) inside the
bed. Further demonstrations on the steam gasification of coal coke with and without
quartz sand were also investigated in this type of gasifier by operating in batch mode
(Gokon, et al., 2014; Gokon, et al., 2015). As suggested by the authors, this type of
gasifier could be operated in continuous mode if a continuous feeding system and
steady irradiation are available. However, for this type of gasifier, the window could be
contaminated by the elutriated particles and dust, thus reducing its reliability, especially

for large-scale applications.

2.3.1.3 Vortex-flow gasifier

As shown in Figure 2.1, a solar vortex-flow gasifier has been demonstrated in 5 kW
scale to achieve good conversion of carbonaceous feedstock into syngas due to the high
temperature (> 1000 °C) and relative long residence time resulting from the swirling
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flow in the gasifier (Z'Graggen, et al., 2006; Z'Graggen, et al., 2007; Z'Graggen, et al.,
2008). Inside the reactor, a steam-particle stream progressed towards the rear along a
helical path, while the concentrated solar radiation was used to directly irradiate it. The
aperture, through which the solar radiation was introduced into the reactor, was
equipped with a diverging frustum for mounting the window where the radiation
intensity is about 10 times lower and the dust deposition can be reduced. In addition,
the window was protected from overheating and particle contamination by an
aerodynamic curtain which would result in parasitic energy consumption. The upscaling
of the 5 kW prototype vortex-flow gasifier to pilot-scale (300 kW to 500 kW) was
investigated (Z'Graggen & Steinfeld, 2008; Vidal, et al., 2010). The experience of the
pilot-scale plant operation would provide input to the pre-design of a larger scale
commercial plant in the future. However, the vortex-flow gasifiers are restricted by the
fine particle size requirement. Therefore, it could not be suitable for biomass
gasification applications because the energy required for the grinding of biomass is very
high in order to produce fine biomass particles (Mani, et al., 2004). In addition, the
large-scale application of the vortex-flow gasifiers could be limited by the size of the
window. The diameter of the window is already over 1 m for the pilot-scale (300 kW)

application (Z'Graggen & Steinfeld, 2008).
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Figure 2.1 Scheme of the directly irradiated vortex-flow solar reactor configuration

(Z'Graggen, et al., 2006; Z'Graggen, et al., 2007; Z'Graggen, et al., 2008).

2.3.2 Indirectly irradiated solar gasifiers

2.3.2.1 Packed-bed gasifier

A 5 kW indirectly irradiated packed-bed gasifier was designed and tested (Piatkowski
& Steinfeld, 2008; Piatkowski, et al., 2009). This gasifier consists of two cavities in
series, separated by a radiant emitter plate (SiC-coated graphite plate). The beam-down
incident solar radiation was introduced into the upper cavity through a window to heat
up the radiant emitter plate, which then radiated the reactants in the lower cavity to
drive the reactions. Therefore, the contact between the particles and the quartz window
can be avoided by this plate. This type of gasifier was scaled up to 150 kW and
successfully used for the solar gasification of six different types of carbonaceous waste
materials (industrial sludge, fluff, tire chips, dried sewage sludge, low-rank coal, and
sugar cane bagasse). The authors also suggested that this solar reactor concept was
scalable to a commercial application (MW) and can generally tolerate bulk

carbonaceous feedstock of any shape and size without prior processing. Similar to the
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directly irradiated packed-bed gasifier, the large-scale application of this type of
indirectly irradiated packed-bed gasifier could be limited by the poor heat and mass
transfer through the bed and by the build-up of ash on the surface (especially for

feedstock with a significant ash content) (Kaniyal, et al., 2016).

2.3.2.2 Tubular gasifier

Solar reactors consisting of opaque tubular absorber(s) have also been used for
gasification (Melchior, et al., 2009; Lichty, et al., 2010). The solar irradiation was
introduced onto the tubular absorber(s) in a cavity through an aperture. The
carbonaceous particles were transported through the hot zones of the tubes where the
gasification reactions occur. A window is not necessary in this type of reactor if the
material of the tubes can be stable in air at operational temperatures. In addition, this
type of gasifier has the potential for large-scale application due to both the elimination
of the window and the good heat and mass transfer inside the tube. However, large
temperature differentials (potentially over 300 °C) were observed between tube
locations, which could lead to different performances from each tube. In addition, to
achieve high carbon conversion, fine particles and high temperatures (> 1000 °C) are
required for this type of solar gasifier. The high temperatures could lead to high energy
losses, while the fine particles requirement would limit the biomass application in this
type of gasifier because the level of energy required for grinding biomass is very high
to produce fine biomass particles (Mani, et al., 2004). A two zone solar reactor based
on the combined drop-tube and fixed bed concepts was proposed and designed to retain
the merit of the efficient radiative heat transfer inherent in drop tube reactors while
overcoming their particle size and residence time restrictions (Kruesi, et al., 2013;
Kruesi, et al., 2014). The drop tube zone located in the upper part of the gasifier was for
fast pyrolysis while the trickle bed (in a porous structure) was for the char gasification,
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which was much slower compared with the pyrolysis. A series of 20-minute steam
gasification experiments with bagasse particles was conducted in both the drop tube and
the two zone solar reactors at a 1.5 kW4, solar radiative power input. The results showed
that both the CH4 and the C, hydrocarbons were more efficiently decomposed in the
two zone gasifier. Moreover, the bagasse feedstock was energetically upgraded by 5%.
However, the operation of this type of gasifier could be limited by clogging of the

porous structure, especially for high temperature and long-term operations.

2.3.2.3 Molten-salt pool gasifiers

Adinberg, et al. (2004) experimentally investigated the fast pyrolysis of cellulose
particles in a molten salt medium at temperatures of 800—915 °C, using an electrically
heated lab-scale reactor. A high heating rate of up to 100 °C/s was demonstrated for
cellulose particles in the molten carbonates of sodium and potassium. At 850 °C, the
conversion of biomass to gas was about 94 wt% for the fast pyrolysis in the molten salt
medium, while it was only about 72% for the case in an inert gas medium without using
the molten salt. A reactor concept was then developed for the utilization of concentrated
solar thermal energy. This reactor, consisting of a set of vertical tubes to absorb solar
radiation, exploited free convection of the molten salt to deliver the thermal energy to
the reaction/thermal-storage medium. Biomass gasification in high temperature molten
salt (mixture of lithium, sodium, and potassium carbonate) has also been investigated
(Hathaway, et al., 2011). The results showed that, compared with an inert environment,
the molten salt increased the rate of pyrolysis by 74% and increased the gasification
rates by more than an order of magnitude, while promoting a product gas composition
nearer to thermodynamic equilibrium predictions. Further analysis indicated that the
increase in the pyrolysis rate was mainly caused by the heat transfer enhancement,
while a catalytic effect of the molten salt was found during the char gasification process.
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A techno-economic analysis was performed for the solar biomass gasification in molten
salt with various molten salt heat capacities and nominal syngas yield rates (Hathaway,
et al., 2014). Comparing the cost of the syngas with the natural gas price, the authors
suggested that this concept did not compete in United States at that time. However, this
analysis did not include the potential greenhouse gas savings and consequent economic
benefits. The authors recommended that pro-renewable policies (e.g., a tax rate
reduction, a bond yield and duration reduction, and a production credit) and changes in

natural gas economics would be necessary to make it competitive.

However, the unstable chemical properties of molten salt at high temperatures
(> 800 °C) could limit the application of molten-salt pool gasifiers (Ma, et al., 2014).
The ash accumulation in the molten-salt has the potential to impact the operation of this
type of gasifier, especially for high ash feedstock applications. Therefore, ash

separation would be a challenge in this type of gasifier.

As discussed in Sections 2.3.1 and 2.3.2, large-scale application of solar gasifiers is still
in its early phase. Current proposed solar gasifiers are constrained by the issues about
window reliability, reactor scalability, heat and mass transfer, feedstock size tolerance,
heat medium stability and so on .Hence, it is desirable to seek alternative solar

gasification concepts with the potential to address the challenges raised above.
2.3.3 Solar hybridized dual fluidized bed gasifier

Solid particles are considered to be well suited for use as a solar thermal heat carrier
and storage medium due to their potentially lower cost and higher operating
temperature (~ 1000 °C), compared with molten-salt (Kolb, et al., 2006; Ma, et al.,
2014). A dual fluidized bed gasifier has the potential to use solid particles to transfer the

concentrated solar thermal to the gasification zones. Therefore, in this section, the
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merits and viability of the solar hybridized dual fluidized bed gasification concept are

discussed.
2.3.3.1 Conventional dual fluidized bed gasifier

The dual fluidized bed gasifier, a type of allothermal gasifier, has been widely studied
and demonstrated around the world (Feldman, et al., 1988; Hofbauer, et al., 2002;
Hofbauer, et al., 2003; Sudiro, et al., 2008; Aigner, et al., 2011; Abdelouahed, et al.,
2012; Sauciuc, et al., 2012; Kern, et al., 2013a, 2013b; Kern, et al., 2013c; Saw & Pang,
2013). In contrast with autothermal gasifiers, in which part of the fuel is oxidized by
oxygen to provide heat for the endothermic gasification reactions, DFB gasifiers
separate the combustion and gasification reactions. Figure 2.2 presents the concept of a
DFB gasifier (Guo, et al., 2015). The feedstock is gasified with steam in the gasification
reactor to produce syngas. The heat required by the gasification process is transferred
from the combustion reactor via the hot bed material. The warm bed material and
residue char from the gasification reactor are then sent to the combustion reactor in
which the char is burned with air to heat the bed material. Additional feedstock is

required in the combustion reactor if the char is not sufficient.

©)

Syngas Hot bed material Flue
© Additional
PR Combustion \dditiona
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Bed material +
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Figure 2.2 Concept of dual fluidized bed gasifier (Guo, et al., 2015).
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Gasification of low rank coal, biomass or their blends has already been well
demonstrated in the DFB gasifier (Aigner, et al., 2011; Schmid, et al., 2012; Kern, et al.,
2013a, 2013b; Kern, et al., 2013c; Saw & Pang, 2013). In addition, the DFB gasifier
has also been successfully utilized to produce syngas for a pilot-scale FTL fuels
production process without applying the downstream H>/CO ratio adjustment (Kim, et
al., 2016). An average H>/CO ratio of 1.67 was obtained from the DFB gasifier, which

satisfied the requirements of the iron-based FT catalysts used in the FT reactor.

2.3.3.2 Potential to integrate solar energy

In a DFB gasifier, the bed material can potentially be heated via concentrated solar
thermal energy rather than via combusting additional feedstock in the combustion
reactor. Figure 2.2 also identifies four alternative locations into which the concentrated
solar thermal energy can potentially be introduced into a DFB gasification system,
namely into the combustion reactor (location 1), into the hot bed material leaving the
combustion reactor (location 2), into the gasification reactor (location 3), and into the
bed material and char leaving the gasification reactor (location 4) (Guo, et al., 2015).
Among these locations, location 2 will be considered in the present thesis due to its
potential merits, as explored below. For this concept, concentrated solar energy is only
proposed to heat the inert bed material. Therefore, it could be unnecessary to seal the
particle solar receiver from the outside environment if the particles can survive in the
outside environment at the operational temperature. Moreover, since solar energy can
potentially be integrated into an additional solar receiver to heat the solid particles, no
significant modification would be required to the demonstrated conventional DFB
gasifier. In addition, the steady state operation of the gasification reactor can be
achieved by maintaining the steady particle input to the gasification reactor. In this new
concept, a solar hybridized dual fluidized bed gasifier, the heat required when solar is
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not available can be provided in the short term by the sensible heat stored in the hot
solid particles or by the supplementary feedstock combustion in the combustion reactor
when the storage of hot solid particles runs out. To maximize the solar input into the
system, the combustion in the combustion reactor needs to be minimized. Therefore, the
improvement of char gasification conversion could be important to reduce char
combustion thus increasing the solar input, even though this could also increase the
additional feedstock input into the combustion reactor when solar is not available.
However, this solar hybridized dual fluidized bed gasification concept has not yet been

investigated.

2.3.3.3 Particle receiver

In the solar hybridized dual fluidized bed gasification concept discussed above, the
solar particle receiver is a key component in which the particles are proposed to be
heated using concentrated solar thermal radiation. Inert solid particles can potentially be
a relatively inexpensive alternative medium to transfer the high-temperature (~ 1000 °C)
concentrated solar thermal to the gasification zone or to store the solar thermal heat as
sensible heat (Bertocchi, et al., 2004; Tan & Chen, 2010; Roger, et al., 2011; Ho, et al.,
2014; Ho & Iverson, 2014; Xiao, et al., 2014). Due to the inert properties of the solid
particles, solar radiation can be absorbed directly in air without the need for sealing, as
discussed above, in Section 2.3.3.2. In addition, the selection of high-temperature inert
particles can offer the potential to heat the particles to, and store the particles at, very
high temperatures (~ 1000 °C). The concept of a falling particle receiver has been
intensively studied for the last few decades (Hruby, 1986; Tan & Chen, 2010; Roger, et
al., 2011; Ho, et al., 2014; Ho & lverson, 2014; Ho, In Press), although only a few sets
of on-sun tests of a simple falling particle receiver have been performed (Siegel, et al.,
2010; C.K. Ho, et al., 2015; C.K. Ho, et al., 2016). Those initial on-sun tests only
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obtained 50% thermal efficiency, a maximum particle temperature increase of about
250 °C and a peak particle output temperature (near the centre of the receiver) of about
720 °C. More recently, on-sun tests of a 1 MW continuously recirculating particle
receiver have been performed and have obtained bulk particle outlet temperatures
reaching over 700 °C, and thermal efficiencies from ~ 50% to 80%. A spiral solar
particle receiver with a conical cover was also investigated using a solar simulator
(Xiao, et al., 2014). Their experimental results showed that the particle temperature
reached 650 °C and the thermal efficiency was about 60%. Experimental tests have
been performed for a fluidized-bed receiver in which simulated solar irradiation was
introduced from the top, while compressed air was used to fluidize the bed from the
bottom (Flamant, et al., 1980). For a mean flux density of ~500 kW/m?, the measured
equilibrium temperatures of the particles were about 927 °C for silica sand and over
1127 °C for silicon carbide. However, thermal efficiencies were only reported between

20 and 40%.

Better solar particle receiver design is still desired to reduce thermal losses, to increase
the output temperature of particles and to increase the feasibility of large-scale
application, while particles with better radiative properties and durability are still
desired for high temperature operation and storage. If these challenges could be
overcome, the particle receiver could be a promising technology for high-temperature
(~ 1000 °C) utilization of concentrated solar thermal energy, thus increasing the
feasibility of the concept of solar hybridized dual fluidized bed gasification. However,

detailed investigation on the particle receiver is beyond the scope of the present thesis.
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2.4 Solar hybridized FTL fuels production process

The gasification of solid feedstock, together with the subsequent FT processing of
syngas, is considered to be one of the promising technologies to meet the long-term
demand for reliable sources of transport liquid fuels, as discussed in Section 2.2.
Recently, solar hybridized FTL fuels production has received much interest in the
literature because of its potential to achieve greater FTL fuels production per unit of
feedstock and lower CO2 emissions, compared with the conventional non-solar FTL
fuels production processes (Kaniyal, et al., 2013a; Kaniyal, et al., 2013b; Hathaway, et
al., 2014). However, the continuous and steady state operation desired by the FTL fuels
production process and the transient nature of the solar resource lead to a challenge

associated with the process integration.

Sudiro and Bertucco (2007) proposed and assessed a solar hybridized FTL fuels
production process combining steam gasification of coal and steam reforming of natural
gas in a solar reactor. The calculated specific output per unit of feedstock (LHV of
product/LHV of feedstock) of this solar hybrid process was about 95%, which was
about 67% higher than that of a non-solar coal to liquid process. However, the
assessment of this study is based on an averaged daily solar radiation and solar hour.
Therefore, a more comprehensive assessment accounting for the seasonal, diurnal, and
cloud-related variability of the solar resource was desired for the solar hybridized FTL

fuels production system.

Kaniyal, et al. (2013b) assessed a solar hybridized CTL system using a pseudo-dynamic
model that assumes pseudo-steady state operation at each time-step, for a one-year,
hourly integrated, solar insolation time series. A solar hybridized, oxygen blown,

atmospheric pressure vortex-flow gasifier was proposed in this solar hybridized system,
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together with pressurized storage of upgraded syngas and oxygen. According to their
results, with the integration of this pressured syngas storage unit, the variation in
throughput of each unit of this solar system could be maintained within normal
operational ranges despite the fluctuation in the transient solar input. In addition, due to
the introduction of solar energy, a calculated annually averaged improvement of 21% to
the total energetic output and a reduction of 30% in the mine-to-tank greenhouse gas

emissions could be obtained.

Further calculations were also performed to analyse the sensitivity of this solar
hybridized CTL system’s performance to variations in gasification reactor pressure, to
turn-downs in the solid fuel feed rate, and to the proportion of biomass co-gasified with
coal (Kaniyal, et al., 2013a). The calculation results showed that with a 53 wt%
biomass co-gasification fraction in the solar gasifier, a mine-to-tank greenhouse gas
emissions parity with diesel production from crude oil could be obtained. However, for
a non-solar CTL system, this calculated biomass fraction was about 65%. This
reduction is very important because of some current issues of biomass applications

including the steady and sustainable supply, cost, gasifier design and so on.

In addition, the economic feasibility of this solar hybridized CTL system was also
analysed for the plants built in 2020 (Saw, et al., 2015). The results showed that the
total permanent investment cost (the economic data was reported in AUD) was around
$467-$493 million for the solar hybridized CTL system producing 1500 barrel per day
of FT liquids, depending on the solar site, while it was around $377-$384 million for
its corresponding non-solar system. In addition, the levelised cost of fuel for the solar
hybridized CTL plant was around $46—-$49/GJ.nv while it was about $40-$41/GJLnv
for the corresponding non-solar plant. However, for this concept, the oxygen and
syngas storage would limit its application. Moreover, the requirement for a window in
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the solar vortex-flow gasifier would reduce its reliability (especially for large-scale and
long-term application) while the required fine particle size of feedstock would limit its

application on the biomass gasification (as discussed in Section 2.3.1.3).

Kaniyal, et al. (2016) analysed the storage capacity required to maintain continuous
system operation of the stand-alone (solar energy is proposed to be the only thermal
resource and energy storage is proposed to maintain the continuous and steady
operation of the system) solar CTL system with a 150 kW packed-bed solar gasifier.
The calculation results showed that, for an assumed heliostat field collection area of
1000 m?, at least 64 days of storage was required to maintain a stable flow-rate and
composition of syngas to the FT reactor over a full year of operation. This value could
be reduced to 35 days by increasing the heliostat field collection area from 1000 to
1500 m2. However, the authors also suggested that the use of the packed-bed solar
gasifier for FTL fuels production is unlikely to be viable without substantial changes to

the design and operation of the reactor and/or downstream process.

Davidson and co-workers have proposed an alternative solar hybrid allothermal gasifier
in which the gasification of biomass is performed in a ternary eutectic blend of alkali
carbonate molten salts (Hathaway, et al., 2014). High quality syngas (i.e., with low N2
content) can be produced in this type of gasifier for the FTL production system without
the need for an air separation unit (ASU), even if it needs to be operated under
conventional non-solar conditions, when solar is not available. The heat of combustion
is transferred indirectly to the gasification zones. This system also offers the advantages
of a lower reactor temperature of around 927 °C, high conversion rates due to the
catalytic influence of the salts, and good potential for integration with thermal energy
storage through the use of the salt. However, this gasification technology is less well
established. Moreover, the unstable chemical properties of the molten salt at high
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temperatures (~ 927 °C) could also limit the application of this concept (Gil, et al., 2010;
Ma, et al., 2014). In addition, the ash accumulation in the molten-salt has the potential
to impact on the operation of this type of gasifier, especially for high ash feedstock

applications, as discussed in Section 2.3.2.3.

The viability of the stand-alone solar FTL fuel production system would be limited by
the huge amount of syngas storage (expensive) required to maintain the continuous
system, as discussed above. On the other hand, the solar hybridized autothermal gasifier
requires a cost and energy intensive ASU for pure oxygen during periods of low solar
irradiation to maintain the continuous operation of the FTL fuels production system. In
addition, the intermittent solar input leads to the intermittent operation of the ASU and
the need for syngas storage (even though it is much smaller than the required syngas
storage for the stand-alone system) to accommodate the unsteady syngas output, and
both of these could add significantly to the costs. In addition, even though the
molten-salt allothermal gasifiers can produce high quality syngas without the need for
an ASU (air is acceptable for the external combustion) when solar is not available, the
high temperature (~ 927 °C) operation of molten-salt together with the potential ash
accumulation in the molten salt could limit its application in the solar hybridized FTL

fuels production process.

As another type of allothermal gasifier, DFB gasification (discussed in Section 2.3.3.2)
has the potential to offer the use of relatively inexpensive inert solid particles as the
medium for high temperature (~ 1000 °C) sensible heat storage (Ma, et al., 2014). Little
relevant work on this concept of high temperature particle storage has been reported yet,
hence more work on this concept still needs to be performed in the future. Detailed
investigation of high temperature sensible heat storage using solid particles is beyond
the scope of the present thesis. Moreover, the concept of solar hybridized DFB
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gasification also has the potential to provide a steady syngas output for the downstream
process of the FTL plant, by maintaining the steady particle input to the gasification
reactor (discussed in Section 2.3.3.2). However, this concept of solar hybridized DFB

gasification has not been investigated for the FTL production process yet.

2.5 Gasification reactivity and characteristics of torrefied
biomass char

2.5.1 Gasification of torrefied biomass

2.5.1.1 Overview of torrefied biomass gasification

Recently, more attention has been focused on the gasification of torrefied biomass due
to its merits (e.g., lower O/C, lower moisture content, better grindability and so on)
discussed in Section 1.1.3.2 (Prins, et al., 2006; Dudynski, et al., 2015). However, a
lower carbon conversion for the torrefied biomass gasification was found, compared
with the corresponding raw biomass gasification (Couhert, et al., 2009; Kwapinska, et
al., 2015; Kulkarni, et al., 2016). One potential reason for this lower carbon conversion
could be the higher char yield (the solid yield from the pyrolysis process) for the
torrefied biomass compared with the corresponding raw biomass (Zheng, et al., 2013;
Li, et al., 2014a). This higher char yield is mainly a result of both the volatile release
and the cross linking and carbonization of cellulose during the torrefaction process
(Elyounssi, et al., 2012; Zheng, et al., 2013). In addition, the lower gasification
reactivity of the torrefied biomass char compared with the corresponding raw biomass
char can also result in lower carbon conversion for the torrefied biomass gasification

compared with the corresponding raw biomass gasification.
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2.5.1.2 Char gasification reactivity of the torrefied biomass

Both the combustion and gasification reactivities of the torrefied willow char were
found to be lower than those of the raw willow char (Fisher, et al., 2012). The chars
were produced at 850 and 1000 °C at low (33 °C/min) and at 900 °C at high
(> 30,000 °C/min) heating rates. In addition, the difference in char combustion
reactivity between the raw and torrefied willow chars (the low heating rate) was found
to decrease as the pyrolysis temperature was increased from 850 to 1000 °C. Moreover,
the differences in both the combustion and gasification reactivities were found to

increase with the heating rate (the charring condition).

Li, et al. (2015) investigated the effect of torrefaction on the conversion behaviour of
the forest residue char. Both the raw and torrefied forest residue chars were prepared in
a drop tube reactor at 1200 °C with a heating rate greater than 10* °C/s. The authors
employed a tracer method to study the conversion of carbon, oxygen, and hydrogen in
forest residue char and torrefied forest residue char, after oxidation and gasification
reactions in the drop tube reactor. The reactivity of the torrefied forest residue char was
found to be lower than that of the raw forest residue char. The authors also found that
the volume-mean size of the torrefied forest residue char particles is considerably larger
than that of the raw forest residue char. This could be partially attributed to more
intensive fragmentation of the raw forest residue char particles during the pyrolysis
process, resulting from the higher volatile content. In addition, the oxygen to carbon
ratio (O/C ratio) in the torrefied forest residue char was found to be higher than that in
the raw forest residue char. Both the lower O/C ratio and larger char particle size could
result in lower reactivity for the torrefied forest residue char, compared with the raw

forest residue char.
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Karlstrom, et al. (2015) studied the gasification reactivities of the single char particles
which were prepared in situ from the pellets of the raw and torrefied pine shell, olive
stones and straw. The initial diameters of the pellets were 8 mm, while the heights were
~ 3 mm. The initial carbon amounts of the char particles and the carbon conversion of
the char particles were both estimated from the measured CO concentration during the
char gasification process. It was found that the char reactivity of the torrefied olive
stones was lower than that of the raw olive stones. However, the torrefied straw char
was found to have higher gasification reactivity than the raw straw char, while both the

raw and torrefied pine shell chars had similar gasification reactivities.

According to the literature, the influence of torrefaction on the bio-char reactivity
strongly depends on the biomass species and pyrolysis conditions. However, little work
has been done to further explore the reason why torrefaction can influence the bio-char

reactivity.

2.5.2 Char characteristics

Char reactivity strongly depends on the char characteristics, i.e., the char specific
surface area (SSA), char carbonaceous structure and the catalytic effect of the inorganic
matter. Therefore, the investigation of the influence of torrefaction on the char
characteristics would help to better understand the influence of torrefaction on the char

gasification reactivity.

2.5.2.1 Char specific surface area

The BET surface areas (obtained by employing N2 adsorption) of both the raw and
torrefied (290 °C and 30 mins) willow chars produced in a CDS 2000 Pyrorobe at
1000 °C and 1000 °C/s were analysed and compared with each other (Jones, et al.,
2012). It was found that the torrefied willow char had a higher BET surface area than
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the raw willow char. However, when the same raw and torrefied (290 °C and 30 mins)
willow samples were pyrolyzed in a drop tube furnace at 1100 °C, the torrefied willow
char was found to have a lower BET surface area than the raw willow char (McNamee,
et al., 2015). The BET surface area of both raw and torrefied rice husk chars prepared at
550 °C were investigated (Zhang, et al., 2016b). The torrefied rice husk char was found
to have a lower BET surface area than the raw rice husk char. Therefore, the influence
of torrefaction on the BET surface area of char is strongly dependent on the torrefaction
and pyrolysis conditions, as well as the biomass species. However, the method of N>
adsorption at 77 K for BET surface area measurement is not very suitable for use to
evaluate the microporosity (< 0.7 nm) due to the existence of diffusional problems. In
addition, the specific surface areas of micro-pores in both raw and torrefied biomass
chars need to be studied, since the surface area of the micro-pores could make up a
significant or even a majority part of the char materials (Kajitani, et al., 2002).
Therefore, a suitable method is required to characterize the surface area of micro-pores

in char.

To overcome the diffusion problem in the micro-pores for the N2 adsorption at 77 K,
the method of CO; adsorption at 273 K has been investigated (Toda, et al., 1971,
Wahby, et al., 2012). Due to the larger kinetic energy of the gas molecules resulting
from the higher adsorption temperature (in contrast with N. adsorption at 77 K), the
CO2 molecules can enter narrow pores (< 0.7 nm) without the significant diffusional
problems mentioned above. In that sense, CO. adsorption allows one to obtain the
surface area of the micro-pores (Lozano-Castelld, et al.,, 2004). Therefore, the
investigation of the influence of torrefaction on the surface area of micro-pores
achieved by CO; adsorption at 273 K is very important. However, little relevant work

has been reported.

39



CHAPTER 2 — LITERATURE REVIEW

2.5.2.2 Carbonaceous structure of char

Raman spectroscopy has been extensively used to characterise the structure of
carbonaceous materials since Tuinstra and Koenig, in 1970, first correlated Raman
bands to structural parameters measured from XRD for polycrystalline graphite
(Tuinstra & Koenig, 1970; Li, et al., 2006). Due to its sensitivity to both the crystalline
and amorphous structures, Raman spectroscopy has also been widely used to
characterize the coal and biomass char structure, which can be correlated to the char
reactivity (Senneca, et al., 1998; Lu, et al., 2002; Sheng, 2007; Zaida, et al., 2007;
Okumura, et al., 2009; Asadullah, et al., 2010; Tay & Li, 2010; Wang, et al., 2014;
Vallejos-Burgos, et al., 2016). Generally, the char samples exhibit two strong peaks at
the D-band (1300—-1400 cm™) and G-band (1550—1600 cm™), as shown in Figure 2.3.
Traditionally, the D-band is associated with the disordered structure while the G-band is
associated with the graphite E,,®> band. Due to a high proportion of amorphous
structures in the char samples, the D- and G-bands are usually broad and overlapped

thus hiding more structural information in the ‘overlap’ (Li, et al., 2006).
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Figure 2.3 Raman shift of activated charcoal (Tuinstra & Koenig, 1970).

To explore the detailed information hidden in the overlapped D- and G-bands for the
highly disordered carbon materials, the Raman spectra has been deconvolved using
some specific bands in the studied range of Raman shift. Five specific bands, i.e., the G-,
D1-, D2-, D3- and D4-bands, were used to deconvolve the Raman spectra of lignite
char (Sheng, 2007; Zhu & Sheng, 2010). The G-band (~ 1580 cm™) was associated with
the graphite Ez¢? band, as discussed above. In addition, the D1-band (~ 1350 cm™) and
D2-band (~ 1620 cm™) were associated with graphene layer defects while the D3-band
(~ 1530 cm™) and D4-band (~ 1150 cm™) were suggested to originate from a poorly
organized structure (such as amorphous carbon). Good linear correlation was found
between the area ratio of the D1-band to the G-band and the reactivity for the lignite

char prepared at a lower temperature (<800 °C). In addition, for the lignite char

41



CHAPTER 2 — LITERATURE REVIEW

prepared at a higher temperature (> 800 °C), good linear correlation was found between
the reactivity and the ratio of the G-band area to the integrated area under the whole
Raman spectra (800—-2000 cm™). The authors also suggested that the variation of
catalytic activity for the inorganic matter was another important factor influencing the
combustion reactivity of the char, especially the char prepared at lower temperatures

(< 800 °C).

Li, et al. (2006) employed ten bands to fit the Raman spectra curve (achieved by using a
1064 cm™ excitation laser) of the char while only six of them were main bands (i.e., G-,
Gr-,VL-,Vr-, D- and S-bands) for all the char samples prepared from Victorian brown
coal. The authors suggested that the G-band (~ 1590 cm™) here could be mainly
associated with the aromatic ring rather than with the graphite Ezs? band since no
convincing signs for the presence of graphite crystallite structure in their studied chars
were observed, according the XRD spectra. In addition, the D-band (~ 1300 cm™) was
suggested as representing medium-to-large sized (> 6) aromatic ring systems. Moreover,
the Ggr-, V- and Vr-bands at 1540 cm™, 1465 cm™ and 1380 cm™, respectively, may
represent the aromatic ring system typically found in amorphous carbon materials.
Furthermore, the S-band at 1185cm™ can represent the sp2-sp® (hybrid orbitals)
carbonaceous structures in the studied low rank coal chars. The total area of the Raman
spectra (8001800 cm™) was found to increase with an increasing pyrolysis temperature,
mainly due to the loss of O-containing functional groups and variations in the relative
concentrations of small and large aromatic ring systems. In addition, the ratio of the
D-band area to the total area of the Gr-, V- and Vr-bands was found to increase with
an increasing pyrolysis temperature, especially from 500 to 800 °C, for the studied
chars. The increase in this ratio (Ao/Ar+vi+vr) indicates an increase in the ratio of large

to small aromatic ring systems. Wang, et al. (2014) have investigated the influence of
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the chemical structure determined using Raman spectroscopy on the intrinsic reactivity
of a lignite char and a bituminous coal char. The authors suggested that the proportion
of the smaller aromatic ring structures (indicated by the area ratio of Ap/AGr+vi+vr
discussed above) is an important factor influencing the intrinsic reactivity of the
bituminous chars. However, for the lignite chars, the variation in the proportion of
smaller aromatic ring structures could not be related to the variation in the intrinsic
reactivity very well. Therefore, the authors suggested that there were other factors

significantly influencing the intrinsic reactivity of the lignite chars.

Okumura, et al. (2009) employed the intensity ratio of the V-band (lies at the valley
with a shift of about 1500 cm, as shown in Figure 2.3) to the G-band (Iv/Ig) to indicate
the degree of amorphousness of the wood char. With the increasing of the intensity ratio
of IV/Ig, the degree of amorphousness of the wood char was suggested to increase, thus

leading to an increase in the char reactivity.

The carbonaceous structure analysed by using Raman spectroscopy has been found to
be an important factor which can affect the char reactivity significantly. However, little
work has been reported on the influence of torrefaction on the biomass char

carbonaceous structure characterized by using Raman spectroscopy.
2.5.2.3 Catalytic effect of inorganic compounds

The variation in the char carbonaceous structure could not correlate to the char
reactivity very well in some cases, especially for the chars prepared from biomass and
the low rank coal with high ash, as discussed above (Sheng, 2007; Zhu & Sheng, 2010;
Wang, et al., 2014). Therefore, the catalytic effect of inorganic matter was suggested as
playing a key role in influencing the char reactivity. Alkali (K and Na), alkaline earth

(Ca and Mg), and transition (Fe) metals are widely found in both biomass and coal, and
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are found to have a significant catalytic effect on the char gasification reactions (McKee,
1983; Suzuki, et al., 1992; Brown, et al., 2000; Li, et al., 2000; Struis, et al., 2002;
Huang, et al., 2009; Suzuki, et al., 2011; Lahijani, et al., 2013). To investigate the
effect of these metals on the char reactivity, the contents of these metals in the chars
were changed via acid-washing (metals removing from raw fuel or char) (Samaras, et
al., 1996; Kajita, et al., 2010; Duman, et al., 2014) or metal catalyst loading (metals
adding to raw fuel or char) (Huang, et al., 2009; Lahijani, et al., 2013; Popa, et al., 2013;

Li, et al., 2014b; Ding, et al., 2015; Perander, et al., 2015).

It is well known that inorganic matter can undergo transformation and release during
thermal conversion (e.g., pyrolysis and gasification) processes, thus influencing the char
gasification reactivity. During the heat treatment of the mixture of ash-free coal and
K2COz in N2 atmosphere, KoCOz3 can react with carbon in the ash-free coal, with the
release of CO at temperatures ranging from 700 to 950 °C (Kopyscinski, et al., 2014).
Due to the reduction of K>.COs, a more active potassium-carbon intermediate was
formed on the char surface, resulting in higher char gasification reactivity. However,
potassium started to release from the carbon surface at temperatures above 800 °C, thus
reducing the char reactivity. On the other hand, the presence of CO2 can inhibit the

reduction of K.COs, resulting in lower char gasification reactivity.

Na loaded into the Loy Yang brown coal substrate as sodium carboxylates was found to
undergo significant transformation and release during steam gasification at 800 and
900 °C (Li & Li, 2006). The authors suggested that the volatilisation of Na at the initial
stage of gasification/devolatilization was attributed to the volatile-char interactions,
similar to those in the absence of steam. However, the release of Na at the later stages
of gasification could be attributed to the physical entrainment of Na-containing species
(e.g., Na2COs or Na20O). All these losses of Na could influence the char gasification
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reactivity significantly. The Na loaded into the Loy Yang brown coal substrate as NaCl
was found to have very different catalytic effect on the char reactivity from the Na
loaded as sodium carboxylates (Quyn, et al., 2003). The authors suggested that the
retention of ClI in the char prepared from NaCl-loaded coal could significantly influence
the char reactivity. Cl can be at least partly released (as HCI) during low temperature
pyrolysis (e.g., 500 °C) thus allowing the sodium to be catalytically active in the char.
However, Cl in the chars prepared at high temperatures tended to combine with Na in
the char to form NaCl which is less catalytically active. The transformation and release
of the inorganic matter (especially Na, K, Ca and Mg) were found to strongly depend
on the chemical/physical forms of the carbonaceous materials, as well as the thermal
treatment conditions, e.g. the heating rate for the pyrolysis, pyrolysis and gasification
temperatures, total pressure and partial pressure of reaction gas (Li, et al., 2000; Quyn,
et al., 2003; Bayarsaikhan, et al., 2005; Keown, et al., 2005; Lane, et al., 2015; Mi, et
al., 2015). In addition, the monovalent species (Na and K) were found to be usually
volatilised to a much larger extent than the divalent species (Ca, Mg and Fe) (Li, et al.,
2000). However, little work on the transformation and release of inorganic matter
(especially Na and K) during the pyrolysis and gasification processes has been reported

for torrefied biomass.

To date, little study has been reported on the char carbonaceous structure and catalytic
effect of inorganic matter for torrefied biomass chars. In addition, the specific surface
area of the micro-pores in the torrefied biomass char still needs to be studied, since the
surface area of micro-pores could make up a significant or even a majority part of the

char materials.
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2.6 Implications for current study

According to the literature review presented above, substantial contributions have been
made on the solid fuels to FTL fuels process to improve their economic, energetic and
environmental performance. The coal to FTL fuels processes have been widely studied
and even applied due to the relatively low cost and plentiful reserves of coal. However,
the CO2 emissions of the coal to FTL fuels processes impede their application. Both the
concentrated solar thermal energy and biomass were proposed to partially or totally
substitute coal for the gasification process, thus reducing the greenhouse gas emissions
from the FTL fuels production process. In addition, the integration of concentrated solar
thermal energy also has the potential to increase the output per unit of feedstock by

saving feedstock in the gasification process.

On the other hand, the continuous and steady operation desired by the FTL fuels
production process and the transient nature of the solar resource lead to a challenge
associated with process integration. Energy storage and hybridization are proposed to
address this challenge. However, of the recently proposed solar hybridized coal and/or
biomass to FT liquid fuels systems, the need for the storage of syngas, the need for
expensive air separation, the need for pure oxygen storage or the need for high
temperature molten salt storage have impeded their application. Therefore, new solar
hybridization concepts need to be proposed for the solid fuels to FTL fuels process to
address these issues by providing continuous and steady syngas flow and energy storage

system with good techno-economic feasibility.

In addition, the utilization of biomass in the gasification process is limited by some
biomass properties, e.g. high oxygen content, high moisture content, low calorific value,

hygroscopic nature and low density, which can result in low conversion efficiency and
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difficulties in collection, grinding, transportation and storage. As a mild thermal
pre-treatment (200—300 °C) technology, torrefaction has been proven to address these
issues. In addition, it has been found that torrefaction can affect the char reactivity
which will further influence the design and operation of the gasification process. This
effect strongly depends on the operating conditions and biomass species. To better
understand the influence of torrefaction on char reactivity, investigation needs to be
undertaken on the effects of torrefaction on the char characteristics which have been
proven to have a significant effect on the char reactivity. However, little work has been

report on this.
2.7 Objectives of the present study

The aims of the present thesis are to evaluate the annual performance of the solar
hybridized coal and/or biomass to FTL fuels processes with novel configurations and to

better understand the influence of torrefaction on the bio-char gasification reactivity.

To achieve the aims, the following detailed objectives need to be obtained in the present

thesis:

1. To assess the annual averaged performance improvement of the proposed novel
solar hybridized FTL fuels production process via SDFB gasification of lignite
compared with an equivalent non-solar FTL fuels production process.

2. To evaluate the sensitivity of annual performance of the proposed solar
hybridized lignite to FTL fuels system to the solar multiple, the storage capacity,
the char gasification conversion, and the quality of the solar resource.

3. To assess the influence of the proposed new approaches (i.e., the addition of
char separation, the co-gasification of biomass with coal, the incorporation of

carbon capture with sequestration and the use of FT reactor tail-gas recycle) on
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the performance of the solar hybridized FTL fuels production system via an
SDFB gasifier.

. To provide the difference in gasification reactivity between the raw and
torrefied biomass chars and the sensitivity of this difference to pyrolysis
temperature (800—1100 °C) and biomass species (wood, grape marc and
macroalgae).

. To better understand the influence of torrefaction on the char gasification
reactivity via investigating the char characteristics (i.e., specific surface areas,

carbonaceous structures and contents of the catalytic inorganic matter).
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ABSTRACT: A novel solar hybridized dual fluidized bed (DFB) gasification process for Fischer—Tropsch liquid (FTL) fuels
production is proposed and investigated here for the case with lignite as the fuel, although it is also applicable to biomass. The
concept offers sensible thermal storage of bed material, the use of inert particles in the solar receiver to avoid the need for sealing,
and a process that delivers a constant production rate and quality of syngas despite solar variability. This solar hybridized coal-to-
liquids (SCTL) process is simulated using a pseudodynamic model that assumes steady state operation at each time step for a
one-year, hourly integrated solar insolation time series. The annual energetic and environmental performance of this SCTL
process is investigated as a function of the solar multiple (i.e., the heliostat field area relative to that required to meet the demand
of the DFB gasifier at the point of peak solar thermal output), bed material storage capacity, the assumed char conversion in the
bubbling fluidized bed gasifier (BFBG), and the solar resource. This revealed that solar energy can be stored in the bed material
to increase both the solar share and output while decreasing the CO, emissions, with a commensurate increase in the heliostat
field area. For a solar multiple of 3 and bed material storage capacity of 16 h, the annual solar share is 21.8% and the annually
averaged utilization factor of the heliostat field is 40.8%, assuming that the char conversion in the BEFBG is 100%. However, the
solar share is also found to be strongly dependent on the char conversion in the BEBG, so that the solar share decreases to zero
as the conversion is decreased to 57%. The sensitivity of the SCTL performance to the quality of the solar resource is also

reported.

1. INTRODUCTION

The development of alternative fuels is driven by the limited
availability of crude oil, energy-supply security concerns, and
the projected long-term demand for transport liquid fuels." The
gasification of solid feedstocks together with the subsequent
Fischer—Tropsch (FT) processing of the syngas is considered
to be one of the promising classes of technology to meet this
need due to its capacity to process a variety of feedstocks (e.g,
coal, biomass, and petroleum coke), the high quality of the FT
product (being free of sulfur, nitrogen, and other contaminants
typically found in petroleum products), and its compatibility
with the requirements of current vehicles.” The plentiful
reserves of coal and their low cost has also led to increased
international interest in the production of FT liquid (FTL)
fuels via gasification of coal.>~® However, the high greenhouse
gas (GHG) emissions from coal-to-liquids (CTL) processes are
a major barrier to their implementation with the mine-to-tank
(MTT) GHG emissions from such systems being typically
more than 100% higher than diesel production from tar sands
while more than 200% higher than diesel production from
conventional mineral crude.””® To mitigate these emissions,
both carbon capture and storage (CCS) and the c0§asiﬁcation
of biomass with coal are being widely studied.”'®™'* However,
the CO, compression required by CCS will impose a parasitic
impact on process productivity. The steady and sustainable
supply of biomass limits the applicability of biomass blending,

W ACS Publications © 2015 American Chemical Society
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especially for large scale utilization, and biomass is also a more
expensive feedstock.”' In this context, interest is growing in a
further potential option to reduce the CO, emissions of CTL
processing through the introduction of concentrated solar
thermal (CST) into the gasification process.*'*™"> Never-
theless, this topic has received relatively little attention so that
there is significant potential to improve on the concepts
proposed previously. Hence, the overall objective of the current
investigation is to assess the performance of a novel
configuration of solar fuel to liquid process that has not been
previously been reported.

Solar gasification is a process in which CST provides the heat
to drive the endothermic gasification reactions, which displaces
the partial combustion of the feedstock in conventional
nonsolar gasification. Hence, solar gasification has the potential
both to reduce the CO, emissions from the gasification process
and to increase the raw syngas output from the gasifier per unit
of feedstock."* Solar gasification reactors have been widely
studied over the past 30 years,"® with directly irradiated packed
bed solar gasifiers for both coal and biomass among the first
types to be assessed.'”'® The more recent of these reactors
employ a SiC-coated graphite plate between the window and
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reaction zone to avoid direct contact between the reactants and
the window, at the expense of a lower heat transfer rate.'”*°
Packed bed gasifiers are relatively simple, robust, and cost-
effective because they can tolerate a wide range of feedstock
sizes and forms and do not require excess steam flows.
Nevertheless, for feedstock with a significant ash content, their
performance is limited by the buildup of ash on the top of the
bed that inhibits heat and mass transfer through the bed and, in
turn, the reaction rate and syngas productivity.'* Entrained flow
gasifiers perform well in heat and mass transfer, which increases
significantly the syngas throughput, but imposes a strict
requirement on the feedstock particle size due to the short
residence time within the reactor. As a third alternative,
fluidized bed gasifiers offer the potential to resolve some of the
heat and mass transfer limitations of the packed bed
configurations and particle size sensitivity of entrained flow
gasifiers. However, those employing direct irradiation to the
bed, such as transparent glass tubes'®*"** and top windowed
devices,”** are also limited by contamination of the glass tube
or window, while those with indirect irradiation are limited by
poor heat transfer. Moreover, the single reactor solar hybridized
gasifier also requires an air separation unit (ASU) for pure
oxygen during periods of low solar irradiation to maintain the
continuous operation of the whole FTL plant. However, the
unsteady solar input leads to the unsteady operation of the
ASU and the need for syngas storage to accommodate the
unsteady syngas output, both of which add significantly to
costs. Hence, it is desirable to seek alternative concepts with
potential to address these challenges for the solar hybridized
coal-to-liquids (SCTL) process.

While many hybrid systems have been proposed for power
generation,”® much less attention has been paid to hybrid
options for solar fuels production. Sudiro and Bertucco'®
investigated a solar hybridized coal-to-liquids (SCTL) process
together with a process for solar natural gas reforming using a
directly irradiated, pressurized reactor. They reported an output
that is 67% higher per unit of feedstock than the conventional
CTL case, together with CO, emissions per kilogram of liquid
fuel that are comparable with that from a natural-gas-to-liquid
process. However, the temperature and pressure in this directly
irradiated solar gasifier are limited by the use of a window.”*™**
Kaniyal et al.® assessed with a pseudodynamic model an SCTL
system with an atmospheric pressure vortex flow gasifier,
together with the storage of pressurized syngas and O,. The
model assumed steady state operation at each time step of a
one-year, hourly integrated solar insolation time series. They
calculated the annual energetic output to increase by 21% and
the annual MTT GHG emissions to decrease by 30% for the
SCTL system relative to the equivalent conventional reference
system. The integration of concentrated solar radiation into a
coal plus natural gas-to-liquids process or into a coal plus
biomass-to-liquids process was also estimated to improve the
energetic productivity and CO, emissions of the whole process
significantly.”® However, this system requires gasification at
temperatures of around 1200 °C, together with the need to
store both O, and syngas. In addition, the gasifier they
proposed also used a window. Davidson and co-workers have
proposed an alternative solar hybrid allo-thermal gasifier in
which the gasification of biomass is performed in a ternary
eutectic blend of alkali carbonate molten salts.”**° High quality
syngas (ie, with low N, content) can be produced in
conventional allo-thermal gasifiers without the need for an
ASU because the heat of combustion is transferred indirectly to
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the gasification process. This system also offers the advantages
of a lower reactor temperature of around 927 °C, of high
conversion due to the catalytic influence of the salts, and of
good potential for integration with thermal energy storage
through the use of the salt. However, this gasification
technology is less well established than is the dual bed
technology proposed for hybridization here, while the operating
temperature of the reactors in the two technologies are
comparable. In addition, the storage of molten salt at these
temperatures is yet to be demonstrated,> ™>* while sensible
storage of solid bed material at high temperatures is further
advanced,®* although its potential merit is yet be assessed in
such a hybrid system.

Solid particles are considered to be well suited for use as a
solar thermal heat carrier and storage medium due to their
potentially low cost and high operating temperature (>1000
°C).** In the present study, a dual fluidized bed (DFB) gasifier,
another type of allo-thermal gasifier, is proposed to be
hybridized with CST. In this system, the solid bed material is
proposed to be used as heat carrier to transfer the heat required
by the gasification process from the combustion process and/or
the solar receiver. Hence, the solar hybridized DFB (SDFB)
gasifier offers the potential to store the solar thermal heat in the
bed material as sensible heat in an additional storage tank.
Furthermore, a steady syngas output can be achieved by
maintaining the constant temperature of the hot bed material to
the gasification process through adjusting the additional fuel
input to the combustion process according to the solar
radiation variation. Lab and pilot scale conventional DFB
gasifiers have demonstrated the production of a raw syngas with
a H,/CO ratio near the desired 2:1, as is required in the FT
process, from coal ga\siﬁcation.31‘37“’3'5""6 However, no previous
investigation has been reported of a hybrid system between
CST and a DFB gasifier.

To address the issues raised above, the first aim of the
present paper is to compare the annual performance of an
SCTL system including a SDFB gasifier with an equivalent
nonsolar CTL process in a way that accounts for solar
variability using long-term historical measurements of direct
normal irradiation (DNI). The second aim is to assess the
sensitivity of annual performance of the presently studied
SCTL system to the solar multiple, the storage capacity, the
char conversion in the bubbling fluidized bed gasifier (BFBG),
and the quality of the solar resource.

2. METHODOLOGY

2.1. SDFB Gasification and SCTL Process Description. Figure
1 displays a schematic diagram of a DFB gasification system.*>>>%¢
The solid fuel is fed to a bubbling fluidized bed gasifier (BFBG), where
it is reacted with steam (the fluidizing agent for the BFBG) to produce
syngas, a gaseous mixture comprising predominantly H, and CO. The
heat required by the endothermic gasification reactions is provided by
hot bed material transferred from a fast fluidized bed combustor
(FFBCY), in which the cooled bed material from the BEBG is both
heated and transported back to the BFBG by high velocity flue gases
via a cyclone. The residual char within the bed material from BFBG is
burned with air (the fluidizing agent for the FFBC) in the FFBC.
Additional fuel is required in the FFBC when the residual char is
insufficient to provide the necessary heat for the gasification process
and overcome the heat losses.

Figure 1 also identifies four alternative locations into which the CST
can potentially be introduced into a DFB gasification system, namely
into the FFBC (location 1), into the hot bed material leaving the
FFBC (location 2), into the BFBG (location 3), and into the bed
material and char leaving the BFBG (location 4). The present study

DOI: 10.1021/acs.energyfuels.5b00007
Energy Fuels 2015, 29, 2738-2751
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Figure 1. Diagram of the solar dual fluidized bed (DFB) gasification
concept, together with four alternative locations (1, 2, 3, 4) into which
the concentrated solar thermal (CST) energy can be introduced.

considers only location 2, in which the bed material from the FFBC is
transported to the solar receiver on a solar tower and is directly heated
by CST. This option is chosen because it requires little change to the
DFB gasification system and because the heating of inert solid particles
in a solar particle receiver is easier to achieve than the heating of
reacting particles, which makes it the most likely to be realized in the
near future.'®***° Since the residual char is to be burned in the FEBC,
the solar share of the SDFB gasification can be expected to increase
with the conversion of solid feedstock to gas in the BFBG. Hence, low
rank fuels, such as wood, bagasse, and brown coal (or lignite) are
preferable to higher rank fuels, such as black coal, due to their high
volatile content and char reactivity. In our study, lignite is chosen as
the feedstock.

Figure 2 presents a simplified flowsheet of the proposed SCTL
process. The SDFB gasifier was proposed to generate the raw syngas
from the feedstock and the steam. A tar reformer was proposed to
reform the tars in the raw syngas before sending the cleaned syngas for
cooling and compression. A sour water—gas shift reactor (WGSR) was

CS1
Additional feed
(Dried coal) Dried coal
Syngas
SDFB gasifier Tar cooling and
and auxiliary reformer compression
s ]l
Syngas cooling load
10 120°C
AP
Preheated Steam
alr (600 °C) IP Steam  H;CO-226
LP Steam
Klue g“‘l Exhaust
Air . |__Gas Gas FTR || Claus/
preheat HRSG | Turbine 25 bar ||SCOT
"'{ I FT synthesis heat | 1
S
HP, 1P, LP
Condensed Steam
water FT
’ Liquids

Figure 2. Simplified flowsheet of the proposed solar hybridized coal-
to-liquids (SCTL) process with the proposed solar hybridized dual
fluidized bed (SDFB) gasifier.
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proposed to adjust the H,:CO ratio of the pressurized syngas to a ratio
of 2.26 to achieve a high conversion of CO in the FT reactor (FTR).
An acid gas remover (AGR) was proposed for use downstream from
the WGSR to remove both H,S and CO, from the syngas before
sending to the FTR. A gas turbine (GT) was proposed to utilize the
tail gas from the FTR to generate electricity. A heat-recovery steam
generator (HRSG) was proposed to recover heat and generate steam
both for electricity generation (via the steam turbine) and to provide
process steam.

Figure 3 presents the flowsheet describing the proposed SDFB
gasifier and auxiliary equipment units. The bed material is used to

CST

Solar receiver

Bed
material

Bed

Warm bed Hot bed
material material
storage storage

Bed Bed
material material
Fast fluidized Bubibling
bed combustor | Bed material. HUIdlZ't:_d bed
& char gasiner
L (BFBG, latm)
Flue gas Air Additional Steam Dried Raw
' feed (Dried coal  syngas

coal)

Figure 3. Flowsheet of the proposed SDFB gasifier with an integrated
solar receiver and sensible heat storages.

transfer heat from the FFBC and/or solar receiver to the BFBG.
Olivine sand was chosen for this because it has been widely used in
lab/pilot/demonstration scale DFB gasifiers to achieve low tar content
in the raw syngas and to promote the water—gas shift reaction in the
gasifier toward the equilibrium state.*>***! The solar receiver was
modeled based on the directly irradiated, tower-mounted, falling
particle cavity receiver concept because it is the system that has been
best developed to date.*” Intensive studies have been carried out on
falling particle receivers since the 1980s, including one set of on-sun
tests of a simple falling particle receiver at power levels up to 2.5
MW,,.. In contrast, the investigations of other particle receivers are
mostly lab scale.>®*” Both the temperature and flow rate of the bed
material to the BFBG were maintained at constant values to achieve
steady production of syngas to the downstream processes. The warm
and hot bed material storage units and the additional feed to the FFBC
were proposed to accommodate some of the transience of the solar
radiation.

Figure 4 presents the operational strategy for the SDFB system in
the form of a logic control diagram. Here, the symbol ® is defined to
be the ratio of net useful solar energy absorbed by the bed material
assuming that no solar spillage occurs (Q,et,m],m,spm), relative to the
heat required by the DFB gasifier (Qppp, constant) as shown in eqgs 1

and 2.
, o]

Qnel,sol,no-s ill
QDFB

(&)}

DOI: 10.1021/acs.energyfuels.5b00007
Energy Fuels 2015, 29, 2738-2751



CHAPTER 3 — PERFORMANCE ASSESSMENT OF COAL TO LIQUID FUELS
PROCESS VIA A SOLAR HYBRIDIZED DUAL FLUIDIZED BED GASIFIER

Energy & Fuels

Ifd<=1

Check @

1) Set the flow rate of bed material to the solar
receiver to achieve target outlet particle
temperature;

minimum set point?

2) Check: Is hot storage tank level at or below the

1) Switch the outlet bed material from the FFBC
to warm storage tank:

2) Switch the outlet from the hot storage tank to
feed BFBG.

3) Check: Is the level of hot storage tank at or
above the maximum threshold?

A

T

1) Switch the outlet bed
material from the FFBC to tud
BFBG:;

2) Turn off the flow from hot
storage tank to BFBG:

3) Feed additional fuel to the
FFBC to achieve target inlet
particle temperature to BFBG.

4) End )\

is above the

hour)?

Check if the hot
storage tank level

trigger level (1

Y.
1) Invoke partial

spillage of
concentrated solar

1) Change the flow
rate of bed material to
radiation by
defocussing to

the solar receiver to
maintain outlet
maintain outlet particle temperature
2) End

r.N

particle temperature
from receiver.

@ End

r.

No

1) Switch the outlet bed
material from FFBC to warm
storage tank:

2) Switch the outlet from hot
storage tank to feed BFBG.
3) End

1) Maintain the
operation of the SDFB
without change

2) End

Figure 4. Logic control diagram for the SDFB gasification process used to accommodate the variation in solar radiation.
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The value of @ is defined to be 0 for @ < 0, which occurs when the
solar thermal input to the receiver from the heliostats is lower than the
heat losses from the receiver. The effective absorptance and emittance
of the solar cavity receiver are both assumed to be unity,'* A_ is the
heliostat collector area, Agpe is the aperture area of the solar receiver,
Ipy is the direct normal solar insolation, o is the Stefan—Boltzmann
constant (5.6705 x 107 W/(m’K*)), T, is the temperature of the
solar receiver, C is the assumed concentration ratio (C = Aot/ Asper =
2000), Holrec is the proportion of other heat losses including
conduction and convection losses from the receiver other than
reradiation (JI‘?ecAam) and optical losses and was assumed to be
10%,>** Ngg is the thermal efficiency of the storage unit and was
assumed to be 95%,>* and Nopt is the optical efficiency of the solar

system which includes the solar receiver and heliostat field, defined in
eq 3:5434

= Mt ot it halket, cocMeos 3)
where nmm,u is the heliostat collector reflection efficiency, assumed to
be 88%," 7y, is the shadow'mg and blocking efficiency of the heliostat
field, assumed to be 93. 3%,* 1it. is the interception efficiency, assumed
to be 99.2%,* 1, is the atmospheric attenuation, assumed to be
95%,* and Netcpc is the reflection efficiency of the compound
parabolic concentrator (CPC), assumed to be 95%.*° In addition, 7,
is the cosine efficiency of the heliostat field, which is calculated as a
function of solar time for one particular position as representative of
the entire field.*”** Because #,,, depends more strongly on the time
and site than on A, it was further assumed to be independent of A,
On this basis, the values assumed for the other efficiencies in eqs 3 and
4 do not influence the solar multiple (SM), which is defined as the
ratio of the heliostat field area relative to that required to meet the
demand of the DFB gasifier at the point of peak solar thermal output.
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Here, AL)" is the required heliostat field area which can generate net
annual peak solar thermal heat equal to the heat required by the DFB
gasifier.

Figure 4 also shows the proposed control strategy in which the
heliostats are to be defocused to spill excess energy when the thermal
storage facility is full. Therefore, eq 5 can be used to define the net
useful solar energy absorbed by the bed material (Qqes01) at each time
step.

Qnet,snl = Qnet,m],no-spi" X Ucull

()

Here, U,y is the utilization factor of the heliostat collector, as defined
in eq 6.
1 ifo<d<1
1 if ® > 1 and hot storage unit is not
full
U = o)
——=2% __ if® > 1 and hot storage unitis full
Qnel,sul.noAspilJ
0 ifd=0

(6)
2.2, Process Model. 2.2.1. SCTL Process Model Unit Designs.
The SCTL process is assumed to be operated at a steady-state for each
1 h time step in a one-year time series. A model for this steady-state
operation was developed in Aspen Plus V7.1 for each time step using
the submodels and parameters described below. Thermodynamic
properties for components other than steam were estimated using the
Peng—Robinson equation of state with Boston—Mathias modification
(PR-BM), whereas STEAM TA was used for the steam properties.
Gasifier Model. The DFB gasifier model was validated using
Rhenish lignite from Germany as the feedstock because the
experimental data of Kern et al** is available with this fuel for a
DFB gasifier. The properties of this fuel are shown in Table 1, together

Table 1. Proximate and Ultimate Analysis of Rhenish
Lignite®® and Montana Lignite®

proximate analysis (wt %) Rhenish lignite Montana lignite
fixed carbon 35.8 46.4
volatile matter 2.2 36.9
moisture 18.6 6.8
ash 34 9.9
ultimate analysis (wt % dry) Rhenish lignite Montana lignite
| &} 65.5 63.6
H 38 4.1
(¢] 25.2 19.5
N 0.8 2
Cl 0.1 0
S 0.4 1.3
ash 4.2 10.6

with the properties of Montana lignite, from the northern part of the
United States of America, which was chosen as the feedstock with
which to assess the SCTL system because the experimental data of its
properties are both available and suitable for the gasifier model. The
solar DNT data were taken for Farmington, New Mexico, United States
of America because this site combines a good solar source, good access
to water as is necessary for the gasification, and a reasonable proximity
to the main lignite mines in the northern parts of the United States of
America. The other key parameters employed for the validation of the
gasifier are shown in Table 2, also chosen to match the operating
conditions reported by Kern et al.*® Table 3 presents the parameters of
the DFB gasifier chosen to assess the performance of the proposed
SCTL system. The steam to carbon ratio (ys_c) was fixed at 1.6 (kg/
kg), which is between the two values used in the experiments, while
the combustion reactor temperature (Trrpc) was set to 950 °C to
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Table 2. Parameters Chosen for the Validation of the DFB
Gasifier Model to Match Previous Experimental Data®

parameter value parameter value
ws—c (kg/kg) 1.3/2.1 carbon conversion in BFBG 66%/62%
Pypyc (atm) 1 Py (atm) 1
Tl FBC (CC) 920 Tﬂl"ﬁ(; (OC) 850

Table 3. Parameters Chosen with Which to Assess the
Performance of the Proposed SCTL System with the DFB
Gasifier

parameter value parameter value
ys-c (kg/kg) 1.6 char conversion in BEBG 57%~100%
Prppc (atm) 1 Pyppg (atm) 1
Trne (°C) 950 Ty (°C) 850

achieve a moderate rate of bed material circulation and size of bed
material storage. The Montana lignite was assumed to be dried to 2%
(weight basis) moisture, and the pyrolysis process in the BFBG was
assumed to be instantaneous. The extent of the gasification reactions
was modeled by the char conversion within the BFBG rather than by
carbon conversion, since the latter includes the conversion of carbon
in both the pyrolysis and char gasification processes. The influence of
conversion efficiency was then assessed by a sensitivity analysis.

To simplify the model, the DFB gasifier was separated into three
zones as shown in Figure 5: a coal pyrolysis and char gasification zone,
a secondary reaction zone, and a combustion zone.* The other
assumptions and specifications of the model were as follows:

Flue [ Raw
gas Hot bed syngas
material
Char and Secondary
coal reaction
Heat combustion zone (11)
Heat
loss zone (I11) I
(Gibbs [paansazan] ~e
model) | Char + cooled Pyrolysis
: and char
bed material A 4
gasification
Zone (I)
Additional Air Steam Dried
dried Coal Coal

Figure S. Simplified scheme of the model for the DFB gasifier.

i. No char or bed material was elutriated from either of the fluidized
beds (FFBC and BFBG).

ii. Total heat loss from the walls was assumed to be 2% of the higher
heating value (HHV) of the total input fuel to the DFB gasifier when
operated under nonsolar conditions.>” This heat loss was assumed not
to change with the introduction of solar energy.

iii. The temperatures of the raw syngas, the residual char and the
bed material from the BFBG were all assumed to be the same as that
of the BFBG (Tygpg), which is specified in Table 3. Similarly, the
temperatures of the output flue gas and the hot bed material from the
FFBC were assumed to be the same as the Tggpc, which is specified in
Table 3.

iv. The simulation of the pyrolysis process was based on the
experimentally determined correlations reported by Goyal and
Rehmat.*® The pyrolysis products include gas (CO, CO, CH,,
H,0, H, H,S, HCL, N,, NH, C,H, C,H, and CiH,), char
(CX,H),,Oleu,S,,ICl” (ash free basis)), and tar (szH),zOﬁNazSthId).

v. The char gasification process was modeled according to eq 7,
using the char conversion as a variable as described above:
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CuH,,0,N,8;,Cl,; + (x1 — 21)H,0
y1 — 3al —2b1 —cl

—>x1CO+(x1—zl+ 5

)Hz + alNH,

+ b1H,S + c1HCI 7)

vi. The secondary reaction zone was assumed to comprise only the
tar reforming reaction (eq 8) and the water—gas shift reaction (eq 9).
Although the dry reforming of tar can also occur here, the calculated
production of syngas from this zone will not change because of the
assumption that the water—gas shift reaction reaches eﬂuilil:lrium.35
The tar reforming conversion was assumed to be 90%, ! while the
methane reforming reaction was not considered because of the relative
low values assumed for both the temperature (around 850 °C) and
pressure (atmospheric pressure) in the BFBG.

CoH,0,N,8,Cl, + (%2 — 22)H,0

y2 —3a2 — 2b2 — 2
> x2C0 + a2 -2 4 ZT2EE TR T My

2

+ a2NH, + b2H,S + c2HCI (8)

(©)

vii. The RYield and RGibbs reactor modules of Aspen Plus were
used to model the combustion of char and coal in the combustion
zone. The RYield reactor was used to estimate the decomposition of
the coal and char into their separate elements (H, N, O, S, solid
carbon, ash, and water as moisture). The RGibbs reactor was then
used to model the combustion reactions by minimizing the Gibbs free
energy to determine the equilibrium composition of the outlet. The air
to the combustion zone was assumed to be preheated to 600 °C by the
hot flue gas. With the introduction of solar energy, despite reducing
the flow rate of coal to the FFBC, the flow rate of air was assumed to
be fixed to maintain the fluidization in the FFBC and the solid
circulation rate of the system.

Tar Reformer. The catalytic tar reformer was modeled by assuming
that tar, CH,, and C,H, in the raw syngas convert to CO and H,,
while NH; converts to N, and H, according to eq 8 and egs 10—12
with assumed conversions of 90%, 20%, 50%, and 70%, respectively.S'
The water—gas shift reaction was also assumed to reach equilibrium in
the tar reformer.

CO + H,0 « CO, + H,

CH, + H,0 — CO + 3H, (10)
C,H, + 2H,0 — 2CO + 4H, (11)
2NH, — N, + 3H, (12)

Wet Scrubber. The wet scrubber was proposed to cool the syngas
to 150 °C and was assumed to completely remove the remaining tar,
NH,;, and moisture.

Syngas Compression. The four-staged intercooled compressor was
proposed to compress the cleaned syngas to 25 bar with an assumed
isentropic efficiency of 83%.

Water Gas Shift Reactor (WGSR). The WGSR was proposed to
maintain a constant H,/CO ratio in the syngas across the operating
range. The equilibrium reactor (REquil) in Aspen Plus was used to
model the sour WGSR with an assumed temperature of 200 °C as
shown in eq 9.

Acid Gas Remover (AGR). The AGR was modeled using a Rectisol
AGR reactor with the assumption that 99.9% of the CO, and 100% of
the H,S are removed. Its consumption of electricity and low pressure
steam were assumed to be 137 MJ./t (CO,) and 90 MJ,/t (CO,),
respectively.’ The energy consumption required for the removal of
H,S was assumed to be the same as that for the CO, removal, which
has little impact on the final predictions due to the insignificant
amount of H,S in the shifted syngas relative to that of CO,. The
products from the AGR were thus assumed to be a pure CO, stream
and a sulfur rich stream.
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Claus and Claus Off-gas Treatment Plant. An air-blown Claus
plant was chosen for sulfur recovery from the sulfur rich stream, in
which the H,S is oxidized to elemental sulfur. The tail-gas was
proposed to be cleaned up with a Shell Claus Off-gas Treatment
(SCOT) plant, in which the steam raised by H,S oxidation was
assumed to be equal to that required to maintain S molten and to
regenerate the SCOT plant.>* No steam was assumed to be produced
from the sulfur recovery unit.

Fischer—Tropsch Reactor (FTR). The FTR was modeled to convert
syngas to paraffinic hydrocarbons with eq 13 at 240 °C and 25 bar.
The conversion of CO in the cobalt catalytic FT reactions was
assumed to be 90% efficient.® The product distribution was assumed to
follow that of Anderson—Schulz—Flory as shown in eq 14, while the
chain growth probability & was assumed to be 0.95 to achieve a low
content of light alkenes in the FT 1:»1'0duct.3’8 The RStoic reactor was
used to model the FT synthesis process in Aspen Plus, and
FORTRAN code was used to determine the CO conversion for
each synthesis reaction. The light gases (C,_, and unreacted syngas)
from the cooled FT product were assumed to be separated and sent to
the gas turbine to generate electricity.

nCO + (2n + 1)H, - CH,,,, + nH,0 (13)

ac = (1 - a)a"

(14)

Here, a is the mole fraction of hydrocarbons with n carbon atoms in

the product from the FTR.

Gas Turbine (GT). The gas turbine combustor was assumed to be
adiabatic and modeled at 25 bar using the RGibbs reactor in Aspen
Plus. The turbine was assumed to have an inlet temperature (TIT) of
1295 °C and to comprise a four-stage intercooled (to 25 °C)
compression to 26 bar with an isentropic efficiency of 83%. The
expander of the gas turbine also was assumed to have an isentropic
efficiency of 83%.

HRSG System and Steam Turbine. The HRSG was proposed for
the streams from the hot flue gas leaving the FFBC, the raw syngas
from the BFBG, the gas turbine exhaust, and the heat generated by
FTR. The recovered heat was modeled in four fractions based on
saturation temperature: 400—920 °C, 320—400 °C, 240—320 °C, and
120-240 °C. The first fraction was proposed to be used to generate
high pressure (HP) steam for the HP stage of the steam turbine,
reheat, and overheat steam. The second fraction was proposed to be
used to generate steam for the intermediate pressure (IP) steam
turbine and the WGSR as well as to preheat the boiler feedwater to
320 °C. The third fraction was proposed to be used to generate steam
for the low pressure (LP) turbine, the Rectisol process in the AGR
reactor, and also to preheat the boiler feedwater to 240 °C. The final
fraction was proposed to be used to generate atmospheric pressure
(AP) steam for the DFB gasifier and to preheat the boiler feedwater to
120 °C. If the heat of the fourth fraction is insufficient to generate the
AP steam for the DFB gasifier, the heat from the third fraction was
proposed to be used to fill the gap.

The steam turbine was assumed to be a three-stage reheated
turbine. The inlet temperature and pressure to the HP turbine were
modeled to be 550 °C and 125 bar, respectively. The IP steam (42
bar) from the HP turbine was modeled to be reheated to 550 °C and
then to pass through the IP turbine together with the IP steam
generated from the HRSG system. The inlet temperature and pressure
to the LP turbine were modeled to be 400 °C and 12.5 bar,
respectively, while the outlet pressure was assumed to be 0.05 bar. The
isentropic efficiency was assumed to be 85% for the HP turbine, 93%
for the IP turbine, and 89% for the LP turbine.”® The water pumps
were assumed to have an isentropic efficiency of 92.5%, and a
mechanical efficiency of 97%.

2.2.2. Pseudodynamic Model. A pseudodynamic model (i.e., for
which operation is assumed to be steady-state at each 1 h time-step in
a one-year time series of historical DNI data) was implemented for a
time series of historical solar DNI based on the method reported by
Kaniyal et al,® by following the logical control diagram shown in
Figure 4. The response time for the switching between these
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conditions was assumed to be infinitely fast. The time series of the
solar resource used in the present study was for the summer-to-
summer period: June 1st, 2004 to May 31st, 2005 at Farmington (as
described above in Gasifier Model section), in northern New Mexico,
United States of America, whose latitude is 37° N.>* This solar
resource is a convenient reference for the present work to study the
influence of solar multiple, the storage capacity, and the char
conversion in the BFBG on the SCTL system performance rather
than a specific design and evaluation for a particular site. Therefore, it
is sufficient to use the solar data of a specific time period rather than to
use the typical meteorological year (TMY) data. Moreover, the effect
of the type of solar resource on the performance of the SCTL system
was assessed by comparing performance with solar data from another
site in the U.S. and two in Australia, namely Dickinson (U.S.A., 2004/
2005), Woomera (Australia, 2012/2013), and Mildura (Australia,
2012/2013).54’55 These three sites are all close to low rank coal
reserves. Table 4 displays the annual peak DNI-cosine and average

Table 4. Parameters of the Solar Resources for the Sites
Chosen in the Present Study

Farmington,  Dickinson, ~ Woomera, Mildura,
NM, USA, ND, USA,  SA, AUS, NSW, AUS,
2004/2005  2004/2005  2012/2013  2012/2013
annual peak DNI- 1057 977 1034 1024
cosine
((Tpntlcos)pes W/
m
average daily DNI- 6.5 4.1 6.2 5.7
cosine (Tpnt,o0
kWh/m®/day)

daily DNI-cosine for each of the four sites in the selected period.
Under the other assumptions listed above, the cosine efficiency 1, is
the only variable factor that influences the optical efficiency (see eq 3)
according to the site and time. Therefore, the product of DNI and the
cosine efficiency (Ipnfe.s) is used to calculate performance at each
time step for each solar resource.

2.3. System Performance Analysis. The performance of an
SCTL system was assessed for a range of bed material storage
capacities (SC), eq 15, solar multiples (SM), eq 4, and char
conversions in the BFBG (Xy,.prpc)- The char composition on an
ash free basis (Cx,Hy,O:lNA,,S,,.Cl(.) was assumed to remain constant
during the char gasification process.

SC = hank
(15)

Here, my,, is the mass capacity of the storage unit and ritgy; prpg is the
mass flow rate of hot bed material to the BFBG.

To evaluate the annual performance of the SCTL system, the
following metrics were used:

(1) Annual solar share,® SS_:

(le,sol)a'\n
(Q“et,gol)am\ I (annl,HHV)aml (16)
(2) Annual percentage change in specific FTL output of the SCTL
system per unit coal relative to the nonsolar CTL system, AQ 400t
AQ, prp ann = [(Qery prravdonn/ (Qouy sy amn s,
- <(QFTL.HHV)ﬂnn/(Qcoal.HHV)ﬂnn)C'l'L}

/[((QFTL'HHV)‘]nn/(QLoQI,HHV)ann)CTL] X 100%
(17)
(3) Annual percentage change in specific total energetic output of
the SCTL system per unit of coal relative to the nonsolar CTL system,
AEn, ,:

MpM,BEBG

SS

ann
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AEng,,, =

(((QH'L,HH\‘)mnn + (Woethnn)

(Qmal,mw)-\nn

) ( ((Qery, v ann + Waehann)
SCTL

(Qeonnr 1vhon

)CTL

)CTL

( (Qerp prrvhann + Wiedann)

(Qeo 11 )ann
X 100% (18)
(4) Annual MTT CO, emission per unit output, Ecoyam:
Eco,am = (mCOZ)m“
i Qe svdann + Woetdinn
_ (mcoz)ann / (QF'I'I,,HHv)mn + Woedonn
Q. i mivgdom (Qoumry)inn (19)

(5) Annual MTT CO, emission reduction relative to the nonsolar
CTL system, AEco, aunt

2

(Ecoyam)ert. = (Ecoyam)scrt.
ann =

AEco,,

(Ecoyam)ers (20)

(6) Annually averaged utilization factor of the heliostat collector,
Ugiiann and the FFBC (Upppc,ann ) calculated by taking the mean of the
utilization factor for each time step as defined in eq 6 (U.y) and eq 21
( UFFBC)?

quel FFBC

Upspc=———
(21)
Here, (W), is the annual net electricity output from the system,
(Mco,)ann is the annual mass-based MTT CO, emission, (Qgrpuiy) un
is the HHV of the annual FTL output, (Qcoutt1v)ann is the HHV of the
annual input of coal to the DFB gasifier, Qgeigrsc is the HHV of the
fuel (both coal and char) combusted in the FFBC, and Qg prpcmax i
the maximum HHYV of the fuel combusted in the FFBC.

fuel, FFBC, max

3. RESULTS AND DISCUSSION

3.1. Model Validation for DFB Gasifier Model. Figure 6
compares the outputs from the model with the measurements

60% 6
Kem et al.®/ys =13 E
.E 50% 45 Present study/yg =1.3 5 ;‘
% = Kem et al.'®/yg =2.1 S
2 'Z 40% -5 Present study/ys ¢=2.1 4T B
£ 2%
2 S30% | 32
c B
£> s
g 3 20% 25§
< B
-§ 10% A 1 S
- ]
=
0% += 0

Figure 6. Comparison of the predicted values of raw syngas at the
outlet from the conventional DFB gasifier with the measurements of
Kern et al.*® Conditions are shown in Table 2

of Kern et al,>® for the conditions shown in Table 2. The
agreement between the model and experimental data is within
+15% for all main gaseous products other than CH,, whose
composition in the raw syngas is relatively low (<S vol % dry
basis). On this basis, the model is sufficiently reliable to
undertake a first-order assessment of the proposed SDFB
system.
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3.2. System Operational Performance. 3.2.1. Minimum
Hot Bed Material Storage Capacity to Avoid Solar Spillage.
Figure 7 presents the minimum hot bed material storage

10000

1000 A

(=3
(=]
"

SC,pgpin (h)

o
L

SM

Figure 7. Minimum hot bed material storage capacity required to
avoid solar spillage (SC,,.u) as a function of the solar multiple (SM).

capacity required to avoid solar spillage (SCiq.i) as a function
of the solar multiple (SM). It can be seen that SCro-spil
sensitive to the variation in SM, especially for high values of
SM. For SM < 1, the storage capacity is zero, which is not
shown in Figure 7 because the axis is presented on a log scale.
As SM is increased to 2.6, the value of SC,, ) is increased to
16 h. However, with further increases in SM to 4.0, the value of
SChospin increases sharply to over 900 h. The nonlinear
relationship is due mostly to the seasonal variability of the solar
resource. The stored sensible heat can be consumed completely
when the sun is not available for SM < 2.6. However, for SM >
2.6, the stored sensible heat is not consumed entirely at night,
notably during the peak summer period. Therefore, SC,qu
increases sharply with SM due to the accumulation of stored

| is

sensible heat which can be consumed during the winter period.
Given the anticipated high cost of storage and the large heat
losses associated with very large sensible storage units,™ it is
unlikely to be economically desirable to approach the SC,.qi
for cases where the SM exceeds the threshold. However, further
investigation on techno-economic feasibility is required in the
future to optimize the entire SCTL system. For the remainder
of the present assessment, the values of SC = 8 and 16 h were
chosen as representative values for further assessment.

3.2.2. Time Resolved System Operation. Figure 8 presents
the pseudodynamic response of the SCTL system for two six-
day (144 h) hourly integrated solar insolation time series that
are representative of winter and summer conditions for the case
SM =24, SC = 8 h, and Xy, grpg = 85%. These two short-term
time series, together with the design parameters (SM, SC, and
Xepar,prng) of the SCTL system, are chosen to illustration how
the SCTL system responds to variations in the solar resource
and to further verify that the pseudodynamic model is
reasonable. The statistical analysis, reported below, is under-
taken for a time series of 12 months of data. In addition, a
sensitivity study of the design parameters is presented below.
The first panel in each of Figure 8A and B presents the
variation in solar ratio ® as a function of time for the summer
and winter periods, respectively, of Farmington, U.S.A. The hot
bed material storage level, solar spillage (1 — U,y), and the
SCTL system’s conventional CTL normalized additional coal
mass flow rate to the FFBC ((ri,qa)sctr/ (fi1aga)crs) are shown
in the second panel of Figure 8A and B. The third panel
presents the FTL and electricity output of the SCTL system
normalized by that of the conventional system ((Qgr)scrr/
(Qeru)erL and (Woeoser/(Waedscrn)-

It can be seen from Figure 8 that the system maintains a
constant output of FTL products despite the variability of the
solar resource for both time series (lowest panel), which is the
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Figure 8. Pseudodynamic response of the SCTL system for two six-day (144-h) hourly averaged solar insolation time series, which are representative
of winter and summer conditions in Farmington for the case SM = 2.4, SC = 8 h, and X, prsg = 85%.
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key design target for this system. However, the electricity
output decreases with the introduction of solar energy, which is
caused by the variation of the heat recovered from the flue gas
of the FFBC with the variation in the mass flow rate of the
additional fuel. It can also be seen that the storage level of the
hot bed material varies with trends that are consistent with the
expectation from the logic control method described in Figure
4, as do the solar spillage and the mass flow rate of the
additional fuel to the FFBC.

3.3. Effect of Solar Multiple and Storage Capacity on
the Performance of SCTL System. Figures 9—14 present the
annually averaged performance of the present SCTL system,
calculated with the pseudodynamic model, as a function of SM
for the various hot bed material storage capacities (SC = 8 h, 16
h and SCm_SPm) and for an assumed char conversion in the
BFBG (Xuharprac) Of 100%. Even though this is higher than the
50% to 60% conversions that have been reported for lizgnite
gasification in lab-scale and pilot-scale DFB gasifiers,*>>
conversion can be expected to increase both with scale and with
further development of the reactor design. Under these
circumstances, complete conversion is considered to be
appropriate as a baseline case with which to study the impact
of SM and SC on the SCTL system and to highlight the best
potential performance of the SCTL system with a SDFB
gasifier. A sensitivity study on the X, ppg is also presented
below.

3.3.1. Analysis of Capital Utilization. Utilization Factor of
Heliostat Collector. Figure 9 presents the annually averaged

50%
40% 7
_30% A
= 20% A
. ——SC=8h
10% —=—SC=16h
o ——5C=5Cpo
o . g .
1 2 3 4 5
SM

Figure 9. Annually averaged heliostat collector utilization factor
T, ) as a function of solar multiple (SM) for different bed

material storage capacities (SC).

oll,ann

utilization factor of the heliostat collector (U ,,,) as a
function of SM for different values of SC. It can be seen that for
both sizes of storage capacities (8 and 16 h), there exists a
threshold of SM below which no solar spillage occurs because
the SC > SCp.qpu- The maximum value of the U, ,,, is 41.6%
when no spillage occurs. A high utilization of the heliostat field
is expected to be desirable, since this is typically a significant
component of the capital expenditure of the plant. This
threshold occurs at SM = 2.1 and 2.6 for SC = 8 and 16 h,
respectively. Nevertheless, the highly nonlinear nature of the
function for SC,, gy (Figure 7) means that it may be
economically beneficial to operate with a small amount of
spillage. For SM = 3 and SC = 16 h, U, ,,,, is 40.8%. However,
SC = 16 h is 82.1% smaller capacity relative to SC,q.gi-
Utilization Factor of Combustion Reactor. Figure 10
presents the dependence of the annually averaged utilization
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Figure 10. Annually averaged utilization factor of the combustion
reactor (Upgpcan,) as @ function of the solar multiple (SM) for

different bed material storage capacities (SC).

factor of the FFBC QUFFBC’RM) on SM for different values of
SC. It can be seen that the Upppc, .o, decreases with an increase
in SM. This is to be expected because a larger heliostat field will
result in a greater fraction of the energy being provided by solar
energy and less by combustion. It can also be seen that the
increase in SC further reduces Upgpg, .oy for the case in which
SC < SCpo.qpur- This is because a larger storage capacity allows
greater use to be made of the heliostat field and further
increases the solar share, or reduces the amount of fuel required
in the FFBC to meet the load. It can also be seen that it is
hypothetically possible to provide all of the heat of reaction
from solar energy, i.e., the Upppg an = 0. This occurs when SC
= SC,o.u and SM = 4. However, as has already been noted
with regard to Figure 7, this case requires an inordinate amount
of storage, corresponding to more than 900 h.

3.3.2. Solar Share. Figure 11 presents the annual solar share
(SS,un) of the SCTL system as a function of SM for different

35%
30% 1
25% 1
_20% A
2 15% |
10%] uX —e—SC=8h
505 ] —=—SC=16h
07 SC= SCnu-spill
1 2 3 4 5
sM

Figure 11. Annual solar share (SS,,,) of the SCTL system as a
function of solar multiple (SM) for different bed material storage
capacities (SC).

values of SC.). For SC = SChouspity the value of SS,,, increases
with SM from 8% to a maximum value of 30.4%. This value of
solar thermal input corresponds to the thermal requirements of
the process, with the remaining 69.6% of the energy content
coming from the fuel. Moreover, the influence of SC on SS,,, is
consistent with what has been noted from Figure 7. That is, an
increase in SC for a fixed SM allows an increase in SS,,,
through an increase in U, ,,,- For SM = 3 and SC = 16 h,
SS.n is 21.8%, which is only 2.1% lower than the 22.3% for SC
= SCno-spill'
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3.3.3. FTL Output and Specific Total Energetic Output of
the SCTL System. Figure 12 presents the dependence on SM,

60% 60%

50% 50%

. 40% A b 40%
£ H
£ 30% b 30% o

g o

20% o 20%

g 25 AQ, pr am AED, 4, o

0, A b G= 0,

10% 44 s  LSC—16H 10%

0% — 2 25C"SCum] g,

1 ) 3 4 5
SM

Figure 12. Percentage change in annual specific FTL output,
AQ,prpan, (solid line), and specific total energetic output, AEn,,,,
(dash line), of the SCTL system relative to a nonsolar CTL system as
a function of solar multiple, SM, for different bed material storage, SC.

for different cases of SC, of the percentage change in both
annual specific FTL output and the specific total energetic
output of the SCTL system relative to their nonsolar CTL
counterparts (AQpri,me and AEng,,,). This shows that
increasing SM results in a significant increase in both
AQqpri,n and AEng,,, due to the increase in solar share
shown in Figure 11. It can also be seen that the values of
AQqFr1,ann lie above the corresponding values of AEn,,,, due
to the decrease in the electricity output caused by the
introduction of solar energy as described above in Figure 8
(third panel). For SC = SC,,q g, the values of AQ gy 4, and
AEn,,,, increase to their maximum values of 50.9% and 46.9%,
respectively, as SM is increased to 4. For SM = 3 and SC = 16
h, AQprian and AEng,,, are 32.6% and 30%, respectively,
while for SC = SC ,o.u their values are 33.5% and 30.9%,
respectively.

3.3.4. CO, Emissions. Figure 13 presents the dependence on
SM, for different values of SC, of both the annual MTT CO,
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E(‘O:-amn AE('O:.:mn
1209 ® ©sSC=8h [ 100%
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Figure 13. Annual MTT CO, emissions, Ecou (solid line), and
annual reduction of MTT CO, emissions, AEcq_ ., (dash line), of the

SCTL system relative to nonsolar CTL system as a function of solar
multiple (SM) for different bed material storage capacities (SC).

emissions (Eco,ann) and the annual reduction in MTT CO,
from the SCTL system relative to the nonsolar CTL
counterpart (AEcq,,n,). Importantly, it can be seen that this

SCTL system is calculated to offer up to 39.4% reduction in
CO, emission relative to the conventional system with 16 h of
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storage, even though this case requires a very large heliostat
field with SM = S, which results in low U ., (as shown in
Figure 9). For reference, the theoretical limit is a 46.9%
reduction, which requires more than 900 h of storage.
Furthermore, significant gains are also possible with smaller
fields and more realistic storage capacities. For example, with
SM = 3 and SC = 16 h, AEco, .0, and Ecg, 4, are 34.1% and
72.8 kg/GJ, respectively. The above trends can be explained by
the dependence of AQgry,mn and AEn,,,, on SM. A higher
value of AQprpmn corresponds to a lower value of CO,
emitted per unit coal because more carbon is stored in the
FTL. Similarly, a higher AEn_,, also corresponds to a lower
E¢o,ann as shown in eqgs 18 and 19. Nevertheless, the Ecq, .,

remains higher than the well-to-tank emissions for conventional
mineral crude (18 kg/GJ diesel”). Hence, other CO, reduction
options such as cogasification of coal and biomass and/or the
CCS system will be needed to achieve an environmental benefit
over mineral crude.

3.4. Performance of SCTL System with Different Char
Conversion in the BFBG and Solar Resources. Figures 14

25% 120%
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L 80%
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w F 60% l g
2 10% A 5
L 40%
5% 1 L 20%
0% . ’ . . 0%
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Figure 14. Annual solar share (SS,,,) and combustion reactor
utilization (Uggpc,ann) as a function of char conversion in the BFBG
(Xeharpenc) at SM = 3 and SC = 16 h.

and 1S present the influence of char conversion within the
BFBG (Xuhuprsg) On SSi and Upppcanns while Figure 16
presents the influence of various solar resources. All of these
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Figure 15. Influence of char conversion in the BFBG (X prpg) on
annual CO, emission (Ecg, ), percentage reduction in CO, emission
(AE¢o,am), percentage improvement in FTL (AQ,pypam,), and
percentage improvement in total energetic output per unit feedstock

(AEn,,,,) relative to the nonsolar CTL system. Calculations are
performed at SM = 3 and SC = 16 h.
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Figure 16. Annual solar share (SS,,,), annual percentage CO,
emission reduction (AECO!M") relative to the nonsolar CTL system,
the annually averaged utilization factor of the heliostat collector
T ), and the dimensionless heliostat field area (A../

coll,ann

(Acon)ickinson) s a function of the solar resources (SM = 3, SC =
16 b, and X penc = 100%).

assessments are undertaken for values of SM = 3 and SC = 16
h, which achieve a relatively good heliostat utilization factor and
good improvement in the energetic and environmental
performance for a relatively small storage size (Figures
9—13). Table S presents the influence of solar resource on
the required SM and SC to realize maximum solar operation.

Table 5. Required Solar Multiple and Bed Material Storage
Capacity to Realize Maximum Solar Operation for Various
Solar Resources

Farmington, Dickinson, Woomera, Mildura,
NM, USA, ND, USA, SA, AUS, NSW, AUS,
2004/2005 2004/2005 2012/2013 2012/2013
required 4 6 42 4.6
SM
required 908 1039 1010 1353
SC (h)

3.4.1. Effect of Char Conversion in the BFBG. Figure 14
shows that X, src has a significant influence on both SS,,,
and m. As X . pepG is decreased from 100% to 57%, the
value of SS,,, decreases from 21.8% to 0, while the value of
UrppCyann increases from 27.2% to 100%. This is because a
lower value of X, pepg results in a lower requirement for
chemical energy in the BFBG and more heat of combustion
being provided by char combustion in the FFBC. For the same
reasons, a decrease in the value of X, prpg leads to a higher
combustion reactor utilization factor.

Figure 1S presents the dependence on Xy, srsg of Eco,anm

AEco, anw AQsprianw and AEn,,, for the SCTL system. It can

be seen that, as the value of X, prpg is decreased, the values of
both AQ,fri,amn and AEny,,, decrease significantly. This can be
explained by the trends shown in Figure 14, because a lower
solar share results in more feedstock combustion (to provide
heat for gasification reactions), leaving less fuel for syngas
production per unit feedstock. A lower AQ pry, 40, implies that a
lower quantity of carbon per unit feedstock is stored in the FTL
and a higher quantity of carbon per unit feedstock is emitted.
Therefore, decreasing X, prpg increases Ecq .., significantly

s,ann

(thus decreasing the AEcq_,,,), following eq 19.
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3.4.2. Sensitivity to the Solar Resource. Table 5 presents
the required SM and SC to realize maximum solar operation
without the use of supplementary fuel to the FFBC for various
solar resources. As expected, the lower daily average DNI-
cosine results in a higher required SM (refer to Table 4 for
average and peak DNI-cosine). However, the required SC does
not have a direct relationship with the parameters provided in
Table 4. Figure 16 presents the sensitivity of SS,,,, AEco,
Usllann) and dimensionless heliostat field area (A.,/
(Acol)Dickinson) to solar resource. It can be seen that the value
of U is relatively insensitive to the solar resource.

oll,ann

However, the values of SS,,, and AEcq, .., are more sensitive,
both varying by approximately +22% about their mean values.
The low sensitivity of Uy ., to the location implies that the
energetic and environmental performance of the SCTL system
depends mostly on the values of both A, and the DNI-cosine
according to eqs 1—5 and 16. Hence, as shown in Figure 16,
Dickinson has the lowest SS,,, and AEcq, ,,, because of the
lowest average DNI-cosine, even though it has the largest
heliostat collector area.

4. CONCLUSION

The annual energetic and environmental performance of the
SCTL system with a SDFB gasifier is analyzed as a function of
solar multiple (SM), bed material storage capacity (SC), char
conversion in the BFBG (Xy,.prsg), and the quality of solar
resource. For the case of the minimum hot bed material storage
capacity to avoid solar spillage (SCio-spin) and Xeparprag = 100%,
it is found that the annual solar share (SS,,,), utilization factor
of heliostat collector (T ,, ), the percentage change in annual
specific FTL output (AQ, gry,ann), and annual reduction of CO,
emission (AEcq,,,,) relative to their nonsolar CTL counter-

parts are increased to maximum values of 30.4%, 41.6%, 50.9%,
and 46.9%, respectively, as SM is increased to 4. However, the
huge required storage capacity (over 900 h) impedes the
feasibility of this case. Nevertheless, significant gains are also
possible with more realistic SC even though some spillage
results. For SM = 3 and SC = 16 h, S8, Uyt anns AQsrreanm

and AEcq,,,, are calculated to be 21.8%, 40.8%, 32.6%, and

34.1%, respectively. For the case of the presently assessed
lignite fuel, the net MTT CO, emissions exceed the value of
mineral crude. Nevertheless, this disadvantage can potentially
be avoided or reduced by the use of low-net-carbon feedstocks,
such as biomass and waste.

Other important findings are that the performance of the
SCTL system is very sensitive to Xy, prpg- The solar share is
reduced to zero as the X, srpc reduces to 57%. Hence, a good
design of the BFBG and the selection of a high reactivity
feedstock are essential to achieving good performance of the
SCTL system. Similarly, the type of solar resource has a
significant impact on the performance of the SCTL system.
Both the energetic and environmental performance of the
SCTL system increases with the quality of the solar resource.
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B NOMENCLATURE

A = area (m?)

AP = atmospheric pressure

AGR = acid gas remover

ASU = air separation unit

BFBG = bubbling fluidized bed gasifier

C = concentration ratio

CPC = compound parabolic concentrator
CTL = coal-to-liquids

DFB = dual fluidized bed

DNI = direct normal insolation

E = emission per unit output (kg/GJ)

En = total energetic output (J)

FFBC = fast fluidized bed combustor

FT = Fischer—Tropsch

FTL = Fischer—Tropsch liquids

FTR = Fischer—Tropsch reactor

GHG = greenhouse gas

HHV = higher heating value (J/kg)

HP = high pressure

HRSG = heat recovery and steam generation
I = solar insolation (W/m?)

IP = intermediate pressure

LP = low pressure

m = mass capacity (kg)

i1 = mass flow rate (kg/s)

MTT = mine-to-tank

Q = heating value of fuel, heat flow (J)

Q = heat flow rate (W)

SC = storage capacity (h)

SCOT = Shell Claus off-gas treatment
SCTL = solar hybridized coal-to-liquids
SDFB = solar hybridized dual fluidized bed
SM = the ratio of the heliostat field area relative to that
required to meet the demand of the DFB gasifier at the point
of peak solar thermal output

SS = solar share

U = utilization factor

W = electricity output (J)

WGSR = water—gas shift reactor

X = conversion of reactant

Greek Letters
n = efficiency, heat loss proportion

@ = ratio of net useful solar energy absorbed by the bed
material if the heliostat collector is operated under optimal
angle to the heat required by the DFB gasifier if no
additional feed is used

Ws_c = steam to carbon ratio (kg/kg)

Subscripts
aa = atmospheric attenuation
add = additional fuel
ann = annual
aper = aperture of the solar receiver
BM = bed material
coll = heliostat collector
DN = direct normal
itc = interception
1 = loss
no-spill = no spillage
o = other
opt = optical
rec = receiver
ref = reflection
s = specific (output per unit feedstock)
sb = shadowing and blocking
sol = solar
stg = storage unit
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ABSTRACT: A new configuration of solar hybridized dual fluidized bed (DFB) gasification process is proposed with char
separation for the production of Fischer—Tropsch (FT) liquid fuels from solid fuels of biomass and/or coal. The addition of
carbon capture with sequestration and FT reactor tail-gas recycle configurations is also assessed. The studied FT liquid fuels
production systems are simulated by using a pseudodynamic model incorporating a year long, hourly averaged solar insolation
time-series. For the case with a solar multiple (i.e., the heliostat field area relative to that required to meet the demand of the DFB
gasifier at the point of peak solar thermal output) of 2.64 and bed material storage capacity of 16 h, the calculated annual solar
share of the solar hybridized coal-to-liquids system can be increased from 12.2 to 20.3% by the addition of the char separation for
a char gasification conversion of 80%. To achieve the well-to-wheel greenhouse gas emissions for FT liquid fuels parity with
diesel derived from mineral crude oil, a calculated biomass fraction of 58% is required for the nonsolar coal case, also with a char
gasification conversion of 80%. This fraction can be reduced to 30% by carbon capture and sequestration and further reduced to
17% by the integration of solar energy, based on a solar multiple of 2.64 and bed material storage capacity of 16 h. This reduction
is significant given that biomass is much more expensive than coal. However, because of the higher content of light hydrocarbons
content in the syngas produced with the studied biomass gasification, the specific FT liquids output per unit feedstock of the
system decreases with an increase in the biomass fraction. As the biomass fraction is increased from 0 to 100%, this specific
output is decreased from 59.6 to 48.3% but can be increased to 71.5 and 70.9%, respectively, by incorporating tail-gas recycle.

1. INTRODUCTION

Fischer—Tropsch (FT) liquid fuels are expected to play an
important role in meeting the long-term demand for reliable
alternative sources of liquid transport fuels." FT liquid fuels
production via coal gasification has received much interest due
to the plentiful reserves of coal and their low cost.”~> However,
the implementation of coal-to-liquids (CTL) systems is
constrained by their high greenhouse gas (GHG) emissions.”™"
As a potential path to mitigate these emissions, two kinds of
promising renewable energy, biomass and solar energy, have
received growing attention as partial or total substitutes for the
coal feed. The gasification of biomass and its cogasification with
coal are well-demonstrated, especially in fluidized beds’™"" and
have also been assessed for FT liquid fuels production
systems.'”””'* Solar gasification has also been proposed,
utilizing concentrated solar thermal energy to drive the
endothermic gasification reactions, thereby reducing both the
GHG emissions and the feedstock consumption.” However,
less attention has been paid to the comprehensive analysis of
the FT liquid fuels production by solar hybridized gasification
of biomass and/or coal, so there is significant potential to
improve on the concepts proposed previously.”'”'” Hence, the
overall objective of current investigation is to identify preferred
configurations of solar hybridized coal and/or biomass to FT
liquid fuels systems.

Of the recent solar hybridized coal and/or biomass to FT
liquid fuels systems, the high gasification temperature (>1200

v ACS Pub“cations © 2016 American Chemical Society
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°C),*'® the need for storage of syngas, and the need for
high-temperature molten salt storage'””" has impeded their
application. To lower these challenges, Guo et al.'” proposed a
solar hybridized CTL (SCTL) system with a solar hybridized
dual fluidized bed (SDFB) gasifier and sensible heat storage of
the hot solid bed material. This system uses solid bed material
as a medium to transfer heat from the fast fluidized bed
combustor and/or the solar receiver to the bubbling fluidized
bed gasifier. Due to the separation of the gasification and
combustion processes in SDFB gasifier and the utilization of
sensible heat storage of the hot solid bed material, the steady
and high-quality (i.e., with low N, content) syngas output can
be achieved without the need for an expensive air separation
unit. For a solar multiple of 3 and a bed material storage
capacity of 16 h, they reported an increase of 32.6% in annual
FT liquids output per unit feedstock and a reduction of 34.1%
in mine-to-tank GHG emissions for this SCTL system relative
to the equivalent nonsolar CTL system, as the char gasification
conversion was assumed to be 100%. However, they also found
that the mine-to-tank GHG emissions for FT liquid fuels
produced with coal as the feedstock are still higher than those
associated with producing liquid fuels from conventional
mineral crude. In addition, the solar share of this SCTL system
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depends strongly on the char gasification conversion,'” which
was measured to be only 50—60% for lab-/ Pilot-sca]e dual
fluidized bed (DFB) gasification of lignite.'”*"** This char
conversion can potentially be improved by increasing the scale
and by better gasifier design, but the extent to which this can be
achieved is yet to be reported. Therefore, new approaches are
needed with which to further improve the energetic and
environmental performance of the SCTL system, especially
under relatively low char gasification conversions. Three
potential approaches to achieve this are proposed and assessed
in this study: (1) char separation from the output solid mixture
of the bubbling fluidized gasifier; (2) cogasification of biomass
and lignite with and without carbon capture and sequestration
(CCS) technology; and (3) FT reactor tail-gas recycle. Hence,
the present study aims to assess the influences of these new
approaches on the energetic and environmental performance of
the coal and/or biomass-to-liquids systems via an SDFB
gasifier.

The combustion of unconverted char in the fast fluidized bed
combustor was found to limit the solar input to the SDFB
gasifier.’” The proposed integration of char separation has
potential to enable a greater share of solar energy to heat the
bed material by avoiding combustion when solar energy is
available. It further allows the potential for the storage of char
when the solar resource is available for use in the fluidized bed
combustor when fuel is needed. The binary mixture of bed
material and char can potentially be separated using a fluidized
bed due to the significant difference in the density and size of
the two types of particle. Such a fluidized bed system has been
demonstrated in a continuous biochar separation experiment
with over 90% separation efficiency.”® However, the influence
of the char separation on the performance of the solar
hybridized coal and/or biomass-to-liquids systems has not been
assessed yet.

Both the cogasification of biomass with coal and the use of
CCS technology have been widely studied with a view to
lowering the GHG emissions from the production of FT liquid
fuels to below the reference case of conventional mineral crude.
Parity of the life cycle GHG emissions for the liquid fuels
produced from conventional mineral crude oil was shown to be
possible for FT liquid fuels produced from coal and biomass-to-
liquids (CTLy;,) system with CCS technolosy and 9% biomass
fraction (higher heating value (HHV) basis)."*~'* Furthermore,
these GHG emissions can potentially be reduced to zero if the
biomass fraction is increased to 37.4%."> To reduce the mine-
to-tank GHG emissions for the FT liquid fuels to below that for
the diesel derived from mineral crude, a 53% biomass
cogasification fraction, by weight, is required for the solar
hybrid CTLy;, (SCTLy;,) system with a solar hybrid vortex flow
gasifier'® in which the solid particles are distributed in a cloud
close to the wall and the solar radiation is introduced to the
reaction zones directly through a window.'® However, for the
nonsolar equivalent, this biomass cogasificaiton fraction is 65%.
This reduction in the required biomass fraction with the use of
solar is significant both because of challenge of maintaining a
steady and sustainable supply of biomass, especially for large-
scale applications and because of the challenges of high biomass
blend ratios in a gasifier design.”*** In addition, economic
benefits can also be achieved by reducing the biomass fraction
because biomass is typically 3—4 times more expensive than
coal.**™*” However, no equivalent study has been reported for
the SCTLy,, system with an SDFB gasifier, which should be
more suitable for cogasification of biomass and coal than the
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vortex flow gasifier.'”'" Moreover, the influence of CCS
technology on the performance of this SCTLy,, system is also
yet to be reported.

To increase the FT liquid fuels output, it has been proposed
that the tail gases from the FT reactor and FT liquids upgrading
system be recycled back to the FT reactor via an auto—thermal
reformer which converts the light gases to syngas.”"'*~'#*"~*
Compared with the once-through CTL system, another 11.8%
of the input energy to the CTL system with tail-gas recycle is
transferred into FT liquid fuels.'”'> However, no equivalent
investigation has been reported for the coal and/or biomass-to-
liquids systems with an SDFB gasifier. In addition, there are
potential benefits from incorporating an indirectly heated
tubular reformer into the gasifier to eliminate the expensive air
separation unit that is usually required for an autothermal
reformer.”'® Moreover, the endothermic reforming reactions
occurred in the indirect heat reformer can also been driven by
solar thermal heat as gasification reactions, thus increasing the
solar share of the solar hybridized coal and/or biomass-to-
liquids systems.

In summary, the present paper proposes new approaches to
optimize the performance of the solar hybridized FT liquid
fuels production system via an SDFB gasifier, notably the
addition of char separation, the cogasification of biomass with
coal, the incorporation of carbon capture with sequestration
and the use of tail-gas recycle. It then aims to assess the
influences of these approaches on the performance of the
system.

2. METHODOLOGY

2.1. System Description. Figure 1 presents a simplified flowsheet
of the coal and/or biomass-to-liquids system studied in the present
paper. This extends further the system proposed previously by Guo et
al."” by the addition of the configurations of CCS and tail-gas recycle.
The feedstock of the system can be coal and/or biomass. The use of
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Figure 1. Simplified flowsheet of the proposed solar hybridized coal
and/or biomass-to-liquids process with the proposed solar hybridized
dual fluidized bed (SDFB) gasifier, carbon capture and sequestration
(CCS), and tail-gas recycle.
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CCS is assumed to be applied only to the pure CO, stream from the
acid gas remover, for subsequent compression and sequestration, while
the stream of dilute CO, from both the fluidized bed combustor and
the gas turbine are assumed to be vented. The configuration with tail-
gas recycle assumes that the tail-gas from the FT reactor be mixed with
steam and then preheated with the hot syngas from the steam
reformer. The steam reforming reactions are assumed to occur within
the steam reformer while the syngas from the steam reformer is
proposed to be further cooled down by the heat recovery and steam
generator (HRSG) before being recycled back to the FT reactor via an
acid gas remover.

Figure 2 presents a system diagram of the SDFB gasifier studied in
the present paper. This extends further the SDFB system proposed
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Figure 2. Flowsheet of the proposed SDFB gasifier with an integrated
solar receiver, sensible heat storage of bed material, char separator, and
tail-gas steam reformer. The dotted—dashed lines represent unsteady
streams, while the solid lines represent steady streams.

previously by Guo et al.'” by the addition of configurations of char
separation and steam reformer. In present study, a fluidized bed char
separator is proposed to separate the char using the raw syngas from
the bubbling fluidized bed gasifier as fluidizing agent. This concept can
also further increase the char gasification conversion and reduce the tar
content in the raw syngas. The sensible heat of the separated char is
proposed to be recovered via the inlet steam to the bubbling fluidized
bed gasifier. An indirectly heated steam reformer (detailed in section
2.2.4) is proposed to be integrated with the bubbling fluidized bed
gasifier while the steam reforming reactions in the reformer are
proposed to be driven by the heat from the hot bed material fed to the
bubbling fluidized bed gasifier.

To accommodate the intermittent and variable solar resource, the
control of the SDFB gasifier is based on the operational strategy
described by Guo et al. " This approach allows the gasifier, the steam
reformer, and the fluidized bed char separator to all be operated at
steady state. The solar variability is accommodated upstream from the
gasifier, and the supplementary fuel is employed only when both the
solar energy and the stored char are insufficient.

2.2. Process Model. In the present investigation, the simulation of
the solar hybridized coal and/or biomass-to-liquids systems is based on
the pseudodynamic model described previously.”'” This model was
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employed by assuming a steady-state operation for each 1 h time-step
in a 1 year time series of historical direct normal insolation (DNI) data
and by following the operational strategy proposed by the authors
previously.'” The time series of the solar resource used in the present
investigation was for the summer-to-summer period June 1, 2004 to
May 31, 2005 at Farmington, in northern New Mexico, USA, whose
latitude is 37° N.'° In addition, the models of the additional
configurations proposed in the present paper are described in the
following sections.

2.2.1. Char Separation. The DFB gasifier model is based on that
developed by Guo et al."” with the following additional assumptions
and specifications: (i) The purity of the separated char (i.e., the mass
fraction of the char in the total separated solids) is assumed to be
100%. (ii) The outlet temperatures of the separated char, fluidizing
agent, and bed material from the fluidized bed char separator are all
assumed to be 850 °C. (iii) The hot separated char is assumed to be
cooled to 150 °C by the steam input to the bubbling fluidized bed
gasifier. In addition, the temperature of the char in the char storage
unit is assumed to be 25 °C. (iv) The char overall gasification
conversion (X,c) is defined to include both the conversion of the
char in the bubbling fluidized bed gasifier and fluidized bed char
separator. (v) The heat losses from the wall of the fluidized bed char
separator are assumed to be 1% of the higher heating value of the total
input fuel to the DFB gasifier when operated under non solar
conditions. These heat losses are assumed to be independent from the
introduction of solar energy. (vi) The stored char is assumed to be
only an intermediated product rather than a final product. We
therefore impose the condition that the stored char be consumed
completely by the end of the time series investigated (1 year).

2.2.2. Cogasification of Coal and Biomass. The properties of the
selected feedstock, Montana lignite** and spruce wood,”*** are
shown in Table 1. The fuel blend of coal and biomass is assumed to be

Table 1. Proximate and Ultimate Analysis of Montana
Lignite®”** and Spruce Wood*>**

Montana lignite spruce wood

Proximate Analysis (wt %)

fixed carbon 46.4 15.1

volatile matter 369 773

moisture 6.8 7

ash 9.9 0.3
Ultimate Analysis (wt % dry)

C 63.6 48

H 4.1 6.2

[¢] 19.5 45.6

N 2 0.2

Gl 0

S 13

ash 10.6 0.3

dried to 2% (weight basis) moisture. The simulation of the wood
pyrolysis process is based on the experimentally determined
correlations reported in the literature.™*" The carbon closure of the
biomass is assumed to be 85% in present investigation to account for
the GHG emissions associated with the cultivation, harvest, trans-
portation, and so on.”* For each scenario investigated here, the
conversions of biochar and coal char gasification are assumed to be the
same. In addition, the char separation efficiencies (i.e., the fraction of
the separated char relative to the total char in the input mixture) of the
biochar and coal char are assumed to be the same for a system with
char separation.

2.2.3. Carbon Capture and Sequestration (CCS). As described in
section 2.1, only the pure CO, stream from acid gas remover is
proposed to be compressed for sequestration. A four-staged
intercooled compressor is proposed to compress this pure CO,
stream to 120 bar with an assumed isentropic efficiency of 83%.
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This assumed pressure is suitable for the CO, transportation and
sequestration into deep saline formations.”’

2.2.4. Tail-Gas Recycle. To improve the FT liquids output from the
solar hybridized coal and/or biomass-to-liquids system, part of the FT
reactor tail-gas is proposed to be recycled back to FT reactor via a
steam reformer integrated in the bubbling fluidized bed gasifier and
then via an acid gas remover. The assumptions and specifications for
this are as follows: (i) It is assumed that the tail-gas is split into two
streams, with 90% sent to the steam reformer and the remainder sent
to the gas turbine. (i) The input molar ratio of steam to carbon (in
the hydrocarbons) for the steam reformer is assumed to be 2."*(ii)
The operating temperature of the reformer is assumed to be 850
°C,”'"* while the temperature of the hot bed material fed to the
bubbling fluidized bed gasifier was set to be 950 °C following Guo et
al.'” This hot bed material supplies the heat required by the steam
reformer. (iv) The RGibbs reactor module of Aspen Plus V7.1 was
used to model the steam reformer by minimizing the Gibbs free energy
to determine the equilibrium composition of the outlet.'* (v) The
input tail-gas and steam to the steam reformer are proposed to be
preheated to 500 °C by the hot output syngas from the steam
reformer. This hot output syngas is proposed to be further cooled
down to 120 °C by the HRSG. (vi) The water—gas shift reactor
(WGSR) is proposed here to maintain a constant H,/CO ratio
(~2.26) in the syngas input to the FT reactor.

2.3. System Performance Analysis. The influences of the
options proposed above are investigated by comparing the perform-
ance of the solar hybridized FTL fuels production systems with these
various proposed additions with the performance of the previously
proposed system'” without these additions. To better understand the
impact of the proposed new configurations, the performance of the
systems is assessed by varying systematically the bed material sensible
heat storage capacity (SCpyy, i, maximum operation hours without
both solar radiation and supplementary feed, eq 1), the solar multiple
(sm,"” eq 2), the biomass fraction in the blend of biomass and coal
based on higher heating value (HHV) (Fyounv, €q 3), the char
gasification conversion (Xg,.c) and the char separation efficiency
(Hehar-seps 1-€» the fraction of the separated char relative to the total char
in the input mixture).

SCo = Mstore, BM
BM =
MG Bm (1)
Acoll
SM = A DFB
coll (2)
_ Qo 1y
Fbio,HHV = Q— @)
feed HHV

Here, e sy is the mass capacity of the hot bed material storage unit;
titg gy is the mass flow rate of hot bed material to the gasifier; A is
the heliostat collector area; AR is the heliostat field area required to
generate the net heat required by the DFB gasifier at the annual peak
solar resource;'” and QMD‘HHV and Qfeed,HHv are the higher heating
values of the input biomass and the input feedstock (i.e., of both coal
and biomass), respectively.

To evaluate the annual performance of the solar hybridized coal
and/or biomass to liquids system, the following metrics were used:

17,38
annual solar share, " SS_

_ ( Qnet, sol )ann
(Qnet,sol)aﬂn +* (Q(eed,HHV)anﬂ

SS,

ann

X 100%
4)

annual specific FT liquids output per unit of feedstock, Q,pry,ann:

_ (QFTL,HHV)Mm

Qs,FTL,.mn - X 100%

(chcd, HHV ):mn

®)
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annual specific net electricity output per unit of feedstock, W, et ann:

( vvnet )ann

= 100%
e (Qfeed,lillv)ann . (6)
annual well-to-wheel (WTW) CO, emissions, Eco,eqann:
ECO‘,,Eq,ann = (mCOQ,eq)ann
i (QFTL,HHV)ann t (Ilvnet);\nn 7)

Here, (Qgedirv)ann is the HHV of the annual input of feedstock to the
DFB gasifier, (Qprppsv)an is the HHV of the annual FT liquids
output, (W, ).n, is the annual net electricity output from the system,
and (mcoheq)_“m is the annual mass-based WIW equivalent CO,

emissions associated with the FT liquid fuels production. The
emission sources accounted for herein are those from mining the
coal resource,” FT liquids production process, FT synthetic fuel to
diesel refinery process,”*” FT liquid fuels combustion process, and
transportation emissions for coal and FT liquid fuels.”*” However,
those emissions associated with the plant construction are not
included here since its contribution is small over the life of the plant.
Furthermore, the carbon closure is assumed to be 85% for
biomass.**¢

3. RESULTS AND DISCUSSION

3.1. Effect of Char Separation. Figure 3 presents the
calculated annual supplementary feed to the combustor

30% 30%
(Qreed.commv)ann  (QenaraaccuHHV)ann
N(Qreed.cHEV)ann /(Qfeed.6HEV)ann
25% - - 8 =Xy =553% | 25%
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Figure 3. Calculated annual net supplementary feed required for
combustor ((Qgeed,comunv)ann) ©r annual char accumulation
(((Qunasacenpiiv)ann), normalized by the annual feed to bubbling
fluidized bed gasifier (((QteedG)annumv) as a function of char separation
efficiency for various of char gasification conversions (Xg,.c)-
Conditions: Solar multiple = 2.64, bed material storage capacity =
16 h.

((Qreed,commmv)ann) and the annual char accumulation
((Quharaccupiriv)ann) normalized by the annual feed into the
gasifier ((Qpeq,GHiv)an) s a function of char separation
efficiency (r]clm_sep, i.e., the fraction of the separated char relative
to the total char in the input mixture) for various of char
gasification conversions (Xu,g). These are calculated for a
solar multiple (SM) of 2.64 and for a bed material storage
capacity (SCpyy) of 16 h. In addition, in this section, only coal is
considered as the feedstock. As shown in Figure 3, for the case
of X = 55.3%, the annual accumulation of char cannot be
avoid unless the #g,r.qep is 0. This implies that this conversion
corresponds to case where the amount of char generated by the
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of 100% corresponds to the critical X, -

gasifier exactly matches the energy required to be supplied by
the combustor. Any separation of char when solar energy is
available will lead to annual char accumulation. For this reason,
the minimum conversion investigated here is X, g = 55.3%. In
contrast, the case of X, = 80% corresponds to the condition
in which no char is accumulated after 1 year of operation even
with a Nepyesep Of 100%. However, for a lower 7gyy.sep SOme
supplementary feed will be required. Hence, this char
gasification conversion is termed the critical char gasification
conversion (X, Geir). For conversions above this, such as
Xeharc = 85% shown in Figure 3, no char is accumulated over
the year, but instead some supplementary feed is required.
However, for any value of X, ; between 55.3% and the critical
conversion (e.g,, X = 70%), there is also a critical value of
Nchar-sep (here 39.3%) required to avoid both annual char
accumulation and supplementary feed. For efficiencies greater
than this critical char separation efficiency (#qar-sep,rit), char will
be accumulated over the year, while the supplementary feed will
be required for those efficiencies lower than this #eqegep,crit
Figure 4 presents the calculated dependence on char
gasification conversion (Xg,.c) of the critical char separation
efficiency (ﬂcl\ar-sep,cm): the 7gyur.qep required to avoid both annual
char accumulation and supplementary feed for various solar
multiples (SM = 1, 1.63, 2.1 and 2.64), and bed material storage
capacities (SCpy = 0, 4, 8, and 16 h). The upper limit of 90%
for X ., has been imposed because the high ash content and
low heating value of the present char is anticipated to make
operation of char separation impractical. As reported by Guo et
al,'” for each SM, there is a threshold bed material storage
capacity required to avoid solar dumping (SCpyipodump)s S
shown in Table 2. For this reason, any SCgy larger than
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Table 2. Selected Solar Multiples (SM) and the
Corresponding Threshold Capacities of Bed Material
Storage Required to Avoid Solar Dumping (SCpano-dump)
SM=1 SM = 1.63 SM = 2.1 SM = 2.64
SConpmontamp () 0 4 8 16

SChMpno-dump Should be avoided and was not investigated in
present study. It can be seen that Auyrgeperit increases
monotonically from 0 to 100% as the Xy, is increased
from 55.3%. In addition, the cyy.sep,cie Of 100% corresponds to
the critical Xy, (XeharGear)- It can also been seen that an
increase in either the SM or the SCpy, increases the X, G cri
For SCpyy = 0 h, the X, e increases from 63.1 to 67.5% with
an increase in SM from 1 to 2.64. This X, ¢ i can is further
increased to 80% with an increase in SCgyy from 0 to 16 h.
3.1.1. Effect of Char Separation on the Performance of
the SCTL System. Figure S presents the calculated annually
averaged solar share (SS,,,) of the SCTL system with and
without char separation as a function of char gasification
conversion (X, ) for various values of solar multiple (SM)
and bed material storage capacity (SCyy;). Here, we have set
ﬂchar-sep as equal to nchar-sep,crit (Shown in Figure 4’) for Xchar,G =
XiparGerit (shown in Figure 4) and to 100% for Xy, >
XeharGie Doth to avoid annual char accumulation and to
minimize the requirement for supplementary feed. It can be
seen that for the same values of SM and SCpy, the value of SS,,
with char separation is greater than that for the SCTL system
without char separation. Moreover, this difference increases to a
peak as X, is increased toward Xy, - For the case SM =
1 and SCpy = 0, the value of SS,,, without char separation can
be increased monotonically from 0 to 6% as X, is increased
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Figure 5. Calculated annually averaged solar share (SS,,,) for the SCTL system with and without char separation as a function of char gasification
conversion (X, ) for various values of solar multiple (SM) and bed material storage capacities (SCpgy;). The char separation efficiencies are set to
critical values (shown in Figure 4) for X, ¢ less than its critical value (shown in Figure 4) and to 100% for X, greater than the critical value.

from 55.3 to 90% (Figure Sa). In contrast, the value of SS,,,
with char separation increases further to 7.4% with an increase
in Xy, from 55.3 to 63.1%. This increase is caused by the
increase in fgp,sep (from O to 100%). An increase in #gysep
results in less char combustion in the combustor and a higher
solar input for the case with char separation, thus increasing
SS,nn- However, SS,,, reaches an almost constant value for
Xehar > XeharG,erie- For the maximum value of 7y, (100%),
an increase in Xy, ¢ reduces the amount of char generated by
gasifier which leads to higher supplementary fuel requirement,
thus limiting the SS,,,. While fluidized bed char separation
technology has not yet been demonstrated commercially,
developments are in progress to separate char within a bubbling
fluidized bed separator.”® Therefore, it is possible to separate
char within the bubbling fluidized bed gasifier of the proposed
SDEB system rather than build an additional char separator.
This has potential to significantly reduce the additional cost of
char separation.

It can also be seen that for the case Xy, ¢ < Xepargait the
value of SS,,, with char separation is almost independent from
SM and SCpy since the e gep,crit i assumed here. As discussed
above, both the char accumulation over the year and the
requirement of supplementary feed can be avoided for the case
With Hear.sepcrie- Therefore, the heat required by the gasification
process is only provided by the char combustion and solar
thermal energy. For a certain X, both the heat required by
the gasification and the amount of char from the bubbling
fluidized bed gasifier are constant. Therefore, even for different
values of SM and SCpy;, the annual solar inputs are similar
which results in the similar SS,,,. However, for X, c >
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Xihar G i AN increase in SM and/or SCpy; results in a significant
increase in SS_,,. For X, = 80%, SM = 2.64, and SC = 16 h,
the value of the SS,,,, is 20.3%. However, the SS,,, decreases to
11.2% as SCpy is decreased to 0 h and to 7.6% for SM = 1 and
SCpy = 0 h.

3.2, Effects of Biomass Cogasification and Carbon
Capture and Sequestration (CCS). Figures 6—9 present the

24%
Xenar,=60%
20% 1 B Xouc=80%
R A ) —=1009
ot Koawg100%
16% - = ————
§
»12% -
%
8% 4 >
4%
¢
0% T T T T
0% 20% 40% 60% 80% 100%
Friopmv

Figure 6. Calculated annually averaged solar share (SS,,,) of the solar
hybridized coal and biomass-to-liquids (SCTLy,) system as a function
of biomass fraction based on HHV (Fy, 1yi1v) for various values of char
gasification conversion (X,u.c)-

DOI: 10.1021/acs.energyfuels.6b01755
Energy Fuels 2017, 31, 2033-2043



CHAPTER 4 — SYSTEM OPTIMIZATION FOR SOLID FUELS TO LIQUID FUELS
PROCESS VIA SOLAR HYBRIDIZED DUAL FLUIDIZED BED GASIFIER

Energy & Fuels

effects of biomass cogasification and CCS on the performance
of the SCTL system without char separation. Note that the
values of SM and SCpy are set to 2.64 and 16 h, respectively.
Due to the negligible effect of char gasification conversion
(Xehar,c) on the assessed performance of the CTLy, system,'”*
the performance of the CTLy, system is not assessed for
various Xy, . Here, the X, is set as 80% for the CTL;,
system.

3.2.1. Solar Share. Figure 6 presents the calculated annually
averaged solar share (SS,,,) of the SCTLy;, system as a function
of the biomass fraction based on HHV (Fy,upy) for various
values of char gasification conversion (Xy,,)- As expected, the
value of SS,,, decreases with a decrease in X, . However, the
effect of X, on SS,,, decreases with an increase in Fy, v
due to the lower fixed carbon content in the selected biomass
compared with the selected lignite. For Xy, = 100%, the
value of SS,,, decreases from 15.4 to 12.1%, almost linearly, as
Fyjo v is increased from 0 to 100%. However, for X, ¢ =
60%, the value of SS,,, increases from 1.5 to 7.8%, as Fy;, yuy is
increased from 0 to 100%.

25
20 With CCS Without CCS
° * X4 =60%
200 o " X,.c=80%
) a A X o=100%
=150 ¢ © ® Nonsolar
3
E ¢ Mineral crude baseline
&
=100
;
€50 4
S
0 T T T T
0 20% 40% 60% 80% %
Fiio pmv
-50

Figure 7. Calculated annual well-to-wheel (WTW) CO, emissions
(Eco,eqann) for liquid fuels produced by solar hybridized coal/biomass

blends with and without carbon capture and sequestration (CCS) as a
function of biomass fraction based on HHV (Fyouuy) for various
values of char gasification conversion (Xy,.g)- The nonsolar CTLy;,
systems with and without CCS and conventional mineral crude
baseline are also shown for comparison.

3.2.2. CO, Emissions. Figure 7 presents the calculated well-
to-wheel (WTW) CO, emissions (Eco,eqann) Of the liquid fuels
produced by SCTLy,, systems with and without CCS as a
function of Fy;, v for various values of Xy, . Also shown is
E(0,cqann for the liquid fuels produced by CTLy, systems with
and without CCS. To match the WTW CO, emissions for the
diesel produced from conventional mineral crude oil,”*” a value
of Fyioumv = 58% is required for the CTLy;, system without
CCS, but this is reduced to Fy;, jy11v = 30% by the integration of
CCS. For the same WTW CO, emission target and X, =
80%, the Fy;, vy is reduced to 47.9% for the CTL,;, system
without CCS and to 17% with CCS by the integration of solar
energy. These reductions of Fy;, yyy are significant given that
biomass is typically more expensive and less available than
lignite. It can also been seen that the effect of solar energy
integration on E¢, equna for liquid fuels produced from CTLy;,

system decreases with an increase in Fy;, yyy. This is to be
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expected because the biomass is assumed to have a carbon
closure of 85%. The additional cost of CCS is around $15—80
per ton of CO, avoided.”' ™" The application of CCS depends
strongly on local carbon policy and/or the cost of biomass.
3.2.3. Energetic Output. Figure 8 presents the calculated
specific energetic output per unit feedstock of the SCTLy,

80%
75% - X XoparG=60%
+ X g=80%
70% - % Xenar=100%
65% ¥ - Nonsolar
i
%60% 3 5
5506
3
50% -
45% - F
40% , . : .
0%  20%  40%  60%  80%  100%
bio,HHV
p 2%
With CCS Without CCS
20% - . o Xenarg=60%
" ] 0 Xonac=80%
18% 1 a Xopar =100%
L]
L 16%
.|
F
214%
3
12%
10%
8% + . r r .
0%  20%  40% 60%  80%  100%
bio,HHV

Figure 8. Calculated annual specific FT liquids output per unit
feedstock (Qprrann) and annual specific electricity output per unit
feedstock (W, ,eann) Of the solar hybridized coal and biomass-to-
liquids (SCTLy;,) systems for the cases with and without carbon
capture and sequestration (CCS) as a function of biomass fraction
based on HHV (Fy,uuy) for various values of char gasification
conversion (Xuc): Qupreann and Wi g of nonsolar CTLy, systems
with and without CCS are also shown as a comparison; the influence
of CCS on Q gy, is negligible and is not shown here.

system with and without CCS as a function of Fy;,uuy for
various values of X, . It can be seen that the annual specific
electricity output per unit feedstock (W eqann) is decreased by
using CCS due to the electricity consumed by the CO,
compression. However, electricity is only a byproduct of the
SCTLy,, system and is enough to enable self-sufficiency even
with CCS incorporated. For this reason, further SCTLy;,
systems are all assessed for the case with CCS unless otherwise
stated, owing to its potential to significantly reduce net CO,
emissions. It can also be seen that W, ... and Qpri,ann
decrease with a decrease in X, g. However, the effect of
Xoparg O Quprpaan decreases with an increase in Fi,ppy
because of the lower fixed carbon content in the selected
biomass compared with the selected lignite. Furthermore, an

increase in Fi,yy results in an increase in W, .., but a
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reduction in Qpyy, .- This is to be expected because of the
increased content of light hydrocarbons in the syngas for the
SCTLy, system with a higher Fyo - "' In the once-through
SCTLy,, system assessed here, the increased light hydrocarbon
content results in less carbon being stored in FT liquids
together with an increased electricity generation from the
combined cycle in which the tail-gas from the FT reactor is
combusted. For the case with X, = 80%, Q,r,.n, decreases
from 59.6 to 48.3%, while W . ,,, increases from 10.4 to
16.7% as Fy, vy is increased from 0 to 100%.

3.3. Effect of Tail-Gas Recycle and Char Separation on
Performance. All of the remaining assessments of the
influence of tail gas recycle and char separation are undertaken
for Xy = 80%, sy = 80% and with CCS, unless
otherwise stated.

3.3.1. Improvement on Annual Solar Share (5S,,,). Figure
9 presents the effect of tail-gas recycle and char separation on

25% T WNo char separation, Tail-gas recycle
no tail-gas recycle only .
B Char separation Char separation and
20% - only tail-gas recycle
15% A
H
#
z
10% A
5% A
0% -
Friomv=0%  Fiiomv=50%  Fijo iy=100%

Figure 9. Effect of tail-gas recycle and char separation on annual solar
share (SS,,,) for the solar hybridized coal and biomass-to-liquids
(SCTLy,,) system with various values of biomass fraction based on
HHV (Fy,piv). Conditions: char gasification conversion (Xy,,.¢) is
80%, and char separation efficiency is 80%.

SS,on for the SCTLy;, system with various values of Fy;, ppy- It
can be seen that the addition of char separation and tail-gas
recycle both increase SS,,,. However, the influence of char
separation on the SS,, is decreased by increasing Fi;, v,
while the influence of tail-gas recycle is increased by increasing
Fyiopnv- Char separation increases the solar input when solar is
available and decreases feedstock consumption when it is not,
thus increasing the solar share. However, the lower fixed carbon
content of the selected biomass relative to that of the selected
coal results in a weaker influence of char separation. For
example, for the case of Fy;, v = 0%, the integration of char
separation increases SS,,, for the SCTLy;, system without tail-
gas recycle by 55.2%, from 12.2 to 18.9%. However, for Fy;, yuy
= 100%, this SS,,, is only increased by 27.3% from 12.7 to
16.2%.

For the SCTL,, system with tail-gas recycle, the
endothermic reforming reactions in the steam reformer increase
the heat demand of the gasifier, into which the steam reformer
is integrated, thus increasing the solar input and solar share. For
a higher Fy;, iy, the increased content of light hydrocarbons in
the syngas from gasifier results in an increased content of light
hydrocarbons in the tail-gas from FT reactor, thus increasing
the heat demand for steam reformer. This higher heat demand
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results in a higher SS,,, improvement caused by the addition of
tail-gas recycle. As shown in Figure 9, for the case of Fy, yyy =
0%, the addition of tail-gas recycle can increase the SS,,, of the
SCTLy,, system without char separation by about 9%, i.e., from
12.2 to 13.3%. However, for Fy,pny = 100%, this SS,,, is
increased by about 27.3%, i.e., from 12.7 to 16.2%. Moreover,
the influence of F, iy on SS,,, is relatively small for the case
with both char separation and tail-gas recycle under the studied
conditions due to the counter effect of F,y on the
influences of the addition of tail-gas recycle and char separation.

3.3.2. Improvement on Energetic Output. Figure 10
presents the effect of tail-gas recycle and char separation on

100% TN char separation Only tail- Only char Char separation
No tail-gas recycle gas recycle separation Tai-gas recycle
w

g
snetam O

§0%| CeFTLana W
60%

40%

20%

Specific energetic output per unit feedstock

Friommv=0%  Fyjommv=50% Fyjomy = 100%

Figure 10. Effect of tail-gas recycle and char separation on the annual
specific FT liquids output per unit feedstock (Q gry,ane) and on annual
specific electricity output per unit feedstock (W, e u,) for the solar
hybridized coal and biomass-to-liquids (SCTLy,) systems with various
values of biomass fraction based on HHV (F,py). Assumptions:
carbon capture and sequestration (CCS) is included, char gasification
conversion is 80%, and char separation efficiency is 80%.

the specific energetic output per unit feedstock of the SCTL;,
system for various values of Fy yyy. It can be seen that the
addition of char separation increases both the annual specific
electricity output per unit feedstock (W, ,etann) and the annual
specific FT liquids output per unit feedstock (Q,pry,ann)- This is
due to the increased SS,,,, as shown in Figure 9. Moreover,
similar to the effect of char separation on the SS,,, the effect of
char separation on the specific energetic output (both Q, 1y ann
and W, eann) Of the SCTLy, system also decreases with
Fyionv- The integration of char separation increases Qgry,ann
and Wy, a0 Of the SCTLy;, system without tail-gas recycle by
7.3 and 4.3%, respectively, for Fy;, iy = 0%, while by 4.6 and
3.3% for Fyiopy = 100%.

The addition of tail-gas recycle increases both Q;pry 4, and
the total energetic output (Qprpam + Winetann) for the
SCTLy,, system, while decreasing W ;i As discussed above,
an increase in Fy,,ygy increases the content of light
hydrocarbons in the tail-gas from the FT reactor, thus
increasing the amount of syngas (including the CO and H,
from reforming reactions) recycled back to the FT reactor.
Therefore, the influence of the addition of tail-gas recycle is
increased by Fy, 1y, as shown in Figure 10. The addition of
tail-gas recycle can increase the Qpry, ., Of the SCTLy;, system
without char separation by 46.9% for Fy;, v = 100%, but only
by 20% for Fy, v = 0%. It can also been seen that both
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QqprLan and the total energetic output from the SCTLy,,
systems with tail-gas recycle changes only slightly with Fy;, 11y,
while that of the SCTL, systems without tail-gas recycle
decreases more significantly with Fy;,yry. The economic
impact of the requirement for a steam reformer in the tail-gas
recycle process is expected to be relatively small since most of
the syngas is converted into liquids in the upstream FT reactor.
In addition, the current proposed indirectly heated tubular
steam reformer is expected to be cost competitive compared
with the autothermal reformer since the expensive air
separation unit is not required. As suggested by Adams and
Barton,” the capital cost of the indirectly heated tubular steam
reformer is less than 5% of the FT reactor.

3.3.3. Effect on WTW CO, Emissions. Figure 11 presents the
effect of tail-gas recycle and char separation on the annual
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Figure 11. Effect of tail-gas recycle and char separation on annual well-
to-wheel (WTW) CO, emissions (Eco,equn) for the liquid fuels
produced from the solar hybridized coal and biomass-to-liquids
(SCTLy,,) systems with and without carbon capture and sequestration
(CCS) for various values of the biomass fraction based on HHV
(Fbio,i{l{\')' Assumptions: char gasification conversion (de,c) is 80%,
and char separation efficiency is 80%.

eqann

WTW CO, emissions (Eco, eqan) for the liquid fuels produced
from the SCTLy,, systems with and without CCS for various
values of Fi;,pyy- It can be seen that the addition of tail-gas
recycle decreases Eco,eqann for the liquid fuels produced from
the SCTL;, system without CCS. This is to be expected
because of the higher total energetic output per unit feedstock
results from the addition of tail-gas recycle, as discussed above.
The higher energetic output per unit feedstock of the SCTLy,
system reduces the feedstock requirement per GJ of output,
which lowers Ecg, oqan This follows because the carbon in the
feedstock is the main source of CO, emissions. However, this
effect is reduced by Fy;, v because the biomass is largely
carbon neutral. However, for the SCTLy,, system with CCS, the
addition of tail-gas recycle decreases the Eco,eqann by 6.74 kg/
GJ of output for Fy,upy = 0 while increasing Eco,eq.ann by 12.6
kg/G]J of output for Fy, vy = 100%. The methane reforming
reaction produces syngas with a higher H,/CO ratio (of about
3), which reduces the amount of CO, generated from the
water—gas shift reaction, and the amount of CO, removed from
the acid gas remover because the required H,/CO ratio in the
present study is set to 2.26 for the FT synthesis process. In the
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present paper, the energy requirement for CCS is only limited
to that required to compress the pure CO, from the acid gas
remover to sequestration pressure. Therefore, the addition of
tail-gas recycle reduces the effect of CCS on Eco,eqanne
Furthermore, this reduction is more significant for a higher
Fyiounv due to the higher methane content in the syngas from
the gasifier. It can also be seen that for Fy v > 50% the
addition of tail-gas recycle increases Eco,cqunn for the liquid
fuels produced from the present system with CCS.

The addition of char separation also decreases E¢o, eqann for

the liquid fuels for both the cases with and without CCS,
although the effect of char separation is reduced by increasing
Fuio - This effect of char separation is consistent with that on
S, shown above in Figure 9 (section 3.3.1). Moreover, for
Fiiounv = 0, the value of Eco, cqann for the liquid fuels produced

from the SCTL,, system with all these configurations including
char separation, tail-gas recycle, and CCS is only about 6.3 kg/
GJ higher than that for the liquid fuels produced from
conventional mineral crude oil.

4. CONCLUSION

In summary, it is found that the proposed approaches of
incorporating char separation, cogasification of biomass with
coal, carbon capture and sequestration (CCS), and tail-gas
recycle can significantly improve the energetic and/or environ-
mental performance of an FT liquid fuels production system
using a solar hybridized dual fluidized bed (SDFB) gasifier.

The calculated WTW CO, emissions for the liquid fuels
produced with conventional mineral oil process can be achieved
for the present studied FT liquid fuels production system by
integrating biomass cogasification and/or CCS technology. For
the nonsolar coal and biomass-to-liquids (CTL;,) system, a
biomass fraction of 58% based on HHV is required to achieve
the above WITW CO, emissions target, with a char gasification
conversion (Xg,.) of 80%. This biomass fraction can be
decreased to about 47.9% by solar hybridization of the case
with a solar multiple (SM) = 2.64 and bed material storage
capacity (SCpy) = 16 h and to about 30% by incorporating
CCS. Furthermore, by incorporating both solar energy and
CCS, this biomass fraction can be further decreased to about
17%. However, as the biomass fraction is increased from 0 to
100%, the specific FT liquids output per unit feedstock
(QuFrLam) of the solar hybridized CTLy,;, (SCTL,) system
decreased gradually from 59.6 to 48.3%, while the specific
electricity output per unit feedstock (W, ,..n) increased
gradually from 10.4 to 16.7%. Furthermore, the addition of
CCS results in a lower W, ..., However, the electricity is
sufficient for self-sufficiency even for the system with CCS.

The addition of tail-gas recycle to the SCTLy, system is
found to significantly increase the calculated Qpry a0, and
annual solar share (SS,,,) while decreasing W, ., ..,y especially
for the case with a high biomass fraction. For SM = 2.64, SCpy
=16 h, Xy, c = 80%, and a biomass fraction of 0, Q ry 4y and
SS.n are increased by 20 and 9%, respectively, by the addition
of tail-gas recycle. For a biomass fraction of 100%, Q g1y, and
SS,.n can be increased by 49.6 and 27.3%, respectively.

The addition of char separation can significantly increase the
calculated SS,,, of the SCTLy,, system, especially under
relatively low char gasification conversions. For SM = 2.64,
SCpym = 16 h, and X, = 80%, SS,,, of the studied SCTL
system is increased from 12.2 to 20.3% by the integration of
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char separation. Nevertheless, the influence of char separation
on the performance of the SCTLy;, system decreases with an
increase in both the biomass fraction and the char gasification
conversion because of the decreased amount of char from the
gasifier.
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B NOMENCLATURE

A = area (m?)

AP = atmospheric pressure

CCS = carbon capture and storage
CTL = coal-to-liquids

DFB = dual fluidized bed

DNI = direct normal insolation

E = emission per unit output (kg/GJ)
FT = Fischer—Tropsch

GHG = greenhouse gas

HHYV = higher heating value (J/kg)
HP = high pressure

HRSG = heat recovery and steam generation
IP = intermediate pressure

LP = low pressure

m = mass capacity (kg)

rir = mass flow rate (kg/s)

heating value of fuel, heat flow (J)
Q = heat flow rate (W)

SC = storage capacity (hours)

SCTL = solar hybridized coal-to-liquids
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SDFB = solar hybridized dual fluidized bed

SM = the ratio of the heliostat field area relative to that
required to meet the demands of the DFB gasifier and the
steam reformer unit at the point of peak solar thermal output
SS = solar share

W = electricity output (J)

WGSR = water—gas-shift reactor

WTW = well-to-wheel

X = conversion of reactant

Greek Letters
n = efficiency
Subscripts
ann = annual
bio = biomass
BM = bed material
char-sep = char separation
coll = heliostat collector
com = combustor
crit = critical
G = gasification
FTL = Fischer—Tropsch liquids
no-dump = no dumping
s = specific (output per unit feedstock)
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ABSTRACT: The gasification reactivity of the chars from both raw and torrefied wood, grape marc, and macroalgae has been
investigated in this paper. The variations in char gasification reactivity were explained using further investigation of the
physicochemical characteristics of the char that can influence the gasification reactivity, i.e., specific surface area, uniformity of the
carbonaceous structure, and concentration of alkali metals (Na and K). It was found that the influence of the torrefaction process
on the char gasification reactivity strongly depends upon the solid fuel properties and pyrolysis conditions. For a pyrolysis
temperature of 800 °C, the gasification reactivity of the chars from both the torrefied grape marc and the torrefied macroalgae
was lower than that of the chars from their corresponding raw fuels. This is mainly due to a lower specific surface area and a
lower content of alkali metals (Na and/or K) in the chars produced from both the torrefied grape marc and the torrefied
macroalgae than for those chars produced from their corresponding raw fuels. However, the opposite influence of torrefaction
was found for the macroalgae char when the pyrolysis temperature was increased to 1000 °C. This is attributed mostly to the
higher Na content and the more amorphous carbonaceous structure for the torrefied macroalgae char than for the raw

macroalgae char.

1. INTRODUCTION

The ongoing depletion of fossil fuel reserves, high greenhouse
gas (GHG) emissions, and increasing global population provide
motivation for the development of renewable energy and
alternative fuels. As one of the most promising renewable
energy sources, biomass is expected to play an important role in
the future energy supply. In addition to the widely studied
woody biomass, the utilization of agricultural and industrial
residues and algal biomass has also received much attention.
Agricultural and industrial residues have significant economic
advantage, while algal biomass has merits that include a high
areal energy yield, an adaptability to a diverse range of aquatic
environments, and an avoidance of any requirement for arable
land.”™ In Australia, wineries produce several hundred
thousand tonnes of grape marc every year, which needs to be
properly processed to avoid environmental damage and to
achieve economic benefits. One potential approach to use the
grape marc is to convert it into valuable syngas by gasification.’
In addition, freshwater macroalgae is considered as an
important future energy resource because it is expected to
play a growing role in the treatment of wastewater.””
Therefore, grape marc and macroalgae were selected as the
biomass fuels for the present investigation together with the
more conventional biomass feedstock of wood.

Despite its strong potential, biomass can exhibit some
properties, e.g., high oxygen content, high moisture content,
low calorific value, hygroscopic nature, and low density, which
can result in a low conversion efficiency and difficulties during
collection, grinding, transportation, and storage. Torrefaction is

-4 ACS Publications ~ © 2017 American Chemical Society
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a mild thermal pretreatment (200—300 °C) technology that has
been widely studied and demonstrated to mitigate these
challenges.”™ " The torrefaction of a wide Hinge of biomass has
been studied, including woody biomass,* ™ agriculture and
industry residues,'°”"" microalgae,”*™** and grassy bio-
mass.”>>* After torrefaction, solid fuels have a lower moisture
content, higher heating value, hydrophobicity, better grind-
ability, and more uniform properties than the corresponding
raw material. In addition, torrefaction reduces the O/C and H/
C ratios for the biomass, thus making it more like coal. All of
these merits can make the torrefied biomass easier to use than
the raw biomass in existing reactors without significant
modification to the feeding system.'”

Gasification technology is considered as one of the most
promising technologies to convert low-value biomass to high-
value syngas.””® The syngas product can be used in gas
turbines, engines, or fuel cells to generate electricity with higher
efficiency than through a direct biomass combustion process.
Alternatively, the syngas can be converted to high-value
chemicals, such as Fischer—Tropsch liquid fuels and methanol.
As a result of the merits of the torrefaction discussed above, the
gasification of the torrefied biomass has attracted great interest
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in recent years.”>*® In the gasification process, both pyrolysis
and biochar gasification occur simultaneously. However, the
rate of pyrolysis is much faster than the gas—solid reactions, so
that the char gasification reactions are regarded as the rate-
determining process for the gasifier design and operation.
Therefore, much attention has been focused on the influence of
torrefaction on the biomass char gasification rate.”?73¢
However, no consistent explanation for the influence of
torrefaction on the overall gasification rate of biochar has
been found. The variability was found to strongly depend upon
the biomass species and biochar preparation conditions (e.g,
temperature and heating rate). Torrefaction was found to
reduce the carbon conversion of forest residues and spruce
gasification in an entrained-flow reactor operated at 1000—1400
°C.*»% The gasification experiments under various CO,
concentrations at 800—1000 °C showed that the char reactivity
of torrefied olive stones was lower than that of raw olive stones,
while the char prepared from torrefied straw had higher
reactivity than that from raw straw.’® Moreover, torrefaction
had little effect on the char reactivity of pine shells.’ Fisher et
al.*! found that torrefied willow char had lower combustion and
gasification reactivity than the raw willow char and that a higher
heating rate of pyrolysis could enhance this influence of
torrefaction. However, no investigation of the influence of
torrefaction on the char gasification rate of the grape marc and
macroalgae has yet been reported. In addition, little work has
been performed to explain these various changes in char
reactivity caused by torrefaction via investigating char-reactivity-
affecting factors. Thus, the present study aims to fill this gap.
Char reactivity can be influenced by the char characteristics,
including the particle specific surface area (SSA), the
concentration of catalytic elements (such as Na, K, Fe, and
Ca), and the uniformity of the carbonaceous structure.
Therefore, to better understand the observed variation of the
gasification rate caused by torrefaction, new investigations are
required. The Brunauer—Emmett—Teller (BET) surface area of
the char produced in CDS 2000 Pyroprobe from both raw and
torrefied willow (290 °C and 30 min) were analyzed and
compared to each other.’”” With a pyrolysis temperature of
1000 °C and a high heating rate of around 1000 K/s, the
torrefied willow char was found to have higher a BET surface
area than that of the raw willow char. However, with the same
raw and torrefied willow (at 290 °C and 30 min) pyrolyzed in a
drop tube furnace at 1100 °C, the torrefied willow char was
found to have a lower BET surface area than the raw willow
char.*® The BET surface area of the char pyrolyzed at 550 °C
from torrefied rice husks was found to be lower than that of the
raw rice husk char pyrolyzed under the same conditions.*
Therefore, the influence of torrefaction on the BET surface area
is strongly dependent upon the torrefaction and pyrolysis
conditions as well as the biomass type. In addition, the surface
area of micropores was found to be important for the char
material, especially for the raw char.” The method of CO,
adsorption at 273 K has been widely used to characterize the
SSA of the char because the method of N, adsorption at 77 K
for BET surface area analysis is not very suitable to be used to
evaluate the microporosity (<0.7 nm) of char as a result of the
restrictive activated diffusion effect.”’ As a result of the larger
kinetic energy resulting from the higher adsorption temperature
(in contrast to N, adsorption at 77 K for the BET surface area
test), the CO, molecules can penetrate into narrow pores (<0.7
nm)."" However, no investigation has been reported on the
influence of the torrefaction on the SSA (especially via CO,
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adsorption at 273 K) of both the grape marc and macroalgae
char.

Metal catalysts (especially Na, K, Ca, Fe, and Mg) have been
found to have a significant effect on the gasification reactivity of
biochar.” The reactivity of fir char under CO, gasification was
found to be increased through the addition of metal catalysts, in
the order of K > Na > Ca > Fe > Mg.42 On the other hand, the
CO, gasification reactivity of pistachios nut shell char was
found to be increased through the addition of metal catalysts, in
the order of Na > Ca > Fe > K > Mg.“ Besides, other than the
loaded metal catalysts, the metal elements in the raw biomass
can also influence the gasification reactivity of the char.
Therefore, the migration of the elemental metals, especially the
alkali (K and Na), alkaline earth (Ca and Mg), and transition
(Fe) metals, during the pyrolysis and gasification process can
influence the instantaneous reactivity of the char significantly.
Previous studies on the release of elemental metals during
biomass pyrolysis and gasification process found that the extent
to which an elemental metal is released to the gas phase or is
retained in the solid residue depends upon both feedstock
composition and operating conditions, such as reaction
temperature, heating rate, and gas environment.“‘“ In
addition, the monovalent species (Na and K) were found to
be usually volatilized to a much larger extent than the divalent
species (Ca, Mg, and Fe).* Because torrefaction significantly
changes the properties of biomass, the above findings suggest
that torrefaction may influence the release of the elemental
metal during the pyrolysis and gasification process and,
therefore too, the reactivity of the char. However, no
assessment of these effects is available. Therefore, the present
investigation aims to investigate the possible influence of
torrefaction on reactivity through its influence on metal
elements (Na and K) in both the char (pyrolysis product)
and ash (gasification product) from raw and torrefied biomass.

Raman spectroscopy is one of the most powerful techniques
to study the structural features of carbonaceous material
because it is sensitive to both the crystalline and amorphous
structures. It has been used to correlate the structural features
of coal and biomass with char reacitivty.** ™" However, little
work has been performed to evaluate the influence of
torrefaction on the char structure using the Raman technique.

The first aim of this study is to demonstrate the influence of
torrefaction on the overall CO, gasification reactivity of char
from winery residue grape marc, macroalgae, and conventional
biomass wood. The second aim is to explore the reasons why
the torrefaction changes the overall gasification reactivity of the
biochar by investigating the SSA, carbon structure, and catalytic
metal element concentration of the chars prepared from raw
and torrefied fuels.

2. METHODOLOGY

2.1. Fuels. Three types of biomass, ie., wood, grape marc, and
macroalgae, were selected with widely differing chemical compositions.
Not only does this allow for the influence of torrefaction on char
reactivity for being assessed for significantly different species, it also
allows for an assessment of whether torrefaction reduces this
variability. The selected wood is a commercial Swedish wood (WD)
from Skellefted Kraft. The grape marc (GM) used in the present study
is shiraz grape marc supplied by the Waite campus of The University
of Adelaide. The selected macroalgae was Oedogonium intermedium,’
which was cultured in 10000 L parabolic tanks at James Cook
University, Townsville, Queensland, Australia. The tanks were stocked
at 0.5 g L' in dechlorinated water with the addition of microalgae
food (MAF) (0.1 g L") and harvested after 7 days by filtration
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through mesh bags (100 ym), which were subsequently spin drier
(Fisher and Paykell Application, Ltd.). All of the fuels were air-dried
until the moisture content was less than 10 wt % to reduce the energy
penalty during the torrefaction process resulting from moisture
evaporation. According to the location of biomass, species of biomass,
etc, the approach of biomass drying in real application varies
significantly, thus leading to a considerable difference in the energy
penalty for the drying processes. However, this is beyond the scope of
the present study. The particle size range for the biomass feedstock
used in the torrefaction and pyrolysis experiments was 0.5—1.6 mm.
Samples of the raw and torrefied biomass were further milled to pass
through a 250 pm sieve for fuel analysis.

2.2, Reactor Setup. The torrefied biomass, char, and ash were
prepared in the laboratory-scale, fixed-bed, and batch reactors shown
in Figure 1. This compromises a 1.4 m long, 46 mm inner diameter,

. Horizontal
Outer stainless
mln ess 1oy ibe Famiase
steel tube
Insertion ™
probé E E Quartz tube
! ! 46mm (1.D.)
L Particulate
Cool zone filter
COsensor
Air Nz | |CO;

To vent

Figure 1. Schematic diagram of the fixed-bed reactor used for the
torrefaction, pyrolysis, and gasification experiments.

quartz tube, which was horizontally positioned inside a 0.8 m, three-
zone, electrically heated furnace. That is, the tube extends 0.3 m from
both the front and back ends of the furnace. Both ends of the quartz
tube were sealed with tapered silicone plugs. A stainless-steel tube
welded to a high-temperature stainless-steel (253MA) rod was used as
a sample insertion probe. A rack was manufactured using the 253MA
high-temperature stainless-steel rod at one end of the probe (rod end)
to locate the crucible, while a rubber plug was used to seal the tube of
the probe at the other end. A K-type thermocouple (TC1) was located
in the crucible to monitor the sample temperature, and another K-type
thermocouple (TC2) was located in the middle of the quartz tube to
monitor the gas temperature. Samples (0.5—4 g) were loaded into 25
mL alumina crucibles without compressing the fuel bed. A cool zone
of an inert gas atmosphere was established at one end of the reactor
both to hold the sample below 60 °C before its insertion into the
furnace and to cool the sample after the experiment was finished. The
insertion probe was supported by an outer stainless-steel tube. One
end of the outer tube was installed through the tapered silicone plug,
while the other end was fit with a nut and seal to tighten and seal the
probe with the outer tube.

High-purity N, was used in the torrefaction and pyrolysis
experiments, while both high-purity N, and CO, were used in the
gasification experiments. Compressed air was used in the ash-
producing experiments at 550 °C. The gases were fed to the quartz
tube through the outer stainless-steel tube. Product gas was passed
through a quartz wool filter to remove the tar and monitored for CO
concentration before being vented to exhaust. A separate non-
dispersive infrared gas analyzer was used to measure the CO
concentration for the char gasification experiments and confirm the
completion of the gasification process.

2.3. Torrefaction. The torrefaction experiments were carried out
at 275 °C in the fixed-bed reactor for all of the selected biomass
samples. The residues were weighed at the end of each test to
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determine the mass and energy yields of torrefaction according to eqs
1 and 2

mass yield (%) = m g.¢/my 4, X 100%

(¢V)
@

where iy g,r and my g, are the dry and ash-free weights of the torrefied
and raw biomass, respectively, my 4 and my 4 are the dry weights of the
torrefied and raw biomass, respectively, and HHVy 4 and HHVy 4 are
the higher heating values of the dry torrefied and raw biomass,
respectively. The HHV (M]/kg) of each fuel is calculated according to
eq 3, which was proposed by Channiwala and Parikh®

energy yield (%) = (mT,dHHVT,d)/(mR,dHHVR,d) X 100%

HHV = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.01SIN
— 0.0211ash (3)

where C, H, S, O, N, and ash represent carbon, hydrogen, sulfur,
oxygen, nitrogen, and ash mass percentages in the dry fuels,
respectively.

At the start of the each torrefaction experiment, the empty crucible
was kept in an oven at 105 °C and then weighed before being loaded
with the sample. After loading, the sample was dried in an oven at 105
°C for 3 h, weighed, and transferred to the cool zone with a N, purge
[1.0 L/min at standard temperature and pressure (STP)]. When the
gas temperature reached 275 °C, as determined with TC2, the sample
was moved to the middle of the furnace. The sample was held in the
furnace for 30 min after reaching the torrefaction temperature (275 °C
based on TC1) and then pulled back to the cool zone. After the
sample temperature reached 105 °C, the crucible was removed from
the quartz tube and weighted immediately. The weight of the torrefied
sample can be achieved by subtracting the weight of the empty 105 °C
oven-dried crucible. All of the torrefied biomass samples, i.e., torrefied
wood (T-WD), torrefied grape marc (T-GM), and torrefied
macroalgae (T-MA), were stored in the desiccator together with the
crucible for further char preparation.

2.4. Char and Ash Preparation. The char was prepared in the
fixed-bed reactor described above at various pyrolysis temperatures
(Tp) between 800 and 1100 °C for the following tests. Because the
pyrolysis at these temperatures was vigorous, a relatively high flow rate
of N, (4.0 L/min at STP) was used to achieve sufficient purge, thus
avoiding any significant secondary reactions of tar. In addition to the
higher temperatures, another difference in the operating procedure for
char preparation from torrefaction was the residence. After being
moved to the middle of the furnace, the sample was held in the furnace
for 60 min to remove all of the volatiles. The char was then ground
and sieved to achieve a particle size of <150 um for further
investigations. The char yield was calculated according to eq 4

charyield (%) = m g,0/mpg gy X 100% (4)

where mg 4,c and mp 4 are the dry and ash-free weights of the char and
raw biomass, respectively.

The char samples were ashed in the furnace at 550 °C in air for 12 h
to oxidize all of the organic matter. These ash samples were used for
the subsequent digestion and inductively coupled plasma optical
emission spectrometry (ICP—OES) analysis to determine the
inorganic matter content in the char produced from the pyrolysis
process. Alternatively, to investigate the retention of inorganic matter
after a gasification process, char samples were gasified at temperatures
from 800 to 1000 °C in pure CO, gas to produce the ash for an
inorganic element analysis. The gasification temperature of 1100 °C
was not investigated here because the ash started to melt and stick on
the crucible at this temperature.

The inorganic matter content in wood char and ash was not
investigated in the present study because the ash content in the wood
is very low (~0.3%). In addition, the scale of our reactor is too small to
produce enough wood ash sample for the digestion and ICP—OES
analysis because of the low ash content in the wood.

2.5. Char Gasification Rate Measurements. The CO, gas-
ification rate of char samples was determined for various gasification
temperatures (T = 750—1000 °C) using thermogravimetric analysis

DOI: 10.1021/acs.energyfuels.6b02215
Energy Fuels 2017, 31, 2246—2259



CHAPTER 5 — GASIFICATION REACTIVITY AND PHYSICOCHEMICAL
PROPERTIES OF THE RAW AND TORREFIED BIOMASS CHARS

Energy & Fuels

Table 1. Characteristics of Raw and Torrefied Wood (R-WD and T-WD), Grape Marc (R-GM and T-GM), and Macroalgae (R-

MA and T-MA)
R-MA T-MA R-GM T-GM R-WD T-WD
Proximate Analysis (wt %)
moisture 7.55 £ 0.3S 3.38 + 0.22 2.87 £ 0.31 259 £ 03 7.5 £ 042 28 £ 021
volatile matter 67.03 £ 1.05 48.88 + 0.92 64.65 + 1.23 5146 + 1.1 75.6 £ 1.42 72.58 + 133
fixed carbon 17.64 + 0.6 3434 + 045 26.88 + 0.71 38.3 + 0.51 16.6 + 0.78 2421 + 0.89
ash 7.78 + 0.1 134 + 025 5.6 +0.21 7.65 + 0.29 03 + 022 0.41 + 0.23
HHV“ (MJ/kg) 19.59 2293 21.51 2547 21.05 22.67
Ultimate Analysis (wt %)

C 44.97 + 0.05 54.54 + 0.15 50.7 £ 0.1 60.03 + 0.09 5049 + 0.3 54.52 + 0.14
H 6.61 + 0.22 5§33 +0.14 6.43 + 0.05 6.06 + 0.01 6.64 + 0.4 648 + 0.06
o” 35.59 19.64 35.06 23.62 42.52 38.57

N 422 + 0.01 5.77 £ 0.01 2.19 + 0.12 2.64 + 0.03 0.05 + 0.03 0.06 + 0.01
S 0.14 + 0.01 0.12 + 0.01 0.13 + 0.01 0.11 + 0.01 <0.01 <0.01

Cc/0 1.26 2.78 145 2.54 1.19 141

C/H 6.80 10.24 7.88 9.91 7.60 8.41

Inorganic Matter Analysis (wt %)

Gl 0.35 + 0.01 0.56 + 0.01 0.02 0.02 <0.01 <0.01

P 0.69 + 0.02 12 + 0.01 0.29 + 0.01 0.39 + 0.01 <0.01 <0.01

Na 0.71 + 0.04 12 + 0.02 0.02 0.03 <0.01 <0.01

K 1.59 + 0.0 2.7 + 0.06 1.99 + 0.06 2.65 + 0.07 0.04 0.05

Ca 0.52 + 0.05 1.11 £ 0.07 0.64 + 0.02 0.84 + 0.02 0.07 0.09

Mg 0.45 + 0.02 0.74 + 0.02 0.11 0.15 0.01 0.01

Fe 0.12 + 0.01 0.24 + 0.02 0.02 0.02 <0.01 <0.01

Al 0.01 0.01 0.02 0.02 <0.01 <0.01

“Dry basis. “Calculated by difference.

(Mettler Toledo TGA-DSC2). A thin layer (approximate monolayer)
of sample was loaded into an alumina crucible with a wall height of 1
mm to avoid any significant gas diffusion in the crucible. Each sample
was heated to 10$ °C in N, (30 mL/min balance gas N, + 120 mL/
min at STP purge gas N,) at the rate of 40 °C/min and held at 105 °C
for 1 h to remove any residual moisture. The sample was then heated
to the target gasification temperature at the rate of 40 °C/min and
held at this temperature for S min. The purge gas was then switched
from N, to CO, with the same gas flow rate to start the gasification
process. The instantaneous gasification rate, r, can be obtained
according to eq 5

dx 1

mi—m(t)
r=— =
dt1-X

My — Mg )
where X is the char conversion of the gasification process and m;, m(t),
and m; are the masses of the char at the start of the gasification, at time
t, and at the end of the gasification, respectively.
In addition, to compare the reactivity of the chars, the conventional
reactivity index (Ry,) was calculated according to eq 6
50%

50

(6)

Tso

where 75, is the time for 50% char conversion during gasification.
2.6. Analysis of Char, Ash, and Raw and Torrefied Biomass.
The analysis of C, H, and N was carried out in triplicate using an
elemental analyzer (PerkinElmer 2400 Series II) for all of the raw and
torrefied samples. The chlorine concentration was measured using ion
chromatography (Dionex, ICS-2500 system), following extraction in
water. This measurement was only conducted for the raw and torrefied
samples. Sulfur and all other inorganic elements in all of the samples
(i.e,, raw and torrefied biomass and the ash prepared in section 2.4)
were measured by ICP—OES (5100, Agilent Technologies), using a
radial plasma viewing mode, following digestion in H,0, (30%, v/v)/
HNO; (68%, v/v)/HF (48%, v/v). Digested samples were dissolved
and diluted with 5% (v/v) HNO,. All plasticware was cleaned before
use by soaking in a 6 M solution of HClI for a period of at least 12 h.
ICP—OES and ion chromatography measurements of the solution
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were performed externally by Analytical Services Unit in Common-
wealth Scientific and Industrial Research Organisation (CSIRO) Land
and Water. All of the samples were digested and analyzed at least
twice.

The char SSA was measured using adsorption of CO, at 273 K with
a constant volume adsorption apparatus (BELSORP-MAX, BEL,
Japan), while data analysis was performed using the density functional
theory (DFT) method. Around 100 mg of char sample was loaded to
the cell and degassed at 300 °C prior to the measurement for 4 h.

Raman spectroscopy was performed with a Labram HR Evolution
spectrometer (Horiba Jobin-Ivon, France) equipped with a Synapse
charge-coupled device detection system (Horiba Jobin-Ivon, France).
A visible laser (532 nm, 2.33 eV) and an objective lens (50X) were
used in the present study. A low laser power of 15 mW was used,
which was found to be sufficient to avoid structural damage. For each
Raman measurement, spectra were collected using an exposure time of
3 s with a step size of 6 um in both x and y directions over 60 X 60 ym
areas. The sum of the spectra collected from each mapping was used
for each char sample.

3. RESULTS AND DISCUSSION

3.1. Sample Characterization and Torrefaction Yields.
The proximate and elemental analyses of the raw and torrefied
biomass samples are presented in Table 1. As expected, the
ratios of C/O and C/H of the torrefied biomass samples were
found to be higher than those of the parent fuels. The torrefied
samples also have a higher dry-based HHV than the
corresponding raw samples, which is primarily attributed to
both the significant increase in the C content (dry based,
shown in Table 1) and the decrease in the O content (dry
based, shown in Table 1) during the torrefaction process. In
addition, as a result of the release of volatile matter during the
torrefaction process, the torrefied biomass has a lower volatile
content but higher fixed carbon and ash contents than the
parent biomass.
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Figure 2 presents the dry and ash-free yields of mass, energy,
C, H, and O for the torrefied samples of macroalgae, grape
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Figure 2. Yields of mass (dry and ash-free basis), energy, C, H, and O
for the torrefied samples of macroalgae (MA), grape marc (GM), and
wood (WD).

marc, and wood. The yields of C, H, and O were defined on the
basis of the elemental retention in the solid phase after
torrefaction. It can be seen that the highest mass yield achieved
from the present cases was 81% for the wood, followed by
72.9% for the grape marc and 58.5% for the macroalgae. For
macroalgae, the significant mass loss during the torrefaction
process could be attributed to the high content of proteins and
carbohydrates (the high activity organic constituents”), which
are together typically greater than 50 wt %, on a dry basis.”**
The high mass yield achieved for the torrefaction of wood is
deduced to be due to the relatively low content of
hemicellulose (the high activity organic constituent), which is
usually less than 30% for wood.® Interestingly, a similar energy
yield of 87% was obtained for the torrefactions of both the
grape marc and wood, even though the mass yield from the
torrefaction of grape marc was much lower than that for wood.
This is because there was a greater loss of oxygen during the
torrefaction of grape marc than that for wood, as shown in
Figure 2. Moreover, the energy yield for the torrefaction of
macroalgae was lower than that for the other two feedstocks,
which is attributed mostly to the significant loss of C and H
during the torrefaction of macroalgae.

3.2. Char Yield from Pyrolysis. Figure 3 presents the dry
and ash-free char mass yields based on dry parent biomass for
both the raw and torrefied wood, grape marc, and macroalgae
as a function of the pyrolysis temperature over the range of
800—1100 °C. It can be seen that a greater char yield (on the
basis of the parent biomass) was obtained for all of the studied
torrefied biomass samples than from their corresponding raw
samples. This can be attributed to the cross-linking of cellulose
that occurs during the biomass torrefaction process.””** That s,
torrefaction causes cellulose to depolymerize to form active
cellulose, which then undergoes cross-linking. Cross-linked
cellulose can form char through further polycondensation.
During the subsequent pyrolysis process, the cross-linking and
charring of cellulose during torrefaction predominantly
promote the formation of char.””*® However, the reason for
the increase of the char yield for the torrefied macroalgae is yet
to be fully understood, and further study is required.
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Figure 3. Char mass yield (dry and ash-free basis) relative to the raw
biomass as a function of the pyrolysis temperature for both the raw
and torrefied wood (R-WD and T-WD), grape marc (R-GM and T-
GM), and macroalgae (R-MA and T-MA).

The char yield for all three materials, wood, grape marc, and
macroalgae, was found to decrease with an increase in the
pyrolysis temperature (800—1000 °C), for both the raw and
torrefied forms. However, the decrease was found to be
continued with a further increase in the pyrolysis temperature
to 1100 °C for wood and grape marc, while for macroalgae, no
further reduction in the char yield can be observed. The
decrease in the char yield with an increase in the pyrolysis
temperature is attributable mostly to the rearrangement of the
carbon structure and the release of further volatiles.” In
addition, high-temperature ash reactions (e.g,, to form K,CO5)
can also contribute to this decrease. These lead to the release of
volatile ash (e.g, K,CO;) and affect the retention of organic
matter.”’

3.3. Catalytic Elements (Na and K). 3.3.1. Retentions of
Na and K after Pyrolysis and Gasification. Figure 4 presents
the extent to which Na and/or K are retained (relative to the
content of elements in the parent biomass) in the char after
pyrolysis and in the ash after further char gasification as a
function of the temperature for both the raw and torrefied (a)
grape marc and (b) macroalgae. Here, the char used for each
gasification experiment was produced at the same temperature
as the gasification. A retention in the char of less than 100%
implies that releases of Na and/or K have occurred during the
pyrolysis process.**** Besides, releases of further Na and/or K
during the char gasification process may have occurred if a
retention in the ash after char gasification is lower than that in
the char after pyrolysis.”"** It can be seen from Figure 4a that
no significant release of K occurs from either the raw or
torrefied grape marc during the pyrolysis process over the
temperature range from 800 to 900 °C. However, the retention
of K decreases significantly for both the raw and torrefied grape
marc chars with the pyrolysis temperature over the range of
1000—1100 °C. On the other hand, a significant release of K
was found to occur during the gasification of both the raw and
torrefied grape marc char at the temperature range from 800 to
1000 °C. However, no significant influence of torrefaction on
the release of K from the grape marc char was found for either
the gasification or pyrolysis process.

It can also be seen from Figure 4 that no significant release of
K or Na was found for macroalgae during the pyrolysis process
at 800 °C. However, the retention of both K and Na was found
to decrease significantly with an increase in the pyrolysis
temperature over the range from 800 to 1000 °C. In addition,
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temperature as the gasification.
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(R-MA and T-MA) of the contents of (a) K and (b) Na.

the release of K and Na during the char gasification process was
found to be significant only at a temperature of 800 °C.
However, no significant influence of torrefaction on the release
of K was found for macroalgae during the char gasification
process.

In addition, with an increase in the pyrolysis temperature, the
torrefied macroalgae tends to release less Na and K than the
raw macroalgae. At a pyrolysis temperature of 1000 °C,
approximately 41.3% of K was found to be retained in the raw
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macroalgae char, while 11.6% of Na was found to be retained in
the raw macroalgae char. However, for the torrefied macroalgae
char, these two values were found to be increased to 49.3 and
22.2%, respectively. The reason for this difference is yet to be
fully understood.

The release of K and Na can occur via many routes, including
sublimation of chlorides (e.g,, KCI and NaCl), decomposition
of carbonates (e.g, K,CO; and Na,COs), vaporization of
sulfates (e.g, K,SO, and Na,SO,), vaporization of phosphates
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(e.g, KPO; and NaPOj), etc."! Hence, it is plausible that
torrefaction may influence the release of Na and K under high-
temperature thermal processes via changing the chlorine
content in the feedstock and/or transforming the alkali metals.
However, this is not yet fully understood. In addition, no
significant release of either Ca or Mg was found during either
the pyrolysis or gasification processes for all of the char samples
tested in the present study.

3.3.2. Content of Na and K in the Char. Figure S presents
the dependence upon the pyrolysis temperature for the chars
from both raw and torrefied grape marc and/or macroalgae of
the content of (a) K and (b) Na. For pyrolysis temperatures
over the range from 800 to 1000 °C, the torrefied grape marc
char has a lower content of K than the raw grape marc char.
This is attributed mostly to the higher char yield for the
torrefied grape marc than for the raw grape marc, as shown in
Figure 3. However, for the higher pyrolysis temperature of 1100
°C, the difference in the K content is negligible. In addition, for
pyrolysis temperatures over the range from 800 to 1000 °C, no
significant variation in the content of K was found for either the
raw or torrefied grape marc chars. However, for the higher
temperature of 1100 °C, the K content decreases significantly
for both the raw and torrefied grape marc chars. It is deduced
that this could result from the significant release of K, as
discussed in section 3.3.1.

The contents of K and Na in the torrefied macroalgae char
were both lower than in the raw macroalgae char for the
pyrolysis temperature of 800 °C. As for the case of grape marc,
this is attributed mostly to the higher char yield for the torrefied
macroalgae than for the raw macroalgae. However, the content
of K for the raw and torrefied macroalgae is approximately the
same for the higher temperatures over the range from 1000 to
1100 °C. On the other hand, the content of Na in the torrefied
macroalgae char was higher than that in the raw macroalgae
char for the pyrolysis temperature of 1000 °C. This is attributed
mostly to the lower release of K and Na during the pyrolysis
process for the torrefied macroalgae than for the raw
macroalgae, especially at higher temperatures, as shown in
Figure 4. For the raw and torrefied macroalgae chars, the
contents of both K and Na were found to decrease significantly
with an increase in the pyrolysis temperature over the range
from 800 to 1100 °C. This is attributed to the significant
increase in the release of K and Na, as discussed in section
3.3.1. No Na was detected for the pyrolysis temperature of
1100 °C.

3.4. Char SSA. Figure 6 presents the SSA (determined by
CO, adsorption at 273 K) of the char from the raw and
torrefied wood, grape marc, and macroalgae as a function of the
pyrolysis temperature. It can be seen that torrefaction has a
small effect on the SSA of the wood char, which is attributed
mostly to the insignificant mass loss during the wood
torrefaction process. On the other hand, the SSA of both the
torrefied grape marc char and torrefied macroalgae char was
found to be lower than that of the char produced from their
corresponding raw fuels. The lower SSA of the char could be
due to the lower volatile content in the torrefied fuels
compared to the raw fuels.®!

In addition, the SSA for both the raw and torrefied wood
chars was found to vary little with the pyrolysis temperature
over the range from 800 to 1000 °C. This SSA is approximately
690 m?/g, which is close to that (633 m*/g) achieved in the
literature for spruce wood char.”” However, there was a
significant decrease in these char SSAs for the higher pyrolysis
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Figure 6. SSA (determined by CO, adsorption at 273 K) as a function
of the pyrolysis temperature for both the raw and torrefied wood chars
(RWD and T-WD), grape marc chars (R-GM and T-GM), and
macroalgae chars (R-MA and T-MA).

temperature of 1100 °C. Potential explanations for this are the
reordering of the char structure, micropore coalescence, pore
collapse, and ash (alkali compound) sintering.”*~> For both
the raw and torrefied grape marc chars, the SSA was found to
decrease as the pyrolysis temperature was increased from 800
to 900 °C. A similar trend was also found for the grape seed
(main components of grape marc) char in the literature.”® In
addition, the SSA for both the raw and torrefied macroalgae
chars produced at 800 °C was found to be very low (<25 m*/g)
compared to that of the grape marc chars produced at the same
temperature (>500 m”/g). This could be due to the high
content of Na in the macroalgae chars, which could lead to
significant sintering at 800 °C.

However, at higher temperatures, the SSA of both the raw
and torrefied macroalgae chars was found to increase with an
increase in the pyrolysis temperature (from 800 to 1100 °C). A
similar trend was also found in the literature for char produced
from algae:.(‘7 In contrast, no significant change of SSA was
found for both the raw and torrefied grape marc chars over the
temperature range from 900 to 1100 °C. A plausible
explanation for this difference is that the release of alkali
metals from the macroalgae char was found to increase
significantly with the pyrolysis temperature, as shown in Figure
4, which would open the pores and counter the effect of ash
sintering. For the grape marc chars, the significant release of K
from both the raw and torrefied forms, especially from 900 to
1100 °C, will tend to increase the SSAs. Nevertheless, even
though the concentration of K in the grape marc char can be
deduced, it is still sufficient, even at the pyrolysis temperature
of 1100 °C (see Figure 5), for ash sintering to inhibit such an
increase in the SSA.

3.5. Raman Spectra Measurements. Figure 7 presents
examples of Raman spectra normalized by the maximum
intensity of the G band at approximately 1590 cm™ for both
the raw and torrefied grape marc chars prepared at the pyrolysis
temperatures of 800 and 1000 °C. It can be seen that biomass
chars exhibit two strong peaks at the D and G bands. The
normalized intensity of the D band, which is associated with the
Raman shift of 1300—1400 cm™, increases with the number of
disordered structures in graphite or other highly ordered
carbonaceous materials. In contrast, the intensity of the G band,
which is associated with the Raman shift of 1550—1600 cm™, is
attributed to the stretching vibration modes of graphite C=C
bonds. Hence, the intensity of the G band () is sharpened as
the degree of graphitization increases.’” The V band lies at the
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Figure 7. Examples of Raman spectra normalized by the maximum
intensity of the G band, which peaks at approximately 1590 cm™, for
both the raw and torrefied grape marc chars (R-GM and T-GM)
prepared at the pyrolysis temperatures (T,) of 800 and 1000 °C.

valley between the D and G bands, with a shift of approximately
1500 cm™. Its intensity increases with the number of
amorphous carbon structures.”® Therefore, the uniformity of
the carbonaceous structure can be determined from the
intensity ratio between the V and G bands (Iy/Ig).*

Figure 8 presents the intensity ratio Iy/I; for all of the raw
and torrefied biomass chars as a function of the pyrolysis
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Figure 8. Intensity ratio Iy/I; as a function of the pyrolysis
temperature for the chars prepared from both the raw and torrefied
wood (R-WD and T-WD), grape marc (R-GM and T-GM), and
macroalgae (R-MA and T-MA).

temperature. It can be seen that, for the wood char, both the
pyrolysis temperature and torrefaction process were found to
have a negligible effect on Iy/I;. Meanwhile, I,/I; was found to
decrease with an increase in the pyrolysis temperature for both
the grape marc and macroalgae chars. This decrease implies an
increase in the uniformity of the carbonaceous structure, which
is consistent with previous findings reported in the literature.*’
Moreover, the most significant effect of torrefaction on Iy/Ig
was found for both the grape marc and macroalgae chars at
1000 °C. Torrefaction was found to increase Iy/I; for the
macroalgae char but to decrease that for the grape marc char.
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3.6. Reactivity of CO, Gasification of Char. 3.6.1. Re-
activity Index. Figure 9a presents the reactivity index (Rs,) of
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Figure 9. Dependence upon the pyrolysis temperature for the wood
(WD), grape marc (GM), and macroalgae (MA): (a) CO, gasification
reactivity index (Rso) of the char from raw (R) and torrefied (T)
biomass and (b) Ry, of the torrefied biomass char (Rgyr) normalized
to that of the corresponding raw biomass char (Rsz). Condition: the
gasification temperature was set at 800 °C for all of the char samples.

the CO, gasification (T; = 800 °C) of char as a function of the
pyrolysis temperature for the raw and torrefied wood, grape
marc, and macroalgae. It can be seen that the gasification
reactivity decreases with an increase in the pyrolysis temper-
ature for all of the studied chars, except for the wood, for which
char reactivity increases between 1000 and 1100 °C. The initial
decrease in reactivity for wood char could be attributed to the
decrease in the concentration of catalytic inorganic matter (e.g.,
K), because no obvious change was found in the SSA or the
uniformity of the carbonaceous structure® [note that the
release of K was not measured in the present study for the case
of wood as a result of its low ash content, while a significant
release of K was found for the case of grape marc and
macroalgae, especially at high pyrolysis temperatures (>900
°C)]. On the other hand, over the pyrolysis temperature range
of 1000—1100 °C, some other factors that were not
investigated in the present study, e.g., the transformation of
catalytic inorganic elements, may contribute to the slight
increase in the gasification reactivity of wood char.

The decrease in the char gasification reactivity with the
pyrolysis temperature for both the raw and torrefied macroalgae
was found to be significant over the temperature range of 800—
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1000 °C. This is consistent with the significant decrease in the
content of alkali metals (as shown in Figure 5) and the increase
in carbonaceous structure uniformity, as discussed in section
3.5,°% suggesting that these effects outweigh the competing
trend of an increase in SSA, which would lead to an increase in
char reactivity. However, no significant decrease in the
gasification reactivity of either the raw or torrefied macroalgae
chars was found as the pyrolysis temperature was further
increased from 1000 to 1100 °C, even though the decrease in
the concentration of Na and K was still considerable. A likely
explanation for this is that the most active Na and K
corr_lgounds (e.g, alkali carbonates) are released below 1000
°C,”" so that the remaining compounds are in a less active form
(e.g, Na and K retention inside the char matrix instead of at the
surface®).

The reactivity of both the raw and torrefied grape marc chars
was found to decrease slightly over the pyrolysis temperature
range from 800 to 1000 °C. However, the decrease for both the
raw torrefied grape marc chars was found to be much more
significant as the pyrolysis temperature was further increased to
1100 °C. This significant decrease can be explained by the
significant decrease in the content of K over the temperature
range of 1000—1100 °C (discussed in section 3.3.2).

Figure 9b presents the dependence upon the pyrolysis
temperature of the CO, gasification reactivity index of the
torrefied biomass char (Rgoy) normalized by that of the
corresponding raw biomass char (Rgog) for the wood, grape
marc, and macroalgae. It can be seen that the torrefaction has
little effect on the reactivity of wood char, which is consistent
with the measurement of SSA (as discussed in section 3.4) and
carbonaceous structure (as discussed in section 3.5). However,
for macroalgae, torrefaction was found to decrease the char
reactivity for a pyrolysis temperature of 800 °C and to increase
it for 1000 °C. The reduction for 800 °C can be attributed
primarily to the decrease in the reduction in the content of
alkali metals, as discussed in section 3.3.2. In addition, the
reduction in the concentration of Ca and Mg may also
contribute to the lower reactivity of the torrefied biomass chars
than for the corresponding raw biomass chars. This is
consistent with the negligible release of either Ca or Mg
during the pyrolysis process (section 3.3.1) and the char yield
(on the basis of parent biomass) for the torrefied biomass being
always higher than that for the corresponding raw biomass
(Figure 3). For 1000 °C, the higher reactivity for the torrefied
macroalgae char compared to the raw macroalgae char may be
due to the greater concentration of Na (section 3.3.2) and the
lower uniformity of the carbonaceous structure (section 3.5). In
addition, at 1100 °C, the torrefied macroalgae char was found
to have a lower reactivity than the raw macroalgae char. This is
consistent with the lower SSA for the torrefied macroalgae char
than for the raw macroalgae char. Interestingly, the content of
Na was found to decrease to zero for both the raw and torrefied
macroalgae chars at 1100 °C, so that it has no influence on the
reactivity.

The torrefied grape marc char was found to exhibit a lower
gasification reactivity than the raw grape marc char within the
pyrolysis temperature range from 800 to 1000 °C. This is
consistent with the lower content of K (section 3.3.2), the
lower SSA (section 3.4), and the higher uniformity of the
carbonaceous structure (at 1000 °C only; section 3.5).
However, the influence of torrefaction was found to reduce
with an increase in the pyrolysis temperature from 1000 to
1100 °C. This is attributed mostly to the negligible difference in
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the K content between the raw and torrefied grape marc char at
1100 °C, as shown in Figure 5.

Figure 10 presents the CO, gasification reactivity index (Rg;
T = 800 °C) as a function of the content of alkali metal (K +

Grape marc
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Figure 10. Reactivity index for CO, gasification (Ry,) as a function of
the content of alkali metal (K + Na) for both the raw and torrefied (a)
grape mar chars (R-GM and T-GM) and (b) macroalgae chars (R-MA
and T-MA). Conditions: The pyrolysis temperature (T,) was set in
the range from 800 to 1100 °C, while the gasification temperature was
set to be 800 °C.

Na) for both the raw and torrefied (a) grape marc and (b)
macroalgae chars. Because the content of the inorganic matter
for the wood studied here is negligible compared to that in the
studied grape marc and macroalgae, no data for wood chars is
plotted in Figure 10. It can be seen that, for these conditions, a
linear correlation is found between the logarithm of the
reactivity index and the content of alkali metal for both the
grape mar and macroalgae chars, although the slope is different
for the grape marc and macroalgae chars. With an increase in
the pyrolysis temperature, the significant decrease in gas-
ification reactivity can therefore be attributed mostly to the
decrease in the content of alkali metals. In addition, torrefaction
reduces both the reactivity and the content of alkali metal for
the chars prepared from both grape marc and macroalgae under
all of the studied pyrolysis conditions, except for the char
prepared from macroalgae at 1000 °C. For the case T;, = 1000
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Figure 11. Arrhenius plots at various char gasification conversions (X) for the chars prepared at 1000 °C from both the raw (R) and torrefied (T)

(a) wood (WD), (b) grape marc (GM), and (c) macroalgae (MA).

Table 2. Activation Energy (E,) and Pre-exponential Factor (A) for Each of the Various Char Conversions (X) and for Each of

the Studied Raw and Torrefied Chars Prepared at 1000 °C

raw torrefied

X = 20% X = 50% X = 80% X =20% X = 50% X = 80%

wood E, (kJ/mol) 303.5 298.1 290.9 304.8 297 2912
A(s™h 7 x 10" 7 x 10'° TR0 7 x 10'° 5% 10° 5 x 10"

grape marc E, (kJ/mol) 2414 240.5 250.9 239.6 235.3 249.1
A(s™) 3x 10 7 % 108 5% 10° 2 x 10 3x10° 3x10°

macroalgae E, (kJ/mol) 300.1 297.5 291.6 284.2 279.5 265.6
A 5% 10" 3% 10" 5% 10" 8 x 10° 7107 5% 107

°C, torrefaction increases both the reactivity and the content of
alkali metal for the macroalgae char. However, in comparison to
the influence of the pyrolysis temperature on both the reactivity
and the content of alkali metal in the studied chars, the
influence of torrefaction is relatively small.

3.6.2. Arrhenius Plots. Figure 11 presents Arrhenius plots for
all of the studied raw and torrefied chars prepared at 1000 °C,
each for various char conversions (X = 20, 50, and 80%). For
gasification temperatures below 900 °C, the linear correlation
in each of these Arrhenius plots implies that these gasification
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Figure 12. Gasification rate as a function of char conversion for both the raw and torrefied wood chars (R-WD and T-WD), grape marc chars (R-
GM and T-GM), and macroalgae chars (R-MA and T-MA). Conditions: The pyrolysis temperature (T};) and the gasification temperature (T) for
each scenario were set to be the same (ie., Tp = T = 800 °C, and Ty = T; = 1000 °C).

reactions are all kinetically controlled throughout the measure-
ment range.*” Hence, the activation energy can be determined
from the slope of the fitted line, while the pre-exponential
factor can be determined from the intercept. The results of
these measurements are shown in Table 2. This shows that the
influence of the torrefaction and char conversion on the
activation energy is small for the wood and grape marc chars.
However, for the macroalgae char, torrefaction can be seen to
reduce the activation energy, especially for the cases with higher
char conversion. For the case X = 80%, the activation energy for
the raw macroalgae char is about 291.6 kJ/mol, while it is only
about 265.6 kJ/mol for the torrefied macroalgae char. The
difference in activation energy can be attributed to the
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measured differences in the content of Na and the uniformity
of the carbonaceous structure, as presented in Figures S and 8,
respectively.

However, for gasification temperatures of greater than 900
°C, the gasification reactions transition to the pore diffusion-
controlled regime, in which the gasification rates depart from
the linear correlation.

3.6.3. Trends in Gasification Rates. Figure 12 presents the
gasification rate as a function of char conversion for each of the
raw and torrefied chars prepared at the pyrolysis temperatures
of 800 and 1000 °C. Here, each of the raw and torrefied
biomass samples were first pyrolyzed and then gasified at the
same temperature. The gasification rate can be seen to increase
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monotonously with the conversion for both the raw and
torrefied wood char at 800 and 1000 °C. Furthermore, the rate
of increase becomes greater with the char conversion. Potential
explanations for this are the increase in the concentration of
catalytic elements and/or the increase in porosity.”"”>

Different from the above findings, for the raw grape marc
chars prepared at both 800 and 1000 °C, even though the
gasification rates both increase monotonously with the
conversion, the rate of this increase tends to be constant over
the conversion range from S0 to 90%. Furthermore, for the
torrefied grape marc chars prepared at both 800 and 1000 °C,
the gasification rates tend to decrease or be constant over the
conversion range from 80 to 90%. A similar trend was found for
both the raw and torrefied macroalgae chars at 800 °C, over the
conversion range from 70 to 90%. This could be due to (i) the
destruction of the physical structure of the char, (ii) the release
of alkali metals (Figure 4), (iii) an increased concentration of
condensed/graphitized carbonaceous matter, or (iv) an
increased concentration of inert elements (e.g,, Si and Al) on
the char surface, which would impede the gasification
reactions.®””?

On the other hand, for both the raw and torrefied macroalgae
chars prepared at 1000 °C, the char reactivity is nearly constant
for char conversions of less than 50%. However, it increases
significantly as the char conversion is increased from 50 to 90%.
It could be due to the synthetic influence of the factors
discussed above regarding the concentration of catalysts, the
carbonaceous structure, and the SSA of char. Therefore, to
better understand the gasification rate variation with char
conversions, more investigation on the variation of these factors
needs to be carried out for various conversions.

4. CONCLUSION

In summary, it was found that torrefaction can influence char
reactivity through its influence on the concentration of catalytic
species, such as Na and K, through its influence on SSA and its
influence on the carbonaceous structure.

For a pyrolysis temperature of 800 °C, the gasification
reactivity of both the torrefied grape marc and the torrefied
macroalgae chars were found to be lower than that of the chars
prepared from their corresponding raw fuels. The decrease is
attributed to a lower SSA and a lower concentration of the
alkali metals (Na and/or K) in the char.

For a pyrolysis temperature of 1000 °C, the gasification
reactivity for the torrefied macroalgae char was found to be
higher than that of the raw macroalgae char. This is attributed
to both the higher content of Na and the less uniform
carbonaceous structure of the torrefied macroalgae char. On the
other hand, the gasification reactivity for the torrefied grape
marc char was found to be lower than that of the raw grape
marc char. This was explained by both the lower content of K
and the greater uniformity of the carbonaceous structure of the
torrefied grape marc char.

For the present pyrolysis conditions (800—1100 °C,
relatively low heating rate in tube furnace, and atmospheric
pressure), the influence of torrefaction on char gasification
reactivity and physicochemical properties was not remarkable.
However, considering the increase in the char yield as a result
of torrefaction, the carbon conversion of the torrefied fuel in a
gasifier could be significantly different from that of the raw fuel.
In particular, the influence of torrefaction on the char
gasification reactivity and physicochemical properties could be
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greater at different values of the heating rate and pyrolysis
pressure.
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CHAPTER 6 — CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

A novel configuration of a solar hybridized coal to FTL fuels system via an SDFB
gasifier has been proposed and analysed using a pseudo-dynamic model. This new
concept has the potential to offer steady syngas output and sensible heat storage via
solid particles. However, the calculated performance of the proposed solar hybridized
FTL fuels production system is very sensitive to the char conversion in the gasification
process. The addition of char separation has the potential to significantly increase the
performance of the studied solar hybridized FTL fuels production system with
relatively low char gasification conversion while the use of FT reactor tail-gas recycle
has the potential to significantly increase the productivity of the main product FTL fuels.
As expected, co-gasification of biomass with coal can significantly decrease the
greenhouse gas emissions from the studied FTL fuels production systems compared
with the equivalent systems via gasification of coal alone. However, the application of
biomass is limited due to some properties, e.g., high oxygen content, high moisture
content, low calorific value, hygroscopic nature and low density, which can result in
low conversion efficiency and difficulties in collection, grinding, transportation and
storage. Torrefaction can improve these properties, thus updating biomass to more
attractive feedstock for gasification. However, torrefaction can also influence the char
gasification reactivity, thereby affecting the design and operation of the gasification
process. Therefore, the influence of torrefaction on the char characteristics was
investigated to better understand the variation of the char gasification reactivity caused
by torrefaction. It was found that the influence of torrefaction on the bio-char

characteristics strongly depended on the biomass species and pyrolysis conditions.
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6.1.1 Performance Assessment of Fischer—Tropsch Liquid Fuels
Production by Solar Hybridized Dual Fluidized Bed Gasification

of Lignite

The annual energetic and environmental performance of the solar hybridized coal to
liquids (SCTL) system with an SDFB gasifier is achieved by using a pseudo-dynamic
model that assumes steady state operation at each time step for a one-year, hourly
integrated solar insolation. In addition, the sensitivity of annual performance of the
present studied system to the solar multiple, bed material storage capacity, char
gasification conversion, and the quality of solar resource was obtained. The solar
multiple the ratio of the heliostat field area relative to that required to meet the demand

of the DFB gasifier at the point of peak solar thermal output.

To maintain continuous and steady operation of the proposed SDFB gasifier without
feeding any supplementary fuel into the combustion reactor, a huge calculated storage
capacity (over 900 hours) is required, thus lowering the feasibility of the proposed

system. Under this condition, the maximum values of the annual solar share (SSann) and

the utilization factor of the heliostat collector (U ) are calculated to be 30.4% and

collann
41.6%. Here, SSann is defined based on the energy input to present the percentage of
solar energy in the total energy input, thus indicating the ratio of carbonless solar
energy input to the carbonaceous fuel input. The maximum values of the percentage
change in annual specific FTL output (AQsFrLann), the percentage change in annual
specific net electricity output (AWspetann) and annual reduction of CO. emissions

(AEco,am) relative to their non-solar CTL counterparts are calculated to be 30.4%,

41.6%, 50.9%, 25.7%, and 46.9%, respectively, for a char gasification conversion of

100%.
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In addition, significant improvements in the performance of the studied solar hybridized
system compared with the equivalent non-solar system are also possible when coupled

with a more realistic storage capacity, even though some dumping occurs. For a solar

multiple of 3 and a storage capacity of 16 hours, the values of SSann, U ), 1n » AQsFTLann,

AWs net.ann, and AEco,_ann are calculated to be 21.8%, 40.8%, 32.6%, 13.9%, and 34.1%,

respectively.

On the other hand, both the energetic and environmental performance of the proposed
SCTL system increases with the quality of the solar resource. The values of the
calculated SSann of the proposed SCTL system are 21.8% by using the solar data in
Farmington, NM, USA (2004/2005) and 14.6% by using the solar data in Dickinson,
ND, USA (2004/2005). Moreover, the calculated performance of the studied SCTL
system is also very sensitive to char gasification conversion. The SSann is reduced to
zero as the char gasification conversion is reduced to 57%. In addition, for the presented
studied case with lignite fuel as the feedstock, the calculated net mine-to-tank (MTT)
CO2 emissions exceed the value of the baseline case of diesel derived from mineral

crude oil.

Therefore, new approaches are needed with which to further improve the energetic and
environmental performance of the SCTL system, especially under relatively low char

gasification conversions.
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6.1.2 System optimization for Fischer—Tropsch liquid fuels
production via solar hybridized dual fluidized bed gasification of

solid fuels

New approaches, notably the incorporation of char separation, co-gasification of
biomass and coal, the integration of carbon capture and sequestration (CCS) and the use
of FT reactor tail-gas recycle, are proposed and found to be able to significantly
improve the energetic and environmental performance of an FTL fuels production

system using an SDFB gasifier.

To achieve the well-to-wheel (WTW) CO. emissions parity with the value of mineral
fuel, a calculated biomass fraction of 47.9% based on HHV is required for the solar
hybridized coal and biomass-to-liquids (SCTLuio) System with a char gasification
conversion of 80%, a solar multiple of 2.64 and a storage capacity of 16 h. The value of
this calculated biomass fraction can be decreased to about 47.9% by solar hybridization
in the case of a solar multiple of 2.64 and a storage capacity of 16 h. In addition, the
value of this calculated biomass fraction can be decreased to about 17% by

incorporating CCS.

On the other hand, an increase in the biomass fraction can result in a decrease in the
calculated specific FT liquids output per unit feedstock (Qsrriann) Of the proposed
SCTLuio system, alongside an increase in the calculated specific electricity output per
unit feedstock (Wsnetann). As the biomass fraction is increased from 0 to 100%, the
value of the calculated Qs rrLann IS decreased from 59.6% to 48.3% while the calculated
W netann 1S increased from 10.4 to 16.7%. Furthermore, the addition of CCS results in a
lower Wsnetann. However, the electricity is sufficient for self-sufficiency, even for the

system with CCS.
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The use of FT reactor tail-gas recycle to the SCTLuio System has the potential to
significantly increase QsrrLann and SSann While decreasing Ws netann, €specially for cases
with a high biomass fraction. For a solar multiple of 2.64, a storage capacity of 16 h, a
char gasification conversion of 80% and a biomass fraction of 0, the calculated values
of Qs,FrLann and SSann are increased by 20% and 9%, respectively, by the use of tail-gas
recycle. For the case with only biomass as the feedstock, the calculated values of

Qs FTLann and SSann Can be increased by 49.6% and 27.3%, respectively.

The addition of char separation also has the potential to significantly increase the
performance of the proposed SCTLuyio System. For a solar multiple of 2.64, a storage
capacity of 16 h and a char gasification conversion of 80%, the calculated SSan Of the
studied SCTL system is increased from 12.2% to 20.3% by integrating char separation.
Nevertheless, this influence decreases with an increase in both the biomass fraction and
the char gasification conversion, due to the reduced amount of char from the gasifier
(the fixed carbon content in the studied biomass (spruce wood) is lower than that in the

studied lignite).

Even the co-gasification of biomass with coal can reduce CO2 emissions from the
proposed SCTL system significantly, large-scale application of the biomass is
constrained by some biomass properties discussed in Section 1.1.3.2. In addition,
torrefaction has been proven to be able to relieve this constraint. However, torrefaction
can also influence the char gasification reactivity, thus affecting the design and

operation of the gasification process.
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6.1.3 Gasification reactivity and physicochemical properties of the

chars from raw and torrefied wood, grape marc and macroalgae

In this study, it was found that torrefaction can influence the characteristics (i.e.,
specific surface area (SSA), concentration of catalytic species and the carbonaceous
structure) of the char, thus influencing the char reactivity. In addition, the influences of
the torrefaction process on char reactivity and char characteristics strongly depend on

the biomass species and pyrolysis conditions.

For a pyrolysis temperature of 800 °C, the SSA and the concentration of the alkali
metals (Na and/or K) of both the torrefied grape marc and the torrefied macroalgae
chars were both found to be lower than those of the chars prepared from their
corresponding raw fuels. These decreases can result in a lower gasification reactivity of

the char which is consistent with the findings of the present study.

For a pyrolysis temperature of 1000 °C, the gasification reactivity for the torrefied grape
marc char was also found to be lower than that of the raw grape marc char. On the other
hand, the gasification reactivity for the torrefied macroalgae char was found to be
higher than that of the char prepared from raw macroalgae. This increase is attributed to
both the higher content of Na and the less uniform carbonaceous structure of the

torrefied macroalgae char.

The influence of torrefaction on both char gasification reactivity and physicochemical
properties is not remarkable for the selected species of biomass and conditions of
pyrolysis (800—1100 °C, a relatively low heating rate in the tube furnace and
atmospheric pressure). However, considering the increase in the char yield resulting
from torrefaction, the carbon conversion of the torrefied fuel in a gasifier could be

significantly different from that of the corresponding raw fuel. In addition, this
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influence of torrefaction could be greater at different heating rates and pyrolysis

pressures.

6.2 Recommendations for future work

Further studies are necessary to demonstrate the proposed configuration of solar
hybridized coal/biomass to FTL fuels system via an SDFB gasifier and to improve
understanding of the influence of torrefaction on the biomass char properties. The

detailed recommendations are:

1. One of the main challenges of the proposed SDFB gasifier is the method with
which the concentrated solar energy is to be integrated to heat the bed material
that is used to drive the gasification process. Therefore, a technically feasible
and economically affordable configuration of the solar particle receiver, together
with a possible particle transportation (e.g., from the ground to the tower)
system can be proposed, assessed (by using a dynamic model to understand the
impact of start-up and shut-down) and demonstrated.

2. Another challenge of the proposed SDFB gasifier is the high temperature
particle storage. Since the particles undergo the high heat flux in the solar
receiver, some tiny particles could be overheated. Moreover, due to the severe
conditions in the SDFB gasifier (e.g., ash coating, high temperature oxidization
and reduction atmosphere), agglomeration could occur in the particle storage
units. Therefore, further investigation can be performed to avoid the
agglomeration in the particle storage units by better storage system design,

better particle selection and so on.
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Economic analysis of the currently proposed solar hybridized FTL fuels
production systems can be performed in the future to further evaluate their
viability.

Demonstration of char separation from the mixture of char and sand in the
future. Demonstration of char storage is recommended since the high reactivity
of it.

In the present study, it was found that the influence of torrefaction on the
biomass char properties strongly depends on the pyrolysis temperature.
However, the dependences on the other pyrolysis conditions, i.e., heating rate,
pyrolysis pressure and pyrolysis time can also be studied in the future.

. To understand the gasification performance (e.g., carbon conversion, tar
generation, syngas composition, etc) of torrefied biomass in a DFB gasifier,
relevant experiments of the DFB gasification of torrefied biomass need to be

performed in the future.
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