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ABSTRACT

Chemical looping gasification (CLG) technology has proven to present itself as a promising
alternative to conventional thermal power generation processes, offepoigntially higher
efficiencies and lower costslo determine its feasibility on a large scaldhiomass chemical
looping gasification combined cycle (BCLGCC) model using Aspen Plus seofagare
developed validated using experimental datand scaled upo 650 MW, A techr-economic

and sustainabilityanalysis washen conductedand compared to4 other power generation
technologes with and w/o CCSBCLGCC presents promising economic and environmental
results, showing that the efficiencies of the G8 NorCCS plants equal to 36% and 41%,
respectively, with COE (including government subsidies) for both CCS ar@$oaqual to

15.9 ¢/kWh and 12.8 ¢/kWh, both of which are lower than the average COE in the UK.

A life cycle energyse CQ emissions and@ost input evaluation of a 650 MW BCLGCC and a
BIGCC/CIGCC power generation plants with and w/o CCS are arthbiseztbmpared to
coal/biomass combustion technologies. The life cycle evaluation covers the whole power
generation process including biomassét supply chain, electricity generation and the CCS
process. Gasification power plants showed lower energy input ance@@sions, yet higher
costs compared to combustion power plants. Coal power plants illustrated lower energy and
cost input; however lgher CQemissions compared to biomass power plants. Coal CCS plants
can reduce Cg&emissions to near zero, while BCLGCC and BIGCC plants with CCS resulted in
negative 680 and 769 KQQ/MWh, respectively Regarding the total life cycle costs input,
BCLGC@ith andw/o CCS equal to 149.3and 199.6 £/MWh, and the total life cycle energy
input for both with and without CCS is equal to 2E6%1 1765 MJ/MWh, respectively.

Finally,a set of BCLG experiments were condudted fixed bed reactor using fresh hemati

and pine sawdust. The experiments consisted of testing the effect of temperature, biomass
to oxygen carrieOC)ratio and multiplecycleson the gas yield, LH\old gas efficiency,
carbon conversionXRDresults, SEM imagine of the surface of the &@ EDX datalhe

results showed that the carbon conversion was loempared to when using other sources

of biomass, and consequently LHV, gas yield, cold gas efficiency. Moreover, it was observed
that as temperature, reaction time and B/OC ratio increaderlsurface of the oxygen carrier
would undergo sintering and agglomerationith the oxygen being consumed reducing the

main component of the hematite (E®s) into three phases including #&, FeO and Fe.
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1 CHAPTER 1: INTRODUCTION

1.1 Energy Policy Overview

The fast growth of developing economies around the world and rapid increase in world
population are intrinsicallylinked with the increase in energy demands. The U.S Energy
Information Administration estimated that the total world energy consumption is to increase

by 28% in 2040 relative to 2015|. The energy sector in particular contributes towards 41%
greenhouse gas emissions through the use of fossil fuel and is expected to have the fastest
growth rate[2]. Approximately 86% of worldwide energy consumptiomost fossil fuel due

to them being abundant and geographically spread over the world, hence considered as a
cheap and reliable source of ener@}. However, due to fears concerning the imminent and
longterm risks associated with their use, it is imperatte push towards sustainable sources

of energy. As a result, the Paris Agreemier2016aimed to maintain temperature rise below

2°C by the end of this century relative piee-industrial levelswith efforts to further limit the

increaseby 1.5°C4]. Ths has encouraged several nations to reduce theis @@issions and

Y203S (261 NRa NBYySél of S Sy-femHBadgdt waskoSedcetteil SR Y A
greenhouse gas emissions by at least 80% by the year 2050, relative to 1990 3¢vels
However, recently the UK House of Commons passed a net zero carbon emissions bill to be
achieved bythe year 20506], which meanshat N} RA OF £ OKI y3S Ay GKS S
and power generatiorsector is required to achieve this target. In order tontrol CQ

emissions, De Gouw et al., suggested two pathwaeitker phasing out as much fossil fuel

and moving towards renewable energy or developing technologies with higher energy
efficiency[7]. Moreover, it has been widely remarked that this targetul be impossible to

achieve without the employment of Bioener{]. The push towards reducing greenhouse

gasses into the atmosphere can be done by either improving power generation efficiencies,
employing carbon capture & storage, or moving towards realele energy. Drax power

plant, one of the largest in the UK will be ending its commercial coal power usage by March
2021, four years ahead of its 2025 deadljfg with manyother coal power plants hawg

already closed or getting closer to their closul&e [10]. This comes alongside the ban of

selling petrol and diesel cars in the UK afteg year2035[11]. Coal production and import

into the UKhasl £ 32 RNRLIJISR o0& HT: YR pc: AY HAHNQA
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guarter, respectively, due to the decrease in demand from power genergt@disMoreover,
in April 202011 industry and energy leading companies in the UK signed an agreement to
OGN yaF2N)Y GKS 1 dzYoSNI NBIXOFWDRY (1 Df dzE[BS M2 ND R !
Furthermore recently the UK went for a record period of 68 days €o=g [14]. Even though
the UK are working towards eliminating coal from its power industry, teelshdustry still
heavily relies on coal, however current research is directed to test the feasibility of replacing
coal with biomass[15]. With increased research and development of poshd pre
combustion capture technologigd6], CQ capture and storage (CCS) is seen as a promising
technology in mitigating G@&missions with its potential to help reduce global emissions by
20% by 205(Q17]. However, | believe that deployment of CCS technology would not be
possible without negative erssions incentive from the governmemue to the costs
associated with deploying the technolagy 2019 the UKyenerated19.8% of its energy
demand from low carbon sources with bioenergy accounting for the highest contribution of
37%. Since the year 2000ioenergy experienced the fastest increase in capacity with an
increase from 0.9% to 7.3%as shownin Table 1.1 [18], showing the potential and
effectiveness of bioenergy as a renewable and alternative growing source of energy for the
UK.

Tablel.1. Renewalbe energy sources trend for the past 20 yeard

2000 2010 2016 2017 2018 2019
Nuclear 8.4% 6.3% 8.0% 7.9% 7.3% 7.0%
Wind 0.0% 0.4% 1.6% 2.2% 2.5% 2.9%
Solar 0.0% 0.0% 0.5% 0.5% 0.6% 0.6%
Hydro 0.2% 0.1% 0.2% 0.3% 0.2% 0.3%
Bioenergy 0.9% 2.7% 5.8% 6.2 6.8% 7.3%
Transport fuels 0.0% 0.6% 0.5% 0.5% 0.7% 0.9%
Other 0.0% 0.0% 0.7% 0.7% 0.7% 0.8%
Total 9.4% 10.2% 17.4% 18.3% 18.9% 19.8%

However, reaching the aforementioned targets and reducing GHG emisgitmshe
atmosphere using traditional measures (renewable energy and improving efficiencies) might
not be sufficient to reduce G@missions to the desired levels. As a result, nevatetogies
capable of removing GArom the atmosphere known as negative emission technologies

(NETs) will be essential to reach those targets. The increased interest in this field has led to
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the first International Conference on Negative CEmissions at Chalmers University of
Technology in Sweden in 20189]. Out of the various NETSs, the majority of loarbon
technologies rely on coupling CCS technologies with renewable fuels such as biofuels, known
as bioenergy with C{&apture and storag (BECCH)OE23]. Figurel.1 from McCulloch et al.,

[23] briefly illustrates the concept of BECCS.

00

Heat hydrogen C02 Ca th re

Electricity syngas

Y, A

\

N

Storage

Figurel.l. A generaconceptof BECC%’

In a comprehensive review on thi@wsin the research and regulation déployingbioenergy

technology Creutzig et al24] identified the strengths of BECCS as the following:

1) BECCS can lapplied on a wide range of technology applications (power plants,
industry, biomass refineries or gasification plants)

2) Will help in reaching th€Q emission reductiongargetin time.

3) BECCS negative emissions can compensate for resigisgions in other sectors that
would be difficult to cut down emissions, for example industrial (pulp and paper,

cement, iron and steel) or transport

On the other hand, some negatives that should be considered about BEMESeed for
large amount ofand. This can have an effect on the extent of negative emissions when taking
into consideration the emissions in the biomass supply chain. Additionally, it caimeals@n

effect on food production, biodiversity and land usage for other purpggés

Page | 3



Chapter lintroduction

1.2 Biofuels

Bioenergy can be classified into three different forms according to their physical state, namely
gaseous biofuels, liquid biofuels, and solid biofuels. Gaseous biofuel is mainly biogas
generated from anaerobidigestion pyrolysis gas from biomass torrefaction or syngas from
waste gasification. Liquid fuels are mainly biodiesel, ethanol and pyrolysis oil, whereas solid
biofuels are mainly biomass. This thesis will focus on solid biofuel (biorhags)cellulosic
biomasssources provide an inexpensive, abundant and renewable alternative source of
energy [26]. Even though biomass has a lower energy density than doal to its
carbohydrate structure resulting in relatively hggtH/C and O/C ratio (1-2.8 and 0.40.9,
respectively), as shown ifigurel1.2. In addition, its high moisture content increases the
overall cost of the process (transport, drying, chipping, etdgwever, biomass contains
higher volatile content (75 85%) and less fixed carbon contd@#] which makes it more
desirable for gasification processekie to better reactivity, hence higher conversion rate of

the solid fuel[28]. Moreover, biomass generally has lower pollutants (sulphur and heavy
metals) and ash content compared to coal, making ash treatment process less energy
intensive. That being said, biomass ash has a high alkaline metal content, which helps in
capturing sybhur but also causes corrosion and reduces ash melting i8ihtThe issue with

low ash melting point is that it causes the bed material to coalesce and form large
agglomerates within the bed, hence resulting in partial or complete befluidization arl

unscheduled plant shutdown.

4 I Methane = Methanol
% 3 - « Ethanol
£
% = Butanol
£ 2 Gasoline/Diesel/Kerosene Glucose
; O Biodiesel Celluloses
o Biomass - 2
3 i M Hemicelluloses
- ,{(eat
~Coal'
G
Anthracite

0.0 0.2 0.4 0.6 0.8 1.0 1.2
O/C (mol/mol)

Figurel.2. vanKrevelindiagram omparing between H, C and O content of different solid fugf§
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1.3 Biomass Classification

Biomass is a biological material derived from lidngecently living organisms. This can apply

G2 SAGKSNI FYAYFE 2N LIXFYyd RSNAGSR YFGSNRIf &
refer to plantbased materials. Biomass can be classified through two main approaches; using
either its origin or bas@ on its propertieg31, 32]

0 Origin of the biomass U Based on properties

1. Primary residues: Bgroducts of forest 1. Wood and woody fuel
products and food crops. (Straw, mai: 2. Herbaceous fuels
cereal, etc.) 3. Wastes

2. Secondary residues: Byoducts of 4. Derivates
biomass processes in the production 5. Aquatic

6.

products or food. (food andbeverage
industry, saw and paper mills, etc.)

3. Tertiary residues: Bgroducts of used
biomass materials (e.g. demolition at
waste wood)

4. Energy Crops.

Energy crops

1.4 Biomass Composition

The basic components of plabhased biomass are cellulose, hemicellulose, proteins, lipids,
starch, hydrocarbon, simple sugars, water, ash and other compounds. Biomass bulk
composition for carbon, hydrogen and oxygen are @®0%, 5¢ 6% and 30¢ 45%,
respectively. These are the common values between all types of -pksdd biomass.
Moreover, biomass may consist of up to approximately 1% nitrogen, sulphur and chlorine as
well as traces of heavy metals for example cadmium and lead (yskesk than coal).
However, compared to coal, biomass contains more silica, chlorine and potassium but less

aluminium, iron, titanium and sulphu83].

1.5 Fuel Analysis

Fuel testing is an important aspect in power generation as it gives us a general undargta
of the fuel behaviourand expected power output. By testing the fuel composition this will
give a better understanding on how the fuel shoudd handled and if pretreatment is
required as well as a general understanding to what emissions are exidectgas treatment.

Fuel composition can be analysed using several approaches including
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1 Proximate AnalysifProvides an approximation to the fixed carbon (char), volatile

matter, ash and moisture content in the fuel.

1 Ultimate AnalysisProvides a more aurate elemental percentage of C, H, O, N, S and

Cl, which determines the syngas yield for gasification and the pollutant emissions such

as HCNINOx, NH;, HS and S©

1 Sulphur AnalysiProvides data on the amount and distribution of sulphur between

pyrites, sulphates and organics in a compound.

1.6 Fuel Properties

Fuel attains its properties from its content, which can be categorized as the following;

1.6.1 Heating Value

Heating value also knowas the calorific value (energy content). On a dry basis, it is referred
to as the Higher Heating Values (HHV), whereas in the presence of moisture it is referred to
as Lower Heating Value (LHV). The energy content is generally correlated with the amount of
carbon, oxygen and hydrogen composition in biomass. An increase in oxygen content results
in a decreased biomass heating value. The heating value is also effected by the amount of
cellulose, hemicellulose and lignin in the plant. Hemicellulose and cstlwontain a higher
percentage of oxygen compared to lignin (mainly carbon). Therefore, higher lignin presence

increases the heating value of biomass due to its lower degree of oxid&dgn

1.6.2 Moisture Content

Typical moisture content in biomass is betwe2h ¢ 60wt%, depending of the type of
biomass, season, weather, location, etc. Biomass high moisture content is associated with
several adverse effects on the process, includirandling, storing, loss of dry matter due to
decomposition, causing feed intllelockages, delays in ignition, energy and time required for
ignition, and delays in devolatilization. Moreover, a high moisture content reduces the
heating value of the fuel. Additionally, high moisture content will result in larger volume of

flue gas, onsequently requiring larger equipment dimensidis].
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1.6.3 Volatile Matter

Typically, between 6@ 80wt% of biomass, therefore most of the weight is lost during the
devolatilization stage. The release of volatiles is rapid, resulting in high biomass rgactivit
Products of the devolatilization process includarbon monoxide, carbon dioxide, light
hydrocarbons, moisture, hydrogen and tars. The yield and rates of this process is dependent

on temperature, fuel characteristics and heating rgié|.

1.6.4 Ash

Ash coment in biomass varies depending on the source. An advantage for biomass over coal
is the low ash content, however the quality of biomass causes an issue. Compared, to coal
biomass contains more alkali metals and silica which lowers its melting temperature
Although a large amount of the alkalis escape as gas phase in the presence of chlorine,
however some still remain in the ash. This coupled with silica lowers the ash melting point,
resulting in agglomeration which could lead to shutting down of unit auw fluidization
quality. Hence, the use of certain types of biomass could be limited. Other metals present in
the ash such as Mg and Ca increases the melting point of the ash. Ash composition differs
from one biofuel to another which effects ash sintgy and softening which could be
detrimental to the process. Therefore, controlling the melting temperatures is essential

according to the type of biomass to avoid sintering or slaggiag

1.6.5 Chlorine

One of the major differences between coal and biomagkeé presence of chlorine. It can be
found between percentages ranging from less than 0.1% and up to 2wt% (dry fuel). As
chlorine vaporizes it forms HCIl,@hks and alkali chlorides which causes corrosion at high

temperature[37].

1.7 Biomass Pre-processing
Although biomass is consideredemewablesource of energy. However,gomes alongvith
a pretreatment process to improve its quality, therefore improving the efficiency of the
power generatiorprocess hence using fossil fuel in its preatment. This is due to the low
energy density and high moisture content of biomasgkichresultsin additional capital and

operational costs to the entire thermochemical conversion procElsse processes include
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drying, grinding and densificatioj38]. Biomass has a low energy density, therefore will
require larger quantities for a certain poweemgration compared to coal, hence would
increase transportation cost. Therefore, it is pelletized to increase its energy density.
Moreover, some biomass has high moisture content which is treated to reduce handling

costs as well as increags energy denity for higher efficiencies at the power plant.

1.8 Biomass to Energy

Biomass can be converted into an energy source via two main pexedsch can be
categorised as either thermochemical or biochemical processes. Biochemical processes
include anaerobic digestion, fermentation and biophotolysis, whereas thermochemical
processes include pyrolysis, gasification and combustion. Biochemicadsgses are better
compared to thermochemical processes in their environmental friendliness (destroys waste
and lower C@emissions) andower energy requirement. However, these advantages are
outweighed by their very slowineticscompared to thermochemidagprocessesstringent
biomass constraints, low fuel conversion efficiency, high amount of water consumed by
microorganisms and the inability of some cellulosic biomasses to convert via biochemical
processes. On the other hand, thermochemical processeganerally faster, can handle
various types of biomass, and they completely utilize the biomass which results in a higher
conversion efficiency. Additionally, they can be retrofittedtoinalready developed
conventional coal powered plants. This thesis willy focus on energy generation using

thermochemical process9].

Thermal energy

/

Combustion & flue gas Electricity
Pyrolysis .
Biomass YIOYSIS s Biochar & bio -oi Chemicals &
Synthetic

Gasification fuels
\ Syngas

Figurel.3. Thermochemicabiomass conversion process route

Figurel.3 categorizes thehermochemical processes of converting biomass into energy, the
products and end use. Pyrolyslgl) refers to the conversion of biomass into biochars and

bio-oils in the absence of an oxygen source at approximatelycd®0°C. GasificatioriRg)
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processs known as the partial oxidation of fuel to produce synthesis gas (CO-gridrtand
OKIFNJ G | LIWNREAYIGSte xynnc/ 6KAOK Oly 068§
valuable chemical products. Whereas combustigg) (s the full oxidation of fueb produce

carbon dioxide, water and heat in the form of steam at approximately Z0DEO0 °G40].

8Q¢ 6 ®IGHI 6 OQBABO 80 O 60 00 o di (RL)
BQEGOiFD | 0QBGE 'O (R)
8Q8 6 GIDIodG 00 (R3)

Each is associated with its advantages and disadvantages. Pyrolysis has the capability of
replacing fossifuel petroleum oil, which can be treated using conventional refineries;
however, the process is energy intéves due to its endothermic naturg9]. Gasification

allows for production of a variety of chemical products (methanol, fuels and other
hydrocarbons) from syngas according to the market needs, however, tar formation is a
disadvantage as it reduces gasification efficiency and could block d®anstequipment

[41]. Finally, combustion is a relatively simple process, nevertheless, it results in releasing
harmful emissions (NQSQ, PAH, etc.) as well as ash fouling and slagging while having the
lowest energy conversion efficiengi2].

Table 1.2 gives a comparison between the efficiencies of each process, showing that
gasification gives the highest efficiency (665%) process.

Table1.2. Comparisorbetween the three thrmochemical converison of solid fuéll

Process Products Energy Conversion Efficiency (
Direct Combustion Electricity 25
Rapid Pyrolysis Pyrolytic oil, gas, char 37¢45
Gasification Synthesis Gas 50¢ 60

Tablel.3 summarizes the currently operating biomasased thermal power plants in the UK.
Nearly all biomass power plants in the UK use combudiased technology with a few
operating biomass gasifitan power plantsCombustion is known as the complete burning
of the fuel under enriched oxygen atmosphere to generate thermal energy while producing
CQ and RO, whereas gasification is the partial combustion of the fuel under depleted oxygen
conditionsto produce CO and Hsyngas). Even though biomass combustion is a simple
process to generate electricity, but its net efficiency @87%) is lower compared to

gasification processes (8640%)[43 ¢ 48].
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As a result, biomass gasification is explored in hope to find more effective processes that
would improve biomass utilization in power generati@iomass gasification dates back to

the 18" century, were it was developed by a French engineer called péilijg Bon. The

LINPOS&aa 61 a8 AYyAGALIffe dzASR (2 LINPRIzOS Wg22R

known as town gas, which mostly comprised of coal gas. This was used until after World War

2 whereit was replacedy natural gas. However, thaterest in wood gas during the early

MpHN QA 61 & AKATUOSR (bdtfacedsevzal3eBhnigalidyd@sd | NDliryigi LJ2 NIi

GKS -GS mptTnQaz a GKS 2Af ONRAaAaAa oS3Ilys
towards coal. During thaperiod, several coal gasification technologies developed and
became commercialized to produce synthetic fuels uging Fischer Tropsciprocess
However, a decrease in oil prices during the following years, resulted in the technology not
finding its sharan the market. Nevertheless, throughout the last decade research into this
area was brought back to life, though directing it towards biomass fuel utilization instead of
coal to tackling climate chandé0]. Currently the largest waste wood gasificationwaw

plant in the UK, Cheshire generates 21.5 MW of electricity, which is expected to reduce GHG
emissions by 65,000 tonnes of £€yuivalent per yeaf51], with several smaller plants in

operation and in construction/commissioning stdge].
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Tonnes of

Name of Plant Size (MWe) biomass/year Plant Type Technology Company
BlackburnMeadows 30 270,000 Electricity Air Combustion Eon
Brigg Renewable Energy Plant 40 328,840 CHP Air Combustion BWSC plc
Chilton Biomass Energy Centre 15.45 120,000 CHP Air Combustion Veolia
Craigellachie Wood, Moray 15 150,000 CHP Air Combustion Estover Energy
Cramlington Biomass CHP Plant 27.7 270,000 CHP Air Combustion Estover Energy
Discovery Park Biomass Plant 27 240,000 CHP Air Combustion Kent Renewable Energy Ltd
Drax Power Station 2000 13,200,000 Electricity Air Combustion Drax
ElyPower Station 38 312,398 Electricity Air Combustion MRE UK
Eye Power Station 16.53 134021 Electricity Air Combustion EPR (Eye) Ltd
Glanford Power Station 15 92,000 Electricity Air Combustion MRE UK
Goosey Lodge Biomass Plant 16 84,489 Electricity Air Combustion Wykes Engineering Co.(Rushden) Ltd.
Iggesund Paperboard Biomass Power Static 44 663,000 CHP Air Combustion Iggesund Paperboard (Workington) Ltd.

Advanced Thermal

TreatmentOxygen
Ince Biomass Energy Plant 215 170,000 CHP Gasification Ince Bio Power Ltd
Irine Paper Mill CHP Plant 26.04 371,000 CHP Air Combustion UPM Kymmene
Londonderry Biomass Plant 15.8 250,000 CHP Air Combustion Evermore Energy
Lynemouth Power Station 420 3,000,000 Electricity Air Combustion EPH
Margam Biomass Plant 1 15 196,000 Electricity Air Combustion Western Bioenergy Ltd
Margam Biomass Plant 2 40 355,000 Electricity Air Combustion Glenmont Partners
Markinch Biomass Plant 65 328,000 CHP Air Combustion RWE Npower Cogen
Ridham Biomass Plant 25 160,000 CHP Air Combustion MVV Energie
Sleaford Renewable Energy Plant 38.5 328,840 CHP Air Combustion Statkraft/Glenmont Partners
Snetterton Biomass Plant 44.2 328,840 Electricity Air Combustion BWSC plc
Steven's Croft 46 512,000 Electricity Air Combustion Eon
Tempelborough Biomass Plant 48.96 270,000 CHP Air Combustion Templeborough Biomass Power Plant Ltd
Thetford Power Station 41.5 457,000 Electricity Air Combustion MRE UK
Tilbury Green Power biomass plant 60 650,000 Electricity Air Combustion Tilbury Green Power
UPM Shotton Paper Burner 20 457,456 CHP Air Combustion UPM Kymmene
Wilton 10 33 261,000 Electricity Air Combustion Sembcorp International
Birmingham Bid?ower 10.3 67,000 Electricity Air Gasification CoGen
Welland Bio Power 10.6 72,000 Electricity Air Gasification CoGen
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1.9 Conventional Gasification Process

A typical biomass gasification mechanism undergoes four main stehsding drying,
pyrolysis, combustion and reduction. These steps are summarizédyinme 1.4 with the
reactions summarised ifable1.4 [27, 5. The order of the combustion and gasification
stagesn the mechanisnecould differ depending on the reactor configuration. However, for a
fluidized bed reactor (the reactor that will we focused on in this thesis) follows the order of

the stages shown iRigurel.4.

w Combustid®) Gasificati

o

Figurel.4. Four steps foigasification mechanism

Drying:Moisture escapes from the biomass at high temperatures around@;1Bowever, it
does not decompose during this step due to it not having sufficient energy for the

endothermic chemical reactions to take pla¢@eaction 1Tablel.4)

Pyrolysis (Devolatilization)After the biomass is dried, it absorbs sufficient energy allowing
the devolatilization reactiona take place at around 38CQ. Biomass decomposes in the
absence of oxygen into its heavy and light hydrocarbons as well as char as shown in reaction
2, Tablel.4. The energy required to allow this endothermic reaction to take place is supplied

by the energy released during the combustion reactions.

Combustion:The products formed during the biomass pyrolysis reaction are oxidized using
either air, pure @ CQ or steam, as a result producing CO,@ad HO. These reactions are
exothermic; hence they supply heat for the endothermic biomass pyrolysis reaction to take

place.(Reactions & 5, Tablel.4)
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Gasification:This step can also be called reduction process as it happens in the absence of
oxygen. Reactions that take place in this step result in the formation of COHCANd CH.
(Reactions @ 11, Tablel.4)

Tablel.4. Conventionalgasification mechanism reactions

ConventionalGasification Reactions

Biomass drying

1 #( | TAOQET I AG#Q |/ $OUET I ADGomine o6
Biomass pyrolysis

2 #( | O AEAOAGUT GO e /et (W (1,
Combustion

3 ¢# 0 © ¢ # (Oxidation)

4 ¢#/ 0 © ¢ # /(Oxidation)

5 ¢O 0 © ¢ (/ (Oxidation)
Gasification

6 60 O0° #/ ( (Primarywatergas)

7 0 c¢OULO 60 ( (Secondarywatergas)

8 #( 'O0 © #/ o (Methane reforming)

9 0 #/ © ¢ # (Boudouard)

10 0 ¢OO° # ( (Methanation)

11 #/ O0©°C #/ ( (Water gas shift)

Tar Reforming
12 YOI 000 #/ ( 60 "WQI ¢ i BE &
Hydrocarbon reforming

13 OOQI € OOIowLEH/ (1 60

Recently several technologies have been developed ifanass gasification processgss,
57, 58] Conventional gasification processgsnerallytakes place with suistoichiometric
quantities of oxidanfusng air or enriched @air with steam as the gasifying ageisp].
Steam is also used to increase the concentration of hydrogen in the syngas and provide

oxygen partial combustion of char. The fluidized bed gasification process in a fluidized bed
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gasifier starts by blowing air/pure oxygen and steam from the bottom ofuleace causing

bed particles to fluidize. The bed temperature is typically in the raofg@50 ¢ 1020°C to
achieve high carbon conversation (©95%), decomposing tar, phenols, oils and other liquid
by-products. The bed material could be silica, sand, atc. Fuel and sorbent material
(optional for sulphur capture, usually lime or dolomite) are simultaneously injected into the
gasifier. The amount of air injected is usually controlled since excess air will lead to complete
combustion and enhanced NO amtO formation, whereas little oxygen will reduce the
syngas calorific value. The syngas produced then travels through the freeboard up the riser,
exiting the furnace. The factors affecting sorbent efficiency to capture sulphur are the sulphur
content in he fuel, sorbent reactivity, bed temperature, and the amount of recycled solids

[60¢ 62].

However, drawbacks associated with using air or pure oxygen reduces the effectiveness of
the process. The use of air as the gasification medium resultshighdy N concentrated
syngas, reducing its energy density fromg 85 MJ/n?¥ (using pure @) to 3.5¢ 7 MJ/m? [27].
Whereas, using pure oxygen increases the parasitic energy as well as capital and operational
costs of the whole process due to the requiremeof an additional energy intensive air
separation unit (ASU). Moreover, the high amount of tar fornaing conventional
gasification reduces the gasification efficiency (due to lower carbon conversion) and can block
downstream equipment. Tar formatiazan be controlled via five different methods including
mechanism methods, sethodification, thermal cracking, catalytic cracking, and plasma
method. This as a result reduces blockage of downstream equipment and improves biomass
utilization, however it coras at an increase in energy penalty and c¢$1sg. Alternatively, a

new emerging gasification technology known as chemagbing gasification (CLG) offering
potentially higher efficiencies and lower costs is presented and discussed in the following

chapter [32, 63]
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1.10 Research Objective

1 The aim of this research is to investigate and evaluate the feasibility of an alternative
biomass utilization technology that would support l&agla path towards a carbon
neutral 2050 in the UK.

1 This thesis will focus more on the use of chemical looping technology in the field of
gasification.An extensive literature review has been conduc{@hapter 2}o identify
gaps that are restricting the comercialisation of the current technology.

1 Fill the gap within literaturen understanding and testing the feasibility of this power
generation technology in a large scale from a technical, economic and sustainability
perspective

1 Explorethe life cycleenergy, cost, C&emission and environmentahpact of establishing
a largescale power plant

1 Understandhe role and effect of the oxygen carrier and its effect in different operational
conditions is not well investigated.

1 Compare BCLGCC power plant tovationalthermochemicapower plants

1.11Thesis Outline

The first chapter sets a foundation for the political and environmental motives behind this
research and the need for a push towards renewable and sustainable sources of energy,
specificallyfocusing on biomass and its application in power generation. The second chapter
conducts a comprehensive literature review on the subject of Biomass Chemical Looping
Gasification (BCLG) and points out the gaps within literature, which allows for a clear
methodology (chapter 3) to be laid out for the following three chapters (chapters 4, 5 & 6) to
fill the gap within literature Chapter 4 conducts a techreconomic & sustainability analysis

of a BCLGCC power plants. Chapter 5 conducts a life cycle asse<Shagrer 6 conducts a

set of benchscale BCLG tests followed by some material characterizatrallyFssummarizing

and suggesting further work in chapter 7.
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2 CHAPTER 2: CHEMICAL LOOPING TECHNOLOGY

2.1 Introduction

Chemical loopingechnology is essentially the oxidation of the fuel using lattice oxygen (Metal
Oxide: M&Ov) in the form of a metal oxide instead of molecular oxygeam air or pure
oxyger) in a cyclic process. Instead of one gasifier reactor, two reactors are usee)y\naa
Fuel Reactor (FR) and an Air Reactor (Aif.oxygen rich metal oxide is injected into the FR
as a solid form where it is reduced to M¥1, hence supplying the oxygen source to the
biomass in a lattice fornThe reduced oxygen carrigvléxOy.1) is then circulated into the (AR)
closing the loop where it is oxidizdzhck to its initial stateNlexOy) using oxygen from air
What gives this process an advantage comparedctmventional power generation
technologyis the mitigation of an air sepation unit for oxygen production or the mitigation
of a carbon capture process when using air. Coupling biofuels with chemical looping and CCS
technolog/ could be an option thatould lead the way for bi@nergy carbon capture and
storage (BECCS). Thare several types of chemical looping technologies which can be used
for different processes (gasification, combustion, reforming, etc.), using, dmjidd and
gaseous fuels which result in the production of syngasitheat for power generatioit4 ¢
66]. These technologies are listed below and elaborated further in the following section.

1) Chemical looping combustiorCL{

2) Chemical looping with oxygen uncouplingL (Ol

3) Chemicallooping reforming CLR

4) Chemical looping gasificatiolC( G

5) Chemical loopingoupled with water splittingGLW$
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2.1.1 Types of Chemical Looping Technology

2.1.1.1 Chemical Looping Combustion (CLC)/Chemical Looping Oxygen
Uncoupling (CLOU)

HO+CP N+O: Heat

C Q- Condenseﬁ
| o

Fuel Air
HO

Reactor MeQ.. | Reactol

1

Biofuel Air

Figure2.1. Configuration of a CLC/CLOU technology

As illustrated inFigure2.1, in CLGhe OC is reduced in the fuel reactor by reacting with the

biofuel resulting in complete combustioRY) to produce C®and HO. The flue gass then

condensed to separate the>B and capture the GQor storage or use. The reduced OC is

then regeneratedoxidized) in the air reactor by reacting it with d&k?.

5

0O 0 ¢¢ & NnOUQY ©¢60 GOV ¢ a NnLQO (R1)

¢ & §0Qv ¢ TG TR0 © ¢ & f0 Qo (R2)

CLOUequires the use of specific oxygen carries thavethe ability to react reversibly with

gas phase oxygen at high temperatlié€], hence able to release gaseous oxygen in the fuel

reactor R3 ¢ reversible reaction) to react with the biofuel R4 in a similar way to

conventional combustionThe OC is regenerated by reversigjn the air reactor.

¢cO Q0 P ¢b QO 0 (R3)

5

00 ¢ TG T@H0 O 60 GO0 (R4)
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CLGs usually focused on gaseous and liquid fuels, whe@da3Us for solids. Solid fuels can
also experience wsitu gasification integrated witlCLC (i&CLC)This is done by drying and
devolatilizing the solid fuel to produce char, volatile matter andengR5, followed by
gasfying the char with G@nd/or HO R6¢ R7), which are also the fluidizing medium. The
OC then reacts with the volatile matter, Bind COR8- R10. Finally, the final product of all

the aforementioned processes is heat whiclised to generate electricity.

60 G QIO GE o b QWS (RS5)
F®Hi6 0600 60 b0 (R6)
FWBiI6 600 b 6IQ (R7)
0B 0f QOD@BOAEOB® G606 qOU (R8)
b6 00 HQE  HOU (R9)
D0 600 0QF 80 (R10)

2.1.1.2 Chemical Looping Water Splitting (CLWS)

HO+CO N+QO, Heat

COdmm Condensﬁ
| VeQ

Fuel
HO
Biofuel NI Air
V@O«.u Reactol
Cond
H, On@ensh Steam M&Q.,
O
& L) 1
RO Air

Figure2.2. Configuration of a CLWS technology
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CLWSFigure2.2) is similar to CLC in the sense that fuel is combusted using an OC in a fuel
reactor R11. However, the OC is then sdnta steam reactor where it reacts with water to
produce H, while atthe same time partially rexidizing the OCR12. The oxygen carrier is
then sent to an air reactor where it is completely regenerated by reacting it witlRajir This

process can be used for solid, liquid and gaseous fuels if coupled with the apfedpLi@

process.
800 ¢ & ROQO 08806 GO0 c& & /OQY (R11)
b6 060 HDQE O (R12

2.1.1.3 Chemical Looping Reforming (CLR)/Chemical Looping
Gasification (CLG)

Syngas N+G,
Stean WGS MeQ .
Il Fuel Alr
MeQ,,
H, CcQ Reactor Reactol
r Capture 2
Co Biomass Air

Figure2.3. Configuration of a CLR/CLG technology

CLGand CLRFigure2.3) processegocus on the generation of syngag/iastead of heat for
electricity generation.The syngas can be sent to a Fisehepsch reactor to produce
chemical (Nl methanol, synthetic fuels, etcELRs for gaseous and liquid fuels, whereas
CLGQs for solid fuels. The reactions that take place in the fuel reactor are the partial oxidatio

with the metal oxide R13, steam reformingR14 and the watergas shift reactionR15.

500 ¢ & AOQD 0EB0E0 & & nbdQb (RB)
80 6 "O00¢& 60 &0 (RY)
80 '00P 86 'O (RB)
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If the end product is to havezHthe syngas is passed through a wages shift (WGS) unit
where the syngas reacts with steam as showR1dto produce more Hland CQ. The C@is
then captured using preombustion capture processes to produce pute Fhe Hcan then
be sent to a comimed cycle where it is combusted to generate electri@tyused as a

transport fuel

When it comes to choosing the metal oxide also known as the oxygen carriers and weighing
their pros and cons, while comparing between different options and their categseveral
things should be taken into consideration which is discussed in section 2.1.5. Moreover, even
though the system seems to be simple as previously explained in this section but like any new
technology, they come with some drawback when it comesiéployment. These will be

elaborated on in section 2.1.6.

2.1.2 Mechanism and Kinetics of Solid Biofuels

Since this thesis will only focous on solid biofuels, the following mechnismsQif@zCLOU
and CLG will be elaborated on since theysgrecific for solid fuels. With all the three different
processeshiomass is initially dried then pyrolysed to produce char, tar and pyrolysis gas (H
CO, Cg CH, GHy, etc.) in the fuel reactor. In #GLC, the pyrolyisis gas completely reacts
with the oxygen carrier to produce G@nd HO, whereas the tar is catalytically cracked hence
converted into a gas which reacts with the oxygen carrier. The char is gasificed by steam/CO
injected into the reacter which produces syngas which reacts withottygen carrier. CLG
experiences the same mechanism asGBC however with less oxidents (oxygen carrier/
H-O/CQ), hence the final product is syngas (CO apd IH CLOU, the oxygen carrier releases
Oz at high temparatures which reacts with the char, tar and pyrolysis gas resulting in complete
combustion. The oxygen carrier also acts as a catalyts in crackifgptare2.4 gives a visual

illustrates of the three mechanisms.
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[ In situ Gasification- CLC ] (Chemical Looping with Oxygen Uncouph’ng] Chemical Looping Gasification
( iG- CLC )( cLou )| cLG )
Co, co, unburnt Co, co
H,0 H,0 HO0 H,0 co, H,0 volatles H,0 H,

o 02
DRI ittt ettt
H,0 and/or CO, co, H,0 and/or CO,

Figure2.4. Mechanism for solid biofuels in chemical looping proces&és

Referring tathe reaction mechanism mentioned earliéne biomass gasificatioprocesscan
be categorizedinto three sections 1) biomasgyrolysis,2) A &b & 2 f AlRtwéebtheO (i A 2 Y
pyrolysis gaandthe OC, an®)& 2 f A Réadti@nfbatiReen the biomass char andet®C.

To describe the kinetics of the first two sections (biomass pyrolysis ansotjdseaction),

the shrinking core model is commonly ugé®, 66]. This model describes the solid particle

as it gradually shrinks throughout the reaction (biomass dsili@ation and lattice oxygen
reaction with volatiles on the OC surface), hence starts with consumption from the surface of
the particle inwardg69, 70]. However, there are plenty of drawbaskssociatedwith the
shrinking core model since aissumes particle sphericity and that it would remain spherical

after the reaction.

Regarding the solidolid reaction between biomass and the OC, two possible models are
suggested namelythe random nucleation and subsequent growth modél, 72] and the
modified random pore mode[73, 74]. The biomass char and OC react on the surface,
gasifying the char into syngas while a layer of residue is deposited on the OC surface,
confirming the first model. The latter model takes into consideration tmenpetition
between expansion and overlap in the por&olidsolid reactions tend to require higher

residence time, hence tend to slow down reactions.
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2.1.3 Advantages of Biomass CLG

This thesis will focus on solid biomass fuel to generate syngalsérice wil be using CLG
process. Biomass chemical looping gasification (BCLG) is associated with several potential
advantages compared to conventional gasification: firstly, the oxygen carrier can provide a
source of oxygen while avoiding the cost depleting procéssiding an air separation unit.
Secondly, the lattice oxygen has a higher chance of partially oxidizing the fuel compared to
molecular oxygen (stronger oxidizing strength), resulting in an increase in a higher quality
syngas (less GDMoreover, tarar O1 Ay3 A& SyKIFIYyOSR RdzS (2 GKS
effect during biomass pyrolysig5|, as a result @ownstreamthermal cracking process can

be eliminated, hence improving the overall gasification process. Furthermore, chemical
looping processes result in a reduction in exergy loss due to it undergoing moderate flameless
gasification compared to the conventionakttmochemical processes which undergoesre
intenseflame gasificatiorj76]. Finally, an appropriate oxygen carrier should be selected to
ensure adequate properties to convert the pyrolysis gas fandatalytic tar cracking, while

maintaining a low degreef combustion to prevenadecrease in the syngas heating value.

2.1.4 Biomass Feedstock

Several experiments have beeonductedon different types of biomass in CLG, with most
focudng on terrestrial and solid waste biomass and very little on aquatic biomass. The
different types of biomass thatave been used can belassifiedinto 3 categories namely
terrestrial, aquatic and solid waste. From the terrestrial biomass 7 different type®mass
havebeen tested including rice hu$k7 - 79|, rice straw{80 - 82] wheat straw|[83], pine[84

- 86], corn stalf87], peanut shel[87], eucalyptus wood88] and vegetable oil89], whereas

for aquatic biomass only chlorella vulgdi®§, 91] was tested and for solid wastes, sewage

sludge[92] and polyethylend 93] were tested.

There are several factors within biomass that affect the efficiency and kinetics of the CLG
processHightpercentage of fixed carbon according to the proximate analysis could lower the

gasification rate and decrease efficiency, this is due to the slow-soliid reaction between
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the OC and the char. Moreover, biomass has a high concentration of diallite earth

metal whichimproves the performance in the short terf@4, 95], but also causethe ash
melting point to decreasbence result in sinterinfp6], therefore reducing the lifespan of the

OC. Choosing a biomass with low ash contact can inc@@déetime. According to biomass
compositions, terrestrial biomass in general has the highest volatiles to fixed carbon ratio with
a low ash content, therefore more research has been conducted on them with more focus on
pine. Another option is chloreltaulgaris (aquatic) which has a high volatile to fixed carbon
ratio, higher than the rest of the terrestrial biomass with higher ash and nitrog&owt.%)
content. From the solid waste, sewage sludge has nearly double the reactivity compared to
terrestrial biomass due to the double in volatile to fixed carbon ratio value, it has a much
higher ash composition-p0%). Finally, since biomass has lower sulphur, there is less chance

of it poisoning the OC, however, it should be considered when using solid waste.

2.1.5 Oxygen Carrier (Metal Oxide)

hEe3aSy /I NNASNBE o6h/ Qauv LX L& 'y AYLERNII Y

CLPs. They go through multiple cycles, which can result in a decrélase pihysical integrity

NE ¢

YR OKSYAOFf AGNBYy3IlKaed {dzOK LINRPOSaasSa NBIdzi

process optimization. These qualities are numerous which include-terng stability,
environmental friendliness, physical strength, redox reagtiviow production cost, high
melting point, resistance to agglomeration and attritif#Y]. Some examples of OC dren,
cobalt manganesenickel,andcopper oxides. However, OC can come in many different forms
which is discussed later in this chaptBefore amlysing the different oxygen carriers based

on the aforementioned characteristics, the redox potential of the oxygen carriers should be
determined. The Ellingham diagram provides a complete study demonstrating the standard
Gibbs free energies oégeral oxygen carriers as a function of temperature as showipime

2.5. In simple termghe Ellingham diagram is used to predict the spontaneity and the shift of
reaction equilibrium (extent of reaction) at a certain temperature between a metal, its oxide,

andoygen.l 2 SOSNE 9ff Ay3IKFYQa RAFINFY OFy oS
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OC for the various CLPg-igure2.5B. This is done by splitting the diagram into three different
zones based on three reactions;
Reaction1c6 0 0 © ¢ 0 C Linel
Reaction2c© 0 © ¢OU C Line?2
Reaction3c6é6 0 © ¢80 C Line 3
These zones represent the oxidizing properties of the metal oxides.

Zone A:Above line 1 orFigure2.5B. Generally strong oxidizing properties and can be used

for CLC and CLG processes. Metal oxides in this zone include; NiO, CoO;(5 add FeOs.

Zone BBetween lines 2 and 3 drigure2.5B. Weaker oxidizing properties compared to metal
oxides in zone A, hence can only be used for CLG processes. M#te#szone include CeO

and FeO.

Zone C:Below line 3 onFigure2.5B. Metal oxides cannot be used as an oxygen carrier,
therefore considered inert for this application. Metals in this zone includ®LTiQ, ZrQ,

AkLOsz and SiQ.

Transition ZoneBetween lines 1 and 2 drigure2.5B. Metal oxides have the ability to act as
partial oxidizers, converting-Hnto HO while keeping C@Qnreacted, producing high 0@
content in the syngas. Metals in this zone include Si@ese are generally used to improve

the mechanical properties and lifespan of the OCs.
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400 600 800 1,000 1,200 1400 1.60‘()]

o T T T T T s 5T T 7 B g 7 R
A i = €0,€O
/ - 2
o s .
¥ d

o

400 600 800 1,000 1,200 1,400 1.6%0
T T T T T

-100 ~ -100
a Combustion

€0,/CO
-200 |- = -200

-300 |- = -300

€0,/co

=500 - - -500

1 co,ic0

600 - -600

=700 |- -700

Standard Gibbs free energy of reactions (kJ/mol O,)
A
8
T

Standard Gibbs free energy of reactions {(kJ/mol 0,)

600 | R o6 800 L LY L L L -800
&, €o,/co 400 600 800 1,000 1,200 1,400 1,600

N2 1 Temperature (°C)

] coyco0

1 1 . I . I I . _800
400 600 800 1,000 1,200 1,400 1,600

Temperature (°C)

Figure2.5. Ellingham diagranshowingthe standard Gibbs free energies of several oxygen

carriers as a function of temperaturg”

Based on the aforementioned, CLG can be achieved via two approaches. The foachppr

by using metal oxides from zone B to mainly produce syngas, which cannot further oxidize
due to thermodynamic restrictions. Second approach is by using®uthiometric amounts

of metal oxides from zone A, hence preventing complete oxidation. edevwy the latter
approach has been researched more and appears to be more promising. Ni, Co, Mn, Cu and
Febased oxygen carriers are the most common ones being reseaint®dA comparison
between the advantages and disadvantages of these metal oxidglsoisn inTable2.1.
Comparing between all these materials as oxygen carriers, Fe seems to be the most attractive
option due to its low cost, ability to withstand conditions inside a combustor (good stability
at high temperature), noftoxic in nature and has no negative environmental impact. Even
though it has its down sides as a low oxygen transport carrier, it will be used in this process
for CLG instead of CLC which gives it a slight advantage. Other oxygenroaterials do

have their strengths; however, this thesis will focus onibased oxygen carrier§able2.2

summarizes the reactions taking placasai chemical looping gasification process using an
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iron-based oxygen carrier. OCs can also appear in several other forms and not just as metal

oxides including oxide mixtures, polymetallic oxides, natural ores, and industrial materials.

Table2.1. Comparing Btween the common types of metal oxide oxygen carriéts®”

Metal Based Advantages Disadvantages
Material
Nickel 9 High catalytic reactivity 1 Increase in circulatioresults in a
1 Can reduce Ngemissions decrease in metallic Ni, hence
reducing catalytic performance
1 Low porosity leads to suppressed
reaction rate
1 Can be poisoned by sulphur
1 High cost
1 Toxic
Copper 1 High reactivity 1 Causes agglomeration due to low
1 High oxygen transfer capacity relatively melting point (1085°C)
1 Relatively low toxicity 1 Relatively high cost
9 Sulphur in fuel do not affect 1 Low resistance to attrition
performance
Manganese 1 Low toxicity 1 Reactivity can be suppressed in th
1 Inexpensive presence of sulphur
1 Reacts with some typical supportin
materials resulting in stable and
unreactive materials
Cobalt 1 High reactivity 1 High cost
1 High oxygen transport capacity § Environmental concerns
1 Reacts with some typical supportin
materials resulting in complete los¢
of reactivity
1 Negative health effects
Iron 1 Low cost 1 Relatively low oxygen transport
1 High mechanical strength capacity
9 High melting point 1 Reactively low reactivity
1 Environmentally benign 1 Agglomeration issues
1 No tendency for carbon or

sulphide/sulphate formation

Oxide mixtures:A mixture of oxides are added to improve the reactivity within the reactor.

Some oxides can be added either as catalysts, oxygen suppliers or have bifunctional

capabilities. Alkali/Alkali earth metal oxides can be used as a catalyst to enhance reduction

capability of Febased OCs, but cannot act as oxygen suppl#&¥s100]. Calcium oxide can

be used to capture Grroduced during the reaction, hence increasing concentration.of H

in the product strean101, 102]. Other transition metals can be added in combination which

Page | 26



Chapter2: Chemical Looping Technology

can serve as catalysts as well as oxygen suppliégs- 105]. However, the downside with
oxide mixtures is that they cannot maintain their structures and hence their function and start
forming rew solid solutions after multiple cyclesherefore not maintaining their

effectiveness throughout the process.

Polymetallic oxidesThese are OCs made up of two or more metallic ions which result in a
synergistic effect during the gasification reaction. In general; Becoupled with other
metallic ions to form polymetallic oxides since they have good characteristics yet low
reactivity. Different metals can my used to tune the reactivity of thebldsed OC such as Ni

in NiFeQs, enhancing its tar removal ability, yet reducing syngas quality due to higher
oxidation ability{106, 107]. Another example is Baf&: which has a high reaeity with char
(solid-solid reaction), but weaker reactivity with the syngas hence having a good syngas
quality [108]. CaFg0s and CaF#Ds can also be used due to their high reactivity, with the
former having the ability to maintain its surface structure compared to the latter, hence
enduring multiple cycleg109]. Other polyoxide oxygen carriers have also been tested
including MnFegOs, LaF€s: and CoFe®which showed better tar cracking capabilities
compared toFeOs [88, 110]. With multiple cycles, some metal ions might break from the
main structure which could result in a decrease in the reactivity. When some metal ions

interact with theash, it could promote sintering.

Natural ore: Natural ores have an advantage compared to synthetic OCs due to their high
abundance, low cost and relatively good mechanical strength. Since OCs generally wear out
with time, the reactor should be continuousdypplied with fresh OC, and natural ores are a
suitable option compared to synthetic fuels. Different types of natural ores have been
previously tested including hematite’8], manganese oré77, 111], llmenite [112] and
copper ore[113, 114] commonly used and reported in literature for CLG. However, due to
their low reactivity some have modified them and with oxides to increase their reactivity and

selectivity[103].
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Industrial waste:Industrial waste containing metal oxides that undergo-fre|atment can
sometime be used as OCBhey tend to have low reactivity and undergo calcination for
activation before being used. Some examples are red fhiel and copper slagl16] which

are residual wastes from the aluminium industry. Red mud is also a waste from leaching
bauxite. The amount of active metal oxides in industrial wastes varies from industry to
industry as well as process conditions.

Table2.2. Chemical looping gasification mechanism reactiotd

RN Reaction r((;]l/%golf)
No.
Biomass pyrolysis
1 6°0f G RIGHDI 0O i QO UB 6 "B "0 8 kH=>0
2 6 O0° 0 0 H(WatercGas Reaction) +100.58
3 00 "0O0° dO0 0O v(Methane Reforming) +224.26
4 0 0009 ¢O U(BoudouardReaction) +170.86
5 060 O0° "0 00U (WatercGas Shift) -35.14
Intermediates oxidation into secondary products by-Ee
6 ‘0 O © 00 ¢OW -5.83
7 'O O © 06 ¢0QU +30.27
8 00 cd0QQ 9060 ¢cOQ -40.97
9 00 OQ © 60 ¢OQU -4.87
10 60 p&O® ©° ol 60 YO +165.90
11 00 O0Q ©¢O0 o060 ¢0OQL +218.53
Simultaneously liquid tar is catalytically cracked using oxygen carrier particles
12 OO0 60 "WQI £ DN wé i KH >0
As for the char produced, solisblid reactions can occur
13 0@i 0O ©00 "OD kH>0
14 0'@i O © 060 "ON kH>0

Page | 28



Chapter2: Chemical Looping Technology

2.1.6 Challenges

1 f GK2dAK . /[t Q& alleiN@iel® dubstitlite chaent®nalitHeimbchemical
gasification processes, there are still some challenges associated with finding a suitable

oxygen carrier that should be overcome before commercialisation.

Deactivation of looping materials during biomass convensi® 118

1 Agglomeration:The formation of clusters of oxygen carriers due to the adhesion of solid
particles as a result of low melting point, this can result in bed defluidization and oxygen
carrier deactivation. Iron based oxygen carriers in particular can result in aggloomerati
when mangnetite (F£s) is reduced to wustite (FeO). However, when doping with
composite support it can also be observed that mechanical strength and reactivity

increases, hence reduces agglomeration.

1 Attrition: Due to the nature of the fluidization poess. As the OC circulates between the
fuel and air reactors, it experiences a great deal of physical stress which can result in a

reduction in size and chemical strength. This is very crucial for its lifetime.

9 Carbon Deposit:The deposition of carbon othe OC can reduce its reactivity and
performance. The extent of carbon deposition depends on several factors including; inert

support, metal oxide, oxygen availability and OC/steam ratio.

1 Sulphur: S and COS are produced from biomass gasification praceBsaction
0SU6SSY GKS h/ FyR &dzf LIKdzNJ O2Y LR dzy R4A Aa Ay
and formation of low melting point compounds resulting in problems during the process.

However, sulphur content in biomass is less than in coal, givimgat@antage.

1 Ash: Depending on the composition of ash, it can demonstrate negative or positive
results. High concentration of Ca and Mg increases the melting point of the ash, hence
reducing any signs of agglomeration and sintering. Whereas, the presdérda or K
reduces the melting point and can encourage agglomeration and sintering. Additionally,

SiQ rich bed can react with K producing potassium silicate, resulting in major particle
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sintering. Moreover, potassium can form a bond with Fe, hence weagehim Fe¢ O

bond, resulting in the escape of the lattice oxygen from the oxygen carrier.

2.2 Reactors

2.2.1 Basic Principle of Fluidization

CfdZARAT SR 0SRa NBIFOG2NER o6C. wav gSNB FTANRGD Ay
process for coal gasificatighl19]. The basic principle behind gsslid fluidised bed reactors

is to suspend particles in a column, resulting in enhanced heat and mass transfer during
chemical reactions. A packed bed of particles (bed material, sorbents, ash and solid fuel) is
placed over a gratdike air distributer at the bottom of a vessel. Air is blown through the

bottom of the reactor, causing the particles to move freely, hence taking a hydrodynamic fluid
property. At the point when the drag force caused by the injected gasleghe weight of

GKS LI NGAOE Sazr (KSe o0SKIFI@S t+ta + FtdzAR o0y |
name fluidised bed. This ensures even mixing between fuel and air, along with even heat

distribution.

Advantages associated with fluidisedbe NB I O 2 NA 0 C. w®Banetal ]88 & dzY Y|

as the following:

1)Uniform temperature distribution

2)High solidgas exchange area

3)Ability to burn lowgrade fuels with low calorific value
4)Ability to burn high ash content fuels

5)Ability to burn high moisture content fuels
6)Emissions performance (enhanced sulphur capture)
7)Reuse of norhazardous byproducts (e.g. gypsum)

8)Operated at lower temperatures resulting in lessxN@mation

However, they are still associated witbveral disadvantages including
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1)Requirement of a highly efficient soligl liquid separation process due to the
formation of high amount of dust
2)High solid velocities result in erosion
3)Agglomeration of solid particles

4)Reduction in efficiency du® high pressure drop along the riser

FBRs are categorized into several technologies depending on their fluidization v&logity.

2.6 presents the four different categories, namely, fixed bed, bubbling fluidized bed,
circulating fluidized bed and pneumatic transport reactor. However,ttlesiswill focus on
bubbling and circulating beds as they are wused for power generation
(combustiorigasification)applications[60]. Although both follow the same principle, they
vary in design parameters, which is simply due to the difference in fluidization velocity,
bubbling fluidized bed (BFB) (3.0 m/s) and circulating fluidized bed (CFB) 35D m/s).

Fixed bed has negligible fluidization velocity, whereas pneumatic is higher than[87n/s

—— FIXED BED BUBBLING CIRCULATING TRANSPORT REACTOR —
1-4 fps FLUID BED FLUID BED 30+ fps

4-12 fps 12-30 fps

Figure2.6. FluidizationRegimesfps: feet per second®”

2.2.2 Differences Between CFB and BFB

A BFBs generally divided into two sectiothe bed and the freeboard. The low fluidization
velocity of bubbling fluidized gasifiers resiit the bed material mainly fluidizing in the lower
section of the furnace, causing a nraniform and violent mixingFigure2.7A) which causes

some particles to jump up to the splashing zone (section of the freeboard, just above the bed).
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Depending on how small the particle size is, some could elutriate with the flue gas out of the
boiler. However, the particle concentration densisyhigh at the bottom of the boiler (bed)

but lean up the freeboard. The bed acts as a heat buffer, hence controlling the heat transfer
between particles in the bed. This coupled with the low fluidization velocity and high
residence time in the boiler, nkas it more suitable for fuel with varying moisture content,

large patrticles and low calorific value fuels. Due to most of the combustion/gasification taking
place in the bed, it is usually lined with a refractory layer, protecting it from high
temperatures, corrosion,and erosior{ 120, 121].

The concentration of particles in a BFB can vary from high to low. When patrticle concentration
is low, particles kinetics dominate solid viscosity and solid pressure is close to zero. Whereas
at high solid concentratius, frictional stresses dominate solid viscosity and solid pressures
increase. The drag between phases describes the momentum exchange and is expressed by
GKS RN} 3 O2STFTAOASY(H Ay GKS Y22YSydlddzy Sljdz G
expressed as shown Equation 2.1

w O-i-d g Yo s
Bi o O'OT [2.1]
The minimum fluidization velocity (Umf) is defined as the superficial gas velocity when the
drag force of the upward moving gas is equal to the weight of the particle bed arprisssed

as shown belovin Equation 2.2122].

~

Y [2.2]

On the other hand, CFBjgure2.7B, require a higher fluidization velocity, which allows the

LI NI AOf Sa G2 GNY oSt KAIKSNI dzLlJ 6KS FNBSo62F NR
velocity creates high turbulence, hich improves solid mixing as well as heat and mass
transfer. Most particles fall back down along the walls causing internal recirculation, whereas
other particles escape with the syngas from the top of the furnace. Before the flue gas is sent

to the convetive pass, it is passed through a cyclone to recycle the particles (bed material

and fuel) back into the bed, ensuring constant bed materitd ¢ fuel ratio. This rigorous

mixing of the particles results in a better distribution across (an increasingitglegradients

Page | 32



Chapter2: Chemical Looping Technology

down the furnace) the furnace, hence a homogenic temperature distribufid). Figure2.7

shows aschematiccomparison between BFB)(and CFBHJ.

(a) « fuel (b)

bed material
freeboard API LR
secondary secondary ¢ (AL
air air OOC
bed bed M
material \L SIS material%1 CRCRE S
fuel\y\:} ------ fuel \ oot

ash ash

Figure2.7. Schematiaepresentationsof a BFB (a) and a CFB /@)

2.2.3 Chemical Looping Processes Reactor

Chemical looping processes displayed Higure 2.1, Figure 2.2 and Figure 2.3 can be
performed invarious typaof reactor configurationsThoseconfigurations can be categorized
as either interconnected fluidized beds (circulating or bubbling), moving bed connected to a

fluidized bed riser or alternating fixed/packed beds

In general, most chemical looping processes employ raaerdonnected fluidzed bed
configuration for the air and fuel reactors which specifically define the type of fluidized bed
reactor used for both reactors. Several factors come into place to define the configuration to
be used including the oxygen carrier reactivity, but meghificantly the size of the unit. At
low scale, the following configurations have been previously tested:

1) Bubbling fluidized beds for both reactoy$23]

2) Annular shape reactor with double circulating fluidized bed (CFB) Idag$

3) Soout-fluid bed instad of a bubbling bed for the fuel reacti25]

4) Series of three interconnected bubbling beds (one fuel and two air reacib?s)
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5) Two bubbling beds in series to improve volatiles conver§iaT]

However, the issues associated withhblingfluidized bed (BFB) fuel reactaslarger scalge

is that they are susceptible to thésk ofsignificant unconverted fuejas bypasag through

the bubble phasgwhich isnot tolerable insome CLPsThe gas slip can beduced by
decreasing thdluidization numbersn the reactor, while increasing theed height However,

as a result the bed cross sectional area in the fuel reactor would increase, hence requiring
more solid inventory.Therefore, Kolbitsch, et al[128] suggesteda turbulent or fast
fluidization regime in the fuel reactogllowing gassolids contact over the whole height of
the reactor and potentially alloing operation with lower solid inventorieS his was used in
the 120kW, unit for gaseous fuel at the TechaldJniversity of Vienna (TUV) with a circulating
bed air reactor connected through a hydraulic link. Other pilot plants developed two
interconnected circulating fluidized bed reactors for each, fuel and air re@t26r 130, 131,

132].

Furthermore, Ohio State University (OSU) proposed a moving bed fuel reactor configuration
in its design133], where the oxygen carrier flows counter currently to the fuel in the fuel
reactor. In this design, the volatile matter rises to the top of thecteawhere it reacts with

the oxygen, whereas the char reacts at the bottom of the reactor. All moving bed fuel reactors
were designed for units operating 286 kWth,howeverscaingup the moving bedsan be a
challenge due to the importance of ensuring@mogeneous solid angeat mixing within the
reactor. Regarding the air reactor, it is generally a circulating fluidized bed connected to a
riser. A key aspect for his configuration is ensuring an appropriate oxygen carrier particle size
is used that woud suit the air and fuel reactors. A moving bed reactor configuration has been

used widely for CLWS process for the fuel and steam reddidfs

Finally, packed beds have also been tested for[CRS; 136]. It consists of two alternating
fixed beds for alternating oxidation and reduction reactions to take place in two separate

reactors. The time between alternating between both reactors is used to mildly fluidize the
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beds after each cycle to level off comtation and temperature profiles. This configuration

is generally used to test at higher pressures3(MPa).

2.2.4 CLG Milestones and Pilot Scales

Chemical looping gasification of solid biomass has come a long way since it was firgdbyested
Matsuoka et al[137] in 2006. A lot of tests followed it using fixed and srsallle fluidized

bed reactors, which focused on testing reaction conditions and mechanism. Recently in 2014,
the first BCLG operation en10kW continuous circulating interconnected fluidized bedswa
established at the Guangzhou Institute of Energy Convefaig#]. The fuel reactor consists

of a bubbling bed while the air reactor is made up of a bubbling fluidized bed at the bottom
with afastfluidizingbed across the height of the reactor, withtbaeactors connected with

a loopseal. The following year a 25kW dual fluidized bed reactor was established at Southeast
Universityby Huijin et al[81]. The design consisted ofast-fluidizingfuel reactor, a bubbling
fluidized steam reactor and a loseal air reactorTable2.3 summarizes all the CLG currently
established pilot scale continuous reactors.

Table2.3. List of chemicalooping gasification continuous units

Institute Initials Location  Configuration Power (kW) Reference
Southeast SuU Guangzhou BFBCFB 0.6 93, 139
University (China)

Guangzhou GIEC Guangzhou BFBCFB 10 138, 140,
Institute of Energy (China) 141
Conversion

Southeast SuU Guangzhou BFBCFB 25 81,79
University (China)

2.3 Chemical Looping Gasification Research

Research into chemical looping gasification processes has been increasing in the past two
decadesExperiments have been conducted on pilot scale, testing different types of oxygen
carriers, biomass sources, conditions and set up which demonstrated higher efficiencies due

to less energy penalties compared to conventional power generation proc¢83eiS].
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However, this section will focus on discussing and analysing CLG experiments conducted on

sawdust pinedbiomass using natural hematite as an oxygen carrier.

2.3.1 Experimental investigations and Process Variables
2.3.1.1 The Use of Hematite

Thermal gravimetric analysis shows that iron ore does not decompose during the heating
process, suggesting that oxygen cannot escape as gaseous phase but remains as lattice oxygen
[117]. In another paperHuang et al.[142] demonstrates using a bubbling bed in a transport
furnace that lattice oxygen in natural hematite can act as an oxidizing agent for gasification
reactions. The author compared between using quartz and natural hematite as bed material
and observed that gaproduct concentration remains relatively constant, low.G0d CO
concentrations with time when using quartz. However, when natural hematite is used, the
concentration of the syngas produced changed with time, initially higic@@@entration and

low H, GHs and CO concentrations were observed followed by a decrease and an increase in
the respective concentrations as the process carried on due to the depletion of oxygen in the
oxygen carrier. The gasification efficiency when using hematite bed materi&7¢82.is
19.21% higher than when using quartz (63.36%), which is due to the higher carbon conversion
hence higher gas yield. However, as the oxygen carrier went through several cycles, its
oxidation ability decreases. Moreover, BCLG demonstrated a loweeotration of CO and

CQ compared to air/oxygen gasification, which is due to the stronger oxidizing effect of
molecular oxygen. A similar experiment was setbyHe et al.,[143] where he compared
between using silica sand and hematite particles as batkrials with parallel conclusions

obtained.

Huang et al.[144] compares between biomass steam gasification (BSG), biomass pyrolysis
(BP) and biomass chemical looping gasification (BCI&).authorconcludes that BSG
produces more C£and H compared to BP, because of steam decomposition, resulting in
carbon being oxlized and Hbeing produces vighe steam reforming reaction. Moreover,

BCLG produces more £Compared to BP as a result of hematite particles reduction
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reactions, therefore showing that hematite can act as an oxidizing agent. However, it was
notedthatO Nb 2y O2y @SNBAZ2Y 2F . {D 6Fa& KAIKSNI GKIy
is higher than the hematite oxygen lattice particles. Similar results were obtained by the same
author in a different articlg 145] when comparing between BSG using silicadsbed and

biomass gasification lattice oxygen (BGLO) which he defined as similar to BCLG but with the
addition of steam. The author concluded that both steam and hematite can be used as an
oxygen source and would consequently reduce the amount of stegoined in BGLO for the

same gas Yyield compared to BSG.

In addition, iron orebased oxygen carrier has been proven from previous literature to have a
double effect on gasificatiofi46]. On one hand, it acts as an oxygen source through its lattice
structure for biomass gasification. On the other hand, it provides a catalytic effect in tar

cracking and reforming.
2.3.1.2 Effect of Temperature

CLG is a thermochemical process, which suggests that it is highly affected by variation in
temperature. Previous literaturenigeneral, have been in agreement regarding the effect of
temperature Huang et al[117] set up a bubbling fluidized bed reactor placed in a transport
furnace where he tested the effect of temperature on a BCLG reactor. The author observed
that anincrease in fuel reactor temperature favours an increasedmid CO yields, yet a
decrease irCQ and CHyields. This can be explained according to the reactions taking place
during the chemical looping gasification mechanism. The endothermic nature of the biomass
pyrolysis reactions hence increases the carbon conversion (reactiongt,1Table 2.2)
favouring an increase in CO and Ebncentrations, hence observed experimentally.
Additionally, an increase in temperature shifts equilibrium of the endothermia CH
combustion reactions (reactions 10 and Thple2.2) to the right, resulting in a decrease in
CH concentrations. However, this increase shifts the exothermic CO combustion reactions
(equations 8 and 9rable2.2) towards the left to decrease CO concentration. The increase in

temperature results in an increase in gas yield hence an increase in gasification efficiency.
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This has been observed in sevepalpers includind 143, 145, 147, 148]. However, they
experienced different percentage changes in concentration with temperature depending on

the conditions (oxygen carrier, pilot plant set up, etc.).

Zeng et al[149] set up a rigor a dual fluidized bed gasifier, which consisted of a fuel and a
steam reactor for gasification and an air reactor to regenerate the oxygen carrier. The author
tests the effect of increasing the temperature of the steam reactor which results in an
increasean H and a decrease in CO ands€bhcentrations up to 91TC. Further increase has

no effect on the gas concentration. Simultaneously, the cold gas efficiency agckIH

increases up to 9IC followed by a slight decrease as temperature further increase

On the other handGe et al.[79] used an interconnected fluidized bed and observed an
overall decrease in z1CO and CHtoncentrations, yet an increase in £85 temperature
increases, which contradicts other papers. It can be suggested that exgggnacarrier was
used in the reaction. This can be supported since the percentage of hematite in the bed
allowed the temperature to remain stable without external energy input, suggesting that

there could be enough OC to completely combust the biomass.

Wel et al.,[141] Investigated the effect of increasing fuel reactor temperature on the air
reactor flue gas. The author concluded that an increase in temperature reduced the amount
of CQ produced in the air reactor, this is due to the increase in gasification/combusfion
char particles in the fuel reactor, therefore decreasing the transfer of the char particles from

the fuel reactor to the air reactor.

All the references mentioned above generally are in line with each other when looking at the
effect of temperature on arbon conversion, combustible gas yield, lower heating value and
cold gas efficiency. They observed tlaat temperature increased, all the aforementioned
parameters increased in value. This effect can be attributed to the increased tar catalytic
cracking,char conversion and increase in oxygen carrier reactivity with an increase in

temperature.
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2.3.1.3 Steam/Biomass (S/B) Ratio

Huang et al.,[145] demonstrates that an increase in S/B ratio increasesahld CQ
concentrations, but decreases £&hd CO concentrationsThis is because steam provides
molecular oxygen for char oxidation and hydrogen for hydrogen production. The wgtes

shift andmethane reformingeactions (reactions 2 and 3able2.2) undergo an equilibrium

shift towards the righthand side, increasing .Hand CO concentrations. However, CO
concentration decreases due to it being consumed by the water gas shift reactanet al.,

[149] observed a similar trend; however, €€ncentration experienced a dfigdecrease as

S/B ratio increased more than 1. This could be due to excess steam being injected into the
reactor (temperature is at 800°C) at approximately 120°C, therefore resulting in uneven
reactor temperature distribution (reducing reactor overall tparature). This has also been

observed by79], [147] and[148].

Huang et al.[145] tested the effect of increasing S/B ratio and observed an increase in carbon
O2y@SNEA2Y YR 3+a&8 @8ASEtR dzLJ G2 | YFEAYdzy 27
cracking and reforming reaction. However, further increase resulted in a decrease in both
values, which could be due to the uneven reactor temperature distribution when injecting
excess steanBimilarlyZeng et al.[116, 149] observed that the cold gasfficiency increases

with an increase in S/B ratio up to 0.75 and 0.5, respectively, followed by a drop in value.
However,Ge et al.[79] observed an increase in syngas yield with a constant increase in S/B
ratio up to 1.4, which could be due to the excess in oxygen carrier resulting in maintaining

higher temperatures.

Zeng et al.[150] suggests that using steam as a gasifying agent albatige oxygen carriers
consumes a lot of energy. Thus, the author suggested an alternative process called biomass
seltmoisturised chemical looping gasification (BEMG) were biomass is dried then mixed
with ionised water before being placed in the reaictTherefore, a fixed bed reactor was set

up to compare between BSKELG, dry biomass chemical looping gasificatiorGD8) and

biomass steam chemical looping gasification(B&). BSMLG demonstrated a higher gas
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yield and LHV compared to the other tywomocesses, however BS.G showed a higheg/B0O

ratio, which is due to the higher oxidation strength of steam, hence producing mare CO
2.3.1.4 Biomass/Oxygen Carrier (B/OC)

To obtain higkquality syngas, the biomass/oxygen carrier ratio is an important paraniete
CLGHuang et al.[145] has concluded that the percentage of oxygen carrier particles in the
bed is crucial to achieve a required product. The amount of oxygen carrier should be chosen
to keep the gasification temperature stable. High amount of orygarrier will result in
complete combustion while little amount of oxygen carrier will result in insufficient amount

of oxygen and gradual decrease in gasification temperature of the reactor.

Huang et al.[117] tested different B/OC ratios and concluded that increashregB/OC ratio
results in an increase inoHCH and CO cumulative concentratiaand a decrease in GO
concentration. This is due to the increase in pyrolysis gas according to reactidaldléd.2,

while keeping the amount of available lattice oxygen constant. This in return reduces the
contact between pyrolysis intermediates and lattice oxygéherefore CQ@ cumulative
concentration decreases while increasing the rest. Additionally, this is also due to the effect
of the Boudouard reaction (reaction 4), which reduces @@ CO and the shift in reactions

6 ¢ 11 (Table2.2) equilibrium to the left due to the deficiency of &&. This has also been
confirmed byWei et al.,[141]. However, in regard to the air reactor, £€bncentration
increases while gxoncentration decreases with an increase in feeding rate. This is due to the
increased char entrainment from the fuel reactor to the air reactor, resulting in an increase
in char combustion in the aneactor. Huang et al[144] and Zeng et al[150] tested the

effect OC/B ratio rather than B/OC ratio and got similar however opposite trends.

Increase in biomass feeding rate (B/OC ratio) increases LHV due to more pyrolysis gas being
produced, however, decreases the syngas yield and carbon conversion. However, the cold gas
efficiency increases up to a maximum feeding rate then decreases. Ceoldffg@ency is
dependent on the gas yield and biomass composition, which means that the increase in LHV

cannot compensate for the decrease in gas yield. This has been obserjid/hy141] and
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[150]. Additionally,Huang et al.[144] suggests that anncrease in biomass/oxygen ratio

decreases the catalytic cracking of the tar, therefore decrease in carbon conversion.
2.3.1.5 Residence Time/Strength of Oxygen Carrier

He et al.[143] set upa CLG experimeim a single fluidized bed reactor placed in a transport
furnace experiencea drop in C@with an increase in CO and &bk time increasewhich can

be associated with the Boudouard reacti@maction 4,Table2.2) and steam reformation
(reaction 3,Table2.2), respectively. This was followed by a decrease in all CO and H

after 20 minutegue to the decrease in oxygen activity, hence just pyrolysis was taking place.
A similar conclusion waseerved byHuang et al.[144] and Huang et al.[145]. Similaly,

Wei et al.[141] observed that the carbon conversion and cold gas efficiency decreases with
time in an interconnected fluidized bed. This can be explained by the slight loss in oxygen
carrier reactivity. Similarlyle et al.[143] tested the effect of 20 redox cycles ngia fluidized

bed reactor in a transport furnace. It was observed that after 5 cycles the oxygen carrier
particles 5% of the hematite mass was lost, but from tlad20" cycles the mass loss was
less noticeable. This can be explained due to the raumeiffect of the irregularities of the
oxygen carrier that takes place during the first few cycles, resulting in fine particles breaking
off and elutriating out of the reactor. In anoth@aper, Huang et al.[142] experiences the
same result ancexplains that the attrition rate of the OC decreases with time, which is
associated with an increase its mechanical strength. MoreoveXue et al.[84] also tested

the effect of reactive hematite with biomass char and observed a downward trend nejds

and carbon conversion after 20 cycles, concluding that it was due to ash sintering on the
oxygen carrier hence reducing contact with the active sites as well as reducing the specific

surface aredy covering the pores.
2.3.1.6 Oxygen Carrier Characterization

Heet al.,[143] conducteda SEMcharacterization on natural hematite oxygen caraed two
samplesafter undergang a20-cycle reaction and with pine sawdusta fluidized bed reactor

at 800°Cand850°C The surface of the natural hematite was seen to be covered with granules
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smaller than 5um in addition to having a porous structure which is beneficial due to increased
surfacearea, henceenhancing the reaction between the gas and the hemaiitee results of

the cycle tests showed a more uniform compact surfacehe 850Csamplewhich was due
sintering and agglomerationafter the constant reduction and oxidation taking place in
addition to the thermal stress3Vhereas the 808 sample exhibitd larger pores and larger
particle sizes.Huanget al.,[151] reactedbiomass chawith natural hematitein a fixed bed
reactorand conducéd a SEM and XRD analysisthe oxygen carrier samples. An XRD test
was conducted on fresh hematite, reduced hematite after reaction with biomass in inert
atmosphere, reduced hematite in the presence of steam a2@-ayclehematite samplelt

was observed the E6xsis the active phasm the fresh hematite with the BE€; being reduced

into FeO under inert atmosphere. However, in the presence of steam, som@: e
converted into FgO4. This is due steam being another source of oxygen and steam gasification
of char being more thermodymaically favoured. This could help inhibit tagglomeratiorof

the oxygen carrierA EEM-EDXtest was conductedfollowed by a BET tesin the fresh
hematite and 20 cycle hematite sampleshowed that the porous structure was maintained,
however the porosity of the 2@ycle oxygen carrier was reduced due to sintering hence
merging of small fragments to form largeanules Huanget al.,[117] reacted pine sawdust

and natural hematite in dluidized bed reactor. This was followed by conducting a XRD and
SEM tests on the oxygen carrier sampthe reacted and regenerated at a range of 5
temperatures It was observed that all 83, FeOs and FeO phases were observed in the
reduced oxygen caer which could be due to the uneven reaction in the whole region of the
oxygen carrier. Moreover, no new solid crystalline phase solutions were detected showing
stability of the inert oxidesRegarding the SEM test, the porosity starts disappearing above
1113K due to thermaintering.Huanget al.,[142] conducted a cycle experiment, testing the
effect on the XRD results when reacting hematite with pine sawdust in a fluidized bed reactor
after 1, 5, 10, 15 and 20 cycles. It was observed that the reduced samples resulted in further

reducing and formation foFeO as the number of cycles increased, which is explained due to
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the uneven reduction in the fluidized bed reactor as number of cycles increase. This results in

the regenerated oxygen carrier havingsBgpeak appearing.

Huet al.,[152] gasifiedChlorella vulgaris algasing99% purity Fg0; oxygen carrier in a fixed

bed reactor followed by conducting an XRD and SEM analysis on range of temperatures and
OC to biomass ratiokinally,Huang et al.[92] reacts sewage sludgeith natural hematiteat
different biomass to oxygen carrier ratios and at different temperatuiidss was followed

by conducting gore structure analysis on the fresh hematite andXRD test oithe range

of samples from the different tests. Moreover, a 1 cycle and 12 cycle testsawackicted,

and their oxygen carriers were tested XRD and SEM analysis.

2.3.1.1 Summary and Gap in Hematite Experimental Analysis Literature

Review

From looking at all the neviousliterature § K SNBX Kl ay Qi o0SSy Fyeé LS|
reactingpine sawdust with a hematite oxygen carrier in a fixed bed reagtus coupled with

the absence in understanding the effect of OC to biomass (OC/B) ratio, temperature, and
residence ime when gasifying pine sawdussinghematite oxygen carrier. Therefore, this

thesis conducts a series of experiments at a range of temperatures, OC/B ratios and resident
times in a fixed bed reactor. The reduced oxygen carriers are then analysed uBihgsbsR

followed by conducting an SEEDX analysis on the OC/B and residence time samples. The
temperature samples are regenerated back in the fixed bed using air and analysed again using

XRD followed by a SEEDX analysis.

2.3.2 Techno Economics Literature Review

Research into scal@p of chemical looping technologies has progressed quite a bit in recent
years, with several demonstration pilot plants being established all over the wiartde2.4

puts together all the chemical looping pilot plants.
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Table2.4. Summaryof all the chemical looping power plants

Organisation Country Plant Size Oxygen Carrier Reference
Technical Ni-Based/limenite/Copper/
University of Austria  0.14 MW  Manufactured combined oxide/  [153 ¢ 155]
Vienna (TUWIEN) Iron-based
Darmstadt liImenite / CaeCaC®@looping/ Iron
University of Germany 1MW ore/Manufactured combined [156, 157]
Technology oxides
Alstom Power, Inc  USA 3 MW CaSo [158]
Chalmers
University of Sweden 12 MW liImenite/Manganese Ore [159]
Technology
Chalmers Ni-Based/Manufactured IroiBased
University of Sweden 10 kW Oxides/Manufactured Combined [16Q
Technology Oxides/limenite
Korean Institute of  South 0.2 MW NickelBased [161]
Energy Research Korea
SINTEF Norway 0.15 MW CopperBased/limenite [162]
Ohio State
University (NCCC USA 0.25 MW Manufactured Irorbased [163]
Oh'.o St"?‘te USA 25 kW Manufactured Iron Based [164]
University
Babc_ock and USA 0.25 MW Manufactured Iron Based [165]
Wilcox
Chalmers . .
University of Sweden 0.1 MW IImenlte/Ma_mufactured sl et [166 ¢ 168]
oxides/Iron ore
Technology
JCoal Japan 0.1 MW lImenite [169]
Tsinghua : Under
University ST SO Fes construction
Southeast : Under
University China  1~3 MW Fes construction
Southeast .
University China 3 kw FeOs [170]
Southeast China  10KW Nickle Based [171]
University
Southeast : Natural Iron Ore/ Waste Iron
University Sl el Ore/Nickle Based [81]
Sogthegst China 50 kW Natural Iron Ore/ Waste Iron Ore [172]
University
Huazhong
University of = ~pina 5 kw Hematite [173]
Science and
Technology
Huazhong
Unl_versny of China 50 KW Natural Iron O)_(lde/ Waste Iron [174, 175]
Science and Oxide
Technology
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Manganese Ores/Manufactured

IFPEN France 10 kw Combined Oxide/Nickle [12?’%]76 ¢
Oxide/Copper Based
Institute of
Combustion and . .
Germany 10 kW Iron Oxide/ limenite [179]
Power Plant
Technology
Weitjiri\r/‘ef;?;”‘:ky USA  10kw Copper Based [180]
Guangzhou
Institute of Energy  China 10 kW Manufactured Iron Based [138]
Conversion
Hamburg
University of Germany 25 kW Copper Based/llmenite [127, 181]
Technology
Instituto de . Natural Iron Oxide/ Waste Iron
Carboquimica Spain 50 kw Oxide/llmenite [182, 174]
WA (NS Finland 50 kW Manganese Ore/ limenite [183]

Centre

However several techneeconomic evaluation of biomass chemical looping processes (BCLPSs)
have been conducted, with even less focused on biomass chemical looping gasification to
power generation as reviewed [#hao et al.[65]. Xu et al. only investigated chemical looping
partial oxidation process for thermochemical conversion of biomass to syngas without
considering the following power generation proceds34]. Similarly,Kong et al,[185]
develops an Aspen Plus model for chémal looping reformingto compare between
conventional reforming processes and chemical looping refiognof biogas into H Zeng et
al.,[186] used coal fuel to develop a chemical looping water splitting model to produce H
None of them considered coupling the process to a combined cycle and did not conduct an
economic assessment. Yan et gl87] compares between three chemical looping system

for hydrogen production via the aid of Aspen plus to design the models. These systems include
biomass hydrogasification, methane reformation and caleclaoping based C{absorption.
Gopaul et al.[188] compared to two chemical looping gasification peeses for unique
hydrogen production: one scheme producesuding a CaO sorbent for €&pture and total
sorbent recovery; another scheme producesuding Febased oxygen carriers for netuotal

carrier recovery. Li et al[189] established a novel poess using Aspen Plus consisting of
butanol production from sawdust biomass using CLG process. The author gives a detailed
design followed by an economic assessment for the whole process. Moreover, although

Cormos et a]190] studied biomass direct chemical looping (BDCL) concept for hydrogen and
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power caproduction from the aspect of process configuration, simulation, thermal
integration and techneeconomic assessment, nevertheless, in his study chemical looping
combustion ofbiomass (rather than biomass direct chemical looping gasification) coupled
with three reactors (fuel reactor, air reactor and steam reactor) are proposed to produce
hydrogen and power simultaneously. Similarly, Kuo et 291] developed a hydrogen and
electricity coproduction chemical looping power plant comparing between raw wood and
torrefied wood. The author established a biomass steam gasification (BSG) process integrated
with a chemical looping hydrogen production (CLHP) usingaraie and a combed heat

and power (CHP) systems. The author uses Matlab and Aspen Plus to develop a detailed
kinetics model of two counter current moving bed, which was used to obtain the maximum
steam velocity in the moving bed. Moreover, a comparison between perfoceardications

such as hydrogen thermal efficiency, overall system efficiency and hydrogen yield indicates
that using terrified wood is preferable. Li et,dl92] developed a multistage model using
Aspen Plus of a biomass direct chemical looping (DBGt&gs, known as chemical looping
water splitting (CLWS) for hydrogen production or power generation. A performance
evaluation was conducted to obtain optimum conditions. It was then concluded that DBCL
process is significantly more efficient th&raditional biomass utilization processes. Zaini et

al., [193] also developed an GLC cgeneration model using Aspen Plus with macroalgae
feedstock to evaluate the relation between certain parameters and performance of the
system. Sorgenfrei et.a]194] alsoconduceda similar test using irehased oxygen however
using coal as the feedstock. Yan et[aP5] developed an Aspen Plus model of a biomass/coal
co-gasification i@CLC to power plant coupled to a solid oxide fuel cell andc&@ure using
mineral sequestration. Several key operational parameters were tested including biomass
mass fraction, steam/caéon ratio, gasification temperature, and oxygen carrier/fuel ratio
and its effect on both energy and exergy efficiencies as well as carbon capture rate. It was
concluded that the energy and exergy efficiencies are equal to 39.9% and 37.6%, with 96.0%
of the carbon within the coal and biomass can be captured. Zhou.etla6] develops a
chemical looping combustion model using Aspen Plus comparing between the use of different
fuels (pine sawdust, almond shells and olivine stones) and two oxygen carrieg®s éiRed

MnG:s).

Page | 46



Chapter2: Chemical Looping Technology

Besides, Ge et dl197] recently developed a 30 t/h biomass chemical looping gasification
combined cycle (BCLGCC) model on aspen plus which was validated and used to conduct a
thermodynamic analysis, testing the effects of temperature atghm/biomass ratio on the

HHV, gas composition and power generation. However, the scale of the simulation plant is
small (electricity output is about 382 MW), which is not suitable for gateam turbine
combined cycle to produce power due to its bad eamic feasibility, as a result no economic
analysis or sustainability evaluation of the power plant was conducted in their study.
Aghabararnejad et al198] compared between biomass conventional gasification using pure
oxygen as the gasifying agent andraall scale 7 MWBCLG system using{0a(8%)/AOs

by developing an Aspen Plus model of each. A basic economic analysis of the Total Capital
Investment (TCI) and operational costs were investigated just for the gasification unit, but no
techno-economic analysis was conducted for the whole power plant. The author also
compared between BCLG and conventional air gasification and concluded that the LHV of the
syngas is higher for the BCLG process, which is due to the high concentratipmahél

syngas whn using air as the gasifying medium.

2.3.2.1 Summary and Gap in Techno-Economics Literature Review

Unlike the previous studies, this thesis will give a comprehensive teeboiwomic analysis
followed by a sustainability evaluation of an industrial scale 650 MW (gross power) direct
chemical looping gasification of biomass to power generation, espedalg,included in the
power plant are also considered and investigated. Allowing us to test the technical and
economic feasibility of the process in large scale. An Aspen Plus simulation process of the
whole biomass chemical looping gasification usiegraite as oxygen carridsased on the
experimental data from an interconnected fluidized bed reactor and the industrial or
demonstration data was established and validatédthermodynamic analysigsing this

model wasconducted,discussingtie effect of keyparameters (oxygen carrier to biomass,
gasification temperature, steam to biomass, pressure and WGS degree) that have a significant
effect on syngas quality (net power output, syngas LHV and net efficiency) and quantity (gas
yield) were investigated to ohin optimal conditions and maximum syngas output for the
consecutive power generation process. This was followed by an economic feasibility analysis,

of the entire biomass direct chemical looping gasification combined cycle power plant. A
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sensitivity analgis of different key technical and economic parameters was then conducted
to see which has the biggest impact on the COE. A sustainability evaluation for both the
BCLGCGCCS and ne@CS power plants at a scale of 650 MW (gross power) electricity output
wasalso conducted, which was compared to other power generation technologies such as
coaHired power plants, biomass direct combustion, traditional coal gasification and
traditional biomass gasification to power generation technologies with and w/o C@%j giv

comprehensive understanding of BCLGCC technology for further research and development.

2.3.3 Life Cycle Assessment Literature Review

The scope of many previous articles and research on gasification technology focused on
conducting techneeconomiecenvironmental analysis of gasification power plants using
coal/biomass. This comprised of investigating the cost effectiveness, efficiencies, and internal
factors of the plant with and without CCS technolodi&$ 45, 199-204]. Others conducted
studies on Life Cie Assessment (LCA) on these power plants which looked at both internal
and external factors, including analysing factors that affect economic, energy, and
environmental performance through evaluating the feedstock supply chain, the power plant
size and CQcapture, transport and storag€205-211]. In regard to chemical looping
processes some LCA studies have been conducted, some using chemical looping for hydrogen
production [212-216] and one for chemical looping technology coupled with a poeteer
methane system217]. However, in particular to @mical looping technology to power
generation, only a few papers looked into conducting a life cycle assessment of the entire

process.

Navajas et al[218] conducted an environmental life cycle analysis of a natural gas based
chemical looping combustion I(C) to power generation process. The author investigated the
effect on 14 environmental impact factors using Gabi 8.7 pro software on the CLC to power
using five different oxygen carriers (2 nickel, 2 iron and 1 copper based) and compared them
to a convenional natural gas combustion combined cycle plant with and without amine CO
capture. It was concluded that the CLC process did not add much environmental impact

compared to the conventional process, since the impact associated with the oxygen carrier is
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very insignificant in comparison to the rest of the feedstock. When CLC to power process is
compared to conventional combustion with €€apture, the CLC process resulted in lower
environmental impact values which demonstrates the potential of CLC technbilog a life

cycle perspective in G@apture. When comparing between the oxygen carriers,-ba€ed

h/ Qd RSY2yAaGN} G0SR GKS t2¢SadG 3JIt26Fft 41 NYAy3
toxicity, hence presenting B®; as the best alternative yet requig some chemical and
mechanical improvements. He et &19] conducted a life cycle greenhouse gas emission
environmental assessment of a polygeneration process consisting cbasatl synthetic
natural gas (SNG) production followed by a CLC process to power generation. The author
calculated the GWI of each stagkthe process and tested the effect of some key parameters
on its value. The results of the novel process were then compared to a conventional SNG
combustion system with air. Fan et §20] examined the GWI of a natural gas based CLC
power plant and teted the relationship between GWI and four essential factors. These
factors included the type of OC (fnd Nibased), lifetime of the OC, GWP of the OC and the
thermodynamic performances of the CLC power facility. The plant was developed, and factors
were tested by establishing an Aspen Plus model. Results showed tiatsid OC power
plants favoured a higher plant efficiency compared tebBsed OC power plant, hence
resulting in a lower GWI value. However;based OC favoured a lifetime of the OC tddss

than 2500hr whereas Niased OC favours higher longer operating hours. Petrescu[2al.
compares between a conventional coal gasification power plant, a calcium looping CO2
capture power plant, and an indirect irdrmased coal chemical loopingy(gas production
followed by chemical looping) power plant. The author developed a Gabi model for each of
the processes and compared between 11 different environmental indicators. Chemical
looping power generation showed the best values for reducing greesé gas emissions,
whereas at the same time other factors effecting the environment showed an increase
compared to conventional gasification. This was due to the use of additionatregm
processes for the OC and downstream, C@pture, transport, andterage. Fan et a[222]

also conducted a life cycle global warming impact analysis of a ca#limgasification
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chemical looping gasification AGLC) power plant using ilmenite and steam as gasification
agents with C@capture. A thermodynamic analysesdetermine the optimum conditions for

the best GWI was conducted, which included testing the effect of steam to carbon ratio, OC
to fuel ratio, lifetime of the OC and type of OC. TheCiGC process was compared to 7 other

coal power generation technolags with CQ capture technology and resulted in being the

2nd lowest GWI after oxfuel combustion power generation plant. Finally, Tagliaferri et al.
[223] conducted a LCA of a chemical looping air system (CLAS) for power generation using
lignite coal, with uses a chemical looping process to produce oxygen for an oxyfuel
combustion system. The LCA was conducted using Gabi software. The results of the CLAS for
power generation process was then compared to conventional renewable and non

renewable power germation processes.
2.3.3.1 Summary and Gap in Life Cycle Analysis Literature Review

From looking at all the previous LCA literature for chemical looping power generation
systems, there are no studies thatfer to LCA of a biomass direct chemical looping
gasification (BCLG) to power plant with and without CCS in the UK. Hence there is a need to
provide more data for performance comparisons of life cycle enregpnomyenvironment
evaluation between converdnal power generation systems using coal/biomass and biomass
chemical looping gasification combined cycle (BCLGCC) processes. Moreover, there has been
no literature covering and quantifying the environmental impact of BCLGCC power plant life
cycle. This § possibly due to the technology not having technological breakthrough yet and

no suitable oxygen carrier is found, therefore the no motivations for research has gone into

its life cycle analysis.
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3 CHAPTER 3: METHODOLOGY

3.1 Techno-Economic & Sustainability Analysis: Methodology
for Chapter 4

3.1.1 Aim

The aim of this chapter is to develop a methodology to test the teewmomic feasibility

of a scaled up BCLGCC power plant, followed by conducted a sustainability evaluation of the
system. In thissection (section 3.1)a 10kW interconnected fluidized bedbiomass
gasification chemicalooping pilot plant reactor with hematite as an oxygen carri@vas
described This was followed by demonstrating that tpédot plant BCL@eactor was under
stable operationconditionsand that the reactions between the biomass and the hematite
were taking placeconcluding that the results obtained from the reactor is reliable. Finally, a
650MWBCLGCower plantmodel using Aspen Plus softwamas developednd validated

using the results of the 10kWBCLGilot plant.

3.1.2 System Description & Materials

Figure3.1 describeda completeBCLGCC system for power generation. Biomass is gasified
using a metal oxide to produce syngas which is then sent to a water gas shift (WGS) (which is
needed for CCS schentegure3.1A) and carbon capture section where acid gas is separated
from the syngas. The clean syngas is then sent to the combined cycle, consisting of a gas
turbine, heat recovery steam generation uaitd a steam turbine to generate electricity. The
process forthe NonCCS plant is shown idigure 3.1B. A BCLG subsystem model was
established and validated based on a 10gkiterconnected dual fluidized bed gasification
reactors Figure3.2, a pilot plant that exists at the Chinese Academy of Science in Guar)gzhou
Images of the pilot plant can be found in the Appendixe pilot plantconsists of a bubbling

bed FR, a cyclone separate gas from particles escapiingm the FR, dastfluidizingbed

AR, another cyclone for the gas exiting the AR, an upper and a lower loop seal. The detall

parameters of each part were describedaipreviousstudy[141].
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Table3.1. The properties of biomass sample and hematite oxygen carrier

Biomass
Proximate analysis Ultimate analysis LHV
(wt.%,db) (wt.%,db) (MJ/kg,db)

Moisture Volatiles €9 Ash C H 0 N S
carbon 18.71

8.39 84.31 6.88 0.42 46.44  6.21 47.29 0.05 0.01

Hematite, wt.%

@] Fe Si Al Ca Zn P Mg K Ti Mn

30.1 6461 2.83 14 009 053 010 0.08 0.02 0.03 0.05

Sawdust of pine collected from Guangdong province (China), was used as fuel in the tests.
Natural hematite is selected as the oxygen carrier duggdow cost, ability to withstand
conditions inside a combustor (good stability at high temperature; high melting point}, non
toxic in nature and has no negative environmental impdtte properties of biomass and
hematite are shown imable3.1. Fuel particle size ranging between 25@25 um was used

in the experimentsHematite is the mineral form of iron oxide @&®8), which crystallizes in

the rnombohedral system. The hematite with particle sizes betweerZE8Bm used in these
experiments wasupplied by Guangdong Iron & Steel Group Co. Ltd.. According to the Fe
fraction, it is calculated that the E®; content is about 81.66% in the natural hematitéhe
detaildescriptionof each key units such as gasification (FR & AR), WGS and acid gas treatment

and combined cycle are presentedthe following section
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BCLGCC with CCS
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Figure3.1. General block flowsheet of a BCLGCC to power generation with CCS (A) and without

CCS (B)

Page | 53



' = ' Cveclone ——®Depleted gas
P2 — ] L ] '.. L]
. ——=p Synthesis gas
T2 2 J Balance gas
Air reactor |e
. —P4
<| Fuel reactor
—fes =13
T1T =[] I
- B EENIEEREREEDR
4 U Biomass
k ¥
P1 _los Fuel reactor gas flow
:.:. Loopseal
ol

Air reactor
gas flow

Lodpseal gas flow

Chapter3: Methodology

Figure3.2. Schematic diagram of the interconnected circulatifigidized beds foBCIG

3.1.3 Description of the Key Units

3.1.3.1 Gasification (FR & AR)

Biomass is initially injected into the FR where it undergoes devolatilization, pyrolysis,

combustion and gasification reactions in the presence of an-li@sed oxygen carrier,

providinglattice oxygen for the combustion/gasification reactions to take place. The depleted

oxygen carrier passes through the lower loop seal into the AR where it is regenerated by

reacting with molecular oxygen from air. The regenerated metal oxide is sepdratadhe

flue gas via a cyclone and sent back to the FR after passing through the upper lodmeeal.

two reactors are electrically heated in an oven which supplies heat for-gparand

compensates heat loss during the operation. Thermocouples and difiet pressure

transducers were located at different points of the prototype to display the operating

conditions and monitor the cycling stability of the fluidized bed in real time. The outlet gases

from the air reactor and fuel reactor were induced withdzO (i A 2 y

where the steam was condensed and removed. The produced gases were collsttgda

gas bag and analysed by an offline gas

chromatograph.

LJdzY LI 2
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3.1.3.2 Water Gas Shift and Acid Gas Treatment
The syngas produced contains high amountarbon and sulphur components. However, for

this process to be carbon neutral and prevent sulphur emissions, they should be captured
pre-combustion. Therefore, a Water Gas Shift (WGS) unit is added where syngas reacts with
high temperature steam in a retor, shifting thereactiontowards producing more G@nd

He. This is also a28 hydrolysis unit where the-8 is converted into COS. Since the reaction
taking places in the reactor is exothermic. The shifted syngas is cooled followed by a selexol

acid ga treatment section, capturing 90% &£4hd approximately 9598% COS.

3.1.3.3 Combined Cycle
Gas turbines have been commonly used in power generation processes. A conventional

natural gas fired gas turbine with a simple cycle generally has an efficiency of 3&#ver,

new power plants enhance the process with an additional heat recovery steam generator
(HRSG) block followed by a steam turbine, which is known as a combined cycle. The reasoning
behind that is for the heat in the exhaust gas to be captured viatiR8G process, converting

feed water into steam which is sent to a steam turbine for power generation. A gas turbine
(simple cycle) coupled with a HRSG and steam turbine. The heat recovered from the exhaust
gas is used to generate high pressure steam wtfielm passes through the steam turbine,
dropping the pressure and temperature of steam, converting heat into shaft work to generate
electricity. The steam turbine is divided into 3 stageigh-pressure steam, intermediate
pressure steam and loyressure stam. This is due to the high pressure of steam which will

result in large expansion if pressure is reduced all at once.

3.1.4 Modelling and Assumptions

A gasification model for a BCLG to power generation process has been developed based on
restricted phase and chemical reaction equilibriumecording to experimental study
showing a stable and thermodynamic equilibrium resultg(re3.3 and Figure3.4). The

results in sections 3.4.1, 3.14.2 and 3.14.3 were tests that were conducted by our
collaborative partner (Chinese Academy of Scieqc&uangzhou Institute for Energy
Conversion) to show us that the results produced from therrigigure3.2 are reliable and

can be used to validate our Aspen Plus Model.
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3.1.4.1 Stability of Reaction System
From theFigure3.2, P1 and P2 are the pointghere pressure was measured in the AR while
points P3 and P4 are measured in the FR. The typical bed pressures throughout the reaction
time are displayed ofrigure3.3. The pressures at points P1, P2, P3 and P4 remain relatively
consistent and fluctuate around 0.56, 0.45, 1.05 and 0.18, respectively. This indicettsst
system is in a stable operating condition and that the OC have been circulating from the AR

to FR throughout the process.
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Figure3.3. Bed pressure change witfeaction time

3.1.4.2 XRD patterns of Oxygen Carriers
Experiments have been conducted on fresh, reduced and regenerated oxygen carrier
samples, in which they were examined usinga¥X diffraction to determine the crystalline
phases formed on each sample. It veledected that the original crystal form of fresh oxygen
carrier primarily constitutes of £€s, SiQ and other metallic oxidizes @&k, MgO, CaO etc.).
Since the F£;s plays a key role in the reaction process as lattice oxygen transfer medium and
the SiQ in hematite oxygen carrier also has positive effects in preventing the aggregation or

sintering for oxygen carrier particles. Therefore, in order to further hightighevolution of

Page | 56



Chapter3: Methodology

oxygen carrier crystal form in the reaction process, the diffraction peaks of iron oxides and
SiQ are marked in the XRD spectra and the other impurities oxides in hematite are too little
and carbe ignored. The crystal form of fresh hemtatoxygen carrier characterized by XRD is
shown inFigure3.4. Powder N @ RAFTFNI OGA2Yy oO6- w53 - Qt SNII tw
mA), was used to analyse the crystal structure of fresh and reacted samples. The samples
werescanned atarate of 2° nto S 6 S Sy 89°withla stepot0L0167°. The samples
were degassed under vacuum at 493 K for 6h before measurembkatreduced samples and
oxidized samples were collected from the fuel reactor and air reactor separately after 60 h of
operation. There were three crystalline phases o0f(ze FeOs, and FeO in th reduced
samples. F€,and FeO phase were not found in the fresh or regenerated samples of the fuel
reactor, which manifested that E@; was mostly reduced to & and FeO. The results
suggested that the oxygen carrier could return into its originahfor the AR after it has been
reduced in the FRThis result shows that the hematite @) is reduced and deoxidised
during the BCLG process, meaning that it could lose and gain oxygen therefore most likely

was a source of oxygen during thasification reaction.
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Figure3.4. XRD patterns of fresh and used oxygen carrier

Page | 57



Chapter3: Methodology

3.1.4.3 Equilibrium Composition of Gasified Gas
It is shown inFigure3.5 that the SIj dzA f A 6 NA dzY O2YLIRAAGA2Y 2F =

O2y@SNBAZ2Y NIYGS OKI y héwber af@RING NBL Oi4R2¥ O FISN
NEBFOQUA2FdSBIROEYNGD NBIF OKSR UGKSNY2Reéyl YAO Sl dzi
O2YLRaAldA2y YR OFINb2y O2y@SNRAZ2Y NI GS YIFAyd
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Figure3.5. Gas composition, carbon conversion and cold gas efficiency as a function of

reaction time and number of cycles

3.1.4.4 Creating the Model
Aspen Plus software (V10.0) package was used to simulate the reaction steps occurring in

both processes. The property method chosen for thegsslid modelling was RBM (Peng
Robinson equation of state with BosterMathias modification)[224]. In the simulation,
biomass, ash and slag were defined as nonconventional components. The HCOAHGEN an
DCOALIGT property models were used to determine their enthalpies and densities,
respectively. All other components are considered as conventional components, wik Fe
FeOs, FeO and carbon being considered as solids. Different unit operation blooksisexl

to establish the process flowsheefsable3.2 explains the function of each unit block used in

the gasificatiorprocesdlowsheet.Feedstoclbiomass is an unconventional component in the
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Aspen Plus software, converting biomass to a cotisaal component is necessary before its
gasification process. RYield reactor has a special function that can convert an unconventional
component to a conventional component, which is widely used in coal or biomass pyrolysis
and gasificatiofi225, 226]. Therefore, in BCLG procelsismass (unconventional component)

is initially injected into a RYield reactor where it is decomposed into its constituent
components (conventional components). In general, this process is regarded as biomass
pyrolysis whichs only temporary placeholder. The actual yield distribution of the products
out from RYield reactor is calculated using the FORTRAN statement calculation (see
Appendi®, a calculation method within Aspen Plbased on its given ultimate analysis
decomposig the biomassinto its constituent components, including carbon, oxygen,

hydrogen, sulphur, nitrogen and ash.

Table3.2. Description of the operation blocks

Aspen plus block  Block ID Description

RYield DECOMP Yield reacto Based on mass balance this reactor
converts the nonconventional biomass into
conventional compounds, by decomposing biomas
into constituent elements

RStoic SLAGFORM Stoichiometric ReactorReacts a percentage of
unburnt carbon with the ash to form slag

RGibbs FUEIR Gibbs freeenergy reactox Simulates the
gasification reactions by using the direct
minimization of Gibbs free energy to determine the
equilibrium composition

Cyclone B1 Cycloneg Separates ash frosyngas by specifying
split fraction

RStoic AIRREAC Stoichiometric ReactorAir regenerates the oxygen
depleted oxygen carrier. Moreover, air reacts with
the unburnt carbon.

Cyclone B2 Cycloneg Separates the oxygen carrier from the flu

gas(Mainly N and CQ)

Since the ash is an unconventional component in Aspen Plus with an unknown composition,

and the unreacted carbon mixing with the ash in biomass gasification, both the ash and the
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unreacted carbon finally form slag. Therefore, the ab@vecess can be simulated by a
stoichiometric reactor due to knowable quantities of the ash and the unreacted carbon. The
stoichiometric reactor is used when the reaction kinetics are unknown or unimportant, but
stoichiometry and extent of reaction are kwa. A stoichiometric reactor is generally used to
react all the ash with the unreacted carbon to produce slag in biomass or coal gasification
process[227]. The amount of ash would depend on the biomass ultimate analysis. The
composition of slag changes depending on the gasification reaction conditions (depending on
the amount of carbon conversion efficiency). On the basis of the above, those components
out from the RYield reactor are then sent to a stoichiometric reactor where a percentage of
carbon (the amount of unreacted carbon in gasification) reacts with the ash to forrfbélag

and slag will not react in the FR.

The products from the stoichiometrieactor are sent to the RGibbs FR where they react with
the oxygen carrier and steam. The main products from the reactions taking place in the
RGibbs reactor are CO3,iLQ, CH and RO, as well as some trace components such ag NH
H.S and COS. The streaxiting the FR is sent to a cyclone where the syngas is separated
from the solids (slag and reduced oxygen carrier) which are sent to the AR. In the AR, air is
injected for oxygen to react with and regenerate the oxygen carrier for it to be recycled back
into the FR. In general, a typical biomass gasification undergoes the following three main
steps including: pyrolysis, gasification and combusf{i®?8]. Biomass decomposes in the
absence of oxygen into its heavy and light hydrocarbons as well as bleagn@&rgy required

to allow this endothermic reaction to take place is supplied by the energy released during the
combustion reactions. Since very little tar was collected in the experiments dubeto
catalytic effect ofthe oxygen carrier onar cracking[229, 75|, only char andpyrolysisgas
products were considered in the biomass pyrolysis process in the simulaliitime Aeactions

in BCLG procesze presented inTable 3.3, especially, @ambustion reactions of biomass
derived gas with the iron ore in the FR proceeds through reactioid \®ased on analysing

the X-ray diffractionresults ofthe OC Figure3.4). The simulation flowsheet for BCLG is
presented inFigure3.6.
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Table3.3. Biomass Chemical Looping Gasification Reactions in the Fuel and Air Reactors

Chemical looping gasification

Reaction )
Equations
Number

Biomass pyrolysis
1 #( | COAEAOAGUT GHAIO he /e (¥ ( , (Endo.)

Biomass gasification

2 # (/°#/ ( (Endo.)
3 #( (/1 ©° #/ o (Endo.)
4 # #/ © ¢ # (Endo.)
5 # ¢( © # ( (Exo)
Combustion reactions
6 #/ &AN O ¢ &A/#/ (Exo.)
7 #/ o&A O c& A # | (Exo.)
8 ( o&A o c¢&A/( I (Endo.)
9 ( &A oc&A (I (Exo)
10 #( o&A oc&A #/ ¢ ( (Endo)
11 #( 1 &A O W&A/# /1 ¢( | (Endo)
Water gas shift (WGS)
12 #/ (/P #/ ( (Exo.)
Oxygen carrier regeneration (Air reactor)
13 & A | ° @& A (Exo)
14 1 &A/l O c&A (Exo)
15 # | O #/ (Eno.)
Contaminants
16 N +3H © 2NH
17 S+H O H:S
18 CO +S° COS

Several assumptions were taken when setting up the simulations including:

1. The process is taking place at steady state;

2. The gasification blocks FR and ARiswéhermal;
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3. Ash and slag are assumed to be inert therefore do not participate in chemical
reactions;

4. Large molecular weight compoundsk; were x>1 and y>4) are not considered in
the gasification reaction;

5. Gassolid separation was 99% efficient;

6. Acid gadreatment was assumed to be 90% £0d 98% sulphur.

3.1.4.5 Model Validation of the Whole Plant
To ensure that the model is accurate and suitable to investigdwermodynamic

characteristics of the gasification processes and the combined cycle, they should be validated
with previous experimental resultsTable 3.4 compares between experimental and
simulation results for both the BCLG armmbined cycle, respectivelit was noted that the
difference between the simulation data and the literature or experimental data is within the
rational range, implying thathe established model is feasible for the simulation of the
gasification and combined cycle processEse other key models such as W@&s cleaning,

CQ capture, heat recovery steam generation subsystem andsgzem turbine combined

cycle unit arenodeled and validated using the following referen@sQ].
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Table3.4. Comparison of experimental and simulation results for BCLGCC

Variables Conditions Variables Results
: : . Experimental Simulation
Literature  Simulation results (vol. %) results (vol. %)
Fuel reactor
temperature, °C 800 800 H, 34.36 39.22
Fuel reactor 1 1 CH 9.08 10.92
pressure, atm
Steam/biomass rati 0.85 0.85 CcoO 38.02 34.25
Oxygen 5/3 5/3 co 17.64 15.61
carrier/biomass
Carbon conversion LHY
. 93 93 (MJ/Nn?, dry 12.08 12.48
efficiency, % .
basis)
Flow rate of syngas Gas Yield
yngas 237.3[230] 237.3 (Nm?/kg, dry 1.41 1.32
tonneghr >
basis)
Flowrate of air, 1605.3
tonneghr [230] 1605.3
Exhaust
Temperature®C 601.1[230] 603.9
Power Output, MW 319.6[230] 310.1

3.1.5 Data Evaluation

After developing the Aspen Plus BCLGCC model, this section will give a detailed

explanation of the calculation method used to generate results in Chapter 4. Section

3.1.5.1 will give the calculation method for the technical analysis, section 3.1.5.2 will

give the calculation for the economic analysis whereas section 3.1.5.3 will give the

calculation method for the sustainability evaluation.

3.1.5.1 Technical Analysis (Method for Chapter 4, Section 4.1)

The technical indicators in this asse®nt are the Net Electric Efficiencs

, Cold Gas

Efficiency (CGE) and Lower Heating Value (Oid\8valuate the performance of BCLG power
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systems, thes  is calculated usingquation3.1, which is in accordande the first law of

thermodynamics.

S pmm [3.1]

where,w is the gross power of the power plai®w is the power caused by fuel gas
compressionw andw are the power required for GQrapture and OC circulation,
respectively.

The Cold Gas Efficiency (CGE) esdsulated as the percentage of syngas heating value over
the biomass heating valu@s shown ircquation3.2. CGE is useful in showing the amount of

energy loss when converting the biomass into syngas.

# 1 ICAREAE FPE AF-ALU—— p0o0 [3.2]

where 9 is the biomass gasifiegas yield, which isalculated as the volume of a gaseous
component (@) per mass of biomass ( used, as shown iequation3.3. The gas yield

is useful in showing the amount of gas produced from 1kg of biomass.

' ADE Ad A

[3.3]

The LHV of the syngas mixture was determined by its gaseous composition and can be
calculated using:quation3.4.

, (6pTPpRPEPx&/ pomypvlxd vmcyp- Pxe&( [34]

Since solid carbonaceous fuels negatively impactetm@ronment, it is important that the
amount of CQgenerated during the process of power generation is measured and estimated.
Even though biomass is used and is assumed to be carbon neutral, capturing #ifeeCthe

power generation process can resuilt a negative emission, as a result aiding in tackling
climate change. The reason for using gasification to generate electricity is due to it converting
the carbonaceous fuel into syngas, HCO). This mixture of gas (syngas) then flows into a
water-gasshift reactor, reacting with steam to increase ¢dncentration and convert the CO

into CQ. This allows us to capture the g8e-combustion, therefore reducing G@&missions

into the environment.Equation3.5 was used to determine the degree of water gasft
achieved by varying the flowrate of steam, aAduation3.6 was used to calculate the ratio

of carbon captured from the syngas.
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©O0VQQ Qe [3.5]

6 Ol GHECEN O ¥ & &QE [3.6]

3.1.5.2 Economic Analysis (Method for Chapter 4, Section 4.2)
The CLGCC power plant in tiissisis estimated using the method developed by NETL,hwhic

is described i{199]. It is a reliable tool when comparing between power plants. In this
economic aalysis, the Total Plant Cost (TPC) and the Cost of Electricity (COE) are calculated
due to their wide application when comparing between power plants. To calculate these
values, the cost of investment for an equipment is calculated based on market iratestig

to obtain reliable results. The market costs are used to estimate the cost of the equipment

depending on the sizesing theEquation3.7.
0 0 — [3.7]

where'OQU0 are the equipment cost and production capacity of the reference equipment,
respectively’OQ 0 represent the equipment cost and production capacity of the estimated
equipment, respectivelySymbok represents the scale exponemtll cost values fagach unit

are given inrable3.5, the detailed calculation of th&otal Overnight Cost (TOC) is introduced

in Figure3.7. Figure3.7 presents a flowchart summarizing the breakdown to calculate the
TOC. The sum of all the units capital costs calculated Esjngtion3.7 will give you the Total

Plant Equipment Costs (TPB@)wever, calculating the Bare Erected Cost (B&E)eed to

take into consideration the direct and indirect costs which can be estimated by considering

the assumptionsn Table3.6 [230], followed by adding the process and project contingencies

(25% of BEC and 20% of BEC + Process Contingency, respectively) to calculate the Total Plant
/240G o0¢t/ 0d CAylLftes (G2 OFtOdzZ IG4S GKS ¢201I €

the TPCTable3.7 summarizes the values of all the parameters used to calculate costs.
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Cost (TOC)
I
I |
Total Plant Cost Owners Cost
(TPC) (23% of TPC)
I |
Process Project
Contingency (25%| [Contingency (20% BgztE(rEEEe}-d
of BEC) of BEC and PC)
I |
Total Plant
Equipment Cost Direct Cost Indirect Cost
(TPEC)
Figure3.7. Flowsheetbreakdown to calculate the TOC
Table3.5. Parametersfor scaling plant cost
) _ Reference Reference Scaling
Unit Scaling Parameter Reference
cost (M$) scale parameter
o ~ Biomass flowrate,
Gasification Units 68.4 74.13 0.8* [232]* [233]
tonnes/hr
H, + CO flowrate,
WGS Reactor 21.33 2.45 0.65 [45]
kmol/s
_ Syngas flowrate,
CQ Absorption 46.47 3.99 0.7 [45]
kmol/s
Gas Turbine  Power output, MW  28.57 266 0.75 [234]
Heat Exchange,
HRSG 23.13 355 1 [234]
MW
_ ST gross power,
Steam Turbine 25.85 275 0.67 [234]
MW
CQ Drying and CQ flowrate,
) 55.39 4.18 1 [45]
Compression kmol/s
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Table3.6. Direct and Indirect costto calculate theBEC an@stimatei KS 26y SNR& 0241

Direct Cost TEC hgy SNDa Estimate Basis

Purchased 30% Preproduction 6 months operating labour

Equipment Installation cost 1 month maintenance
materials

at full capacity

1 month nonfuel
consumables

at full capacity

1 month waste disposal
Hp: 2F 2yS Y2

2% of TPC
Instrumentation 20% Inventory capital 0.5% of TPC
and Control 2 months supply of fuel

at full capacity

2 months norfuel
consumables

at full capacity

Piping 55% Land 1.8% of TPC

Electric System 20% Financing cost  2.7% of TPC

Buildings 12% h G KSNJ 2 ¢ 15% of TPC
costs

Yard Improvements 15% Total Owners 23% of TPC
Cost

Services Facilities 40%

Indirect Cost TEC

Engineering and Supervision 30%

Legal Expenses 4%
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Table3.7. Values of differentparameters used when calculating costs

Parameters Values Reference
Capacity Factor 0.8

Plant Life, years 25

Discount Rate, % 10

Capital Recovery Factor 0.11

Energy for C&capture, GJ/tCO 0.44 [235]
Total Fixed Operating Cost

LabourCost, $/hr 34.65 [200]
Working Hours Per Week, hr 40

Operating Labour, 650 MW Plant 109 [236]
Operating Labour CCS plant 110% of NorCCS [237]
Operating Labour Burden 30% of base [200]
Labour Overhead Charge Rate 25% of labour [200]
Maintenance Labour 1.25% of labour [200]
Property Tax & Insurance 2% TPC [200]
Total Variable Operating Cost

Price of OC, $/ton 95 [232]
OC Lifetime, hr 1315 [236]
Boiler Feed Water, $/ton 0.11 [184]
Cost of Biomass, $/GJ 12.4 (£10.0) [43]
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The COE of a power plant, which is the revenue received when generating electricity during

the first year is calculated usiriguation3.8.

#1 % [3.8]

where CRF is the Capital Recovery Factor, calculated Eigiregion3.9,0 6 is the sum of
all variable operational cost®, 0 represent the fixed operational cost CF is the Capacity

Factor and kWh is the net kilowatiours of power generated at 100% capacity.

#28& — [3.9]

where, (s discount rate and N is the plant life.

The total annual cost for the OC (C@a) is calculated usingquation3.10.
00 "YY 00 "YY — [3.10]

where COScis the cost of the OC per masspddls the total solid inventory and bdis the

OC lifetime 1315 h)wep 6

CCS technology can be usedéduce carbon emissions despite the fact that it reduces the
efficiency and increasing the cost of the whole process, the Cost piC@gture can be
another parameter to evaluate the economic feasibility of the process. It can be calculated

usingEquation3.11;
AT

6EiES0 66 RO 60— [3.11]

To test the effect of plant size of the capital cost, variable cost, fixed cost andEG@E NS

3.12,3.13,3.14 and3.15are used, respectively.

YOO YOO — B [3.12]
w6 w6 — [3.13]
06 06 @ — 8 [3.14]
#1 % [3.15]

where,”Y0O Gand0 w are the total overnight cost and net power of the scaled plartereas
"YO 6and 0 w are the capital cost and net power of the reference plant, respectively.
WOWE QO are the variable costs of the scaled and reference plant, respectively.

"O0 w ¢ WO are the fixed costs of the scaled and reference plants, respectively
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3.1.5.3 Sustainable Assessment (Method for Chapter 4, Section 4.3)
Sustainablendicators assist in assessing and providing a holistic and integrated evaluation of
a process performance. This will allow us to understand the advantages and disadvantages of
the analysed process. Four indicators are used to assess the sustainabgityprotess
including, economic, environmental, social and technical sustainability.

1 Economic indicatoronsists of the investment and production cost.

Investment cost: It is the capital investment cost of the power plant per unit capacity used to

compare between different power plants.

Production cost (COE): The production cost of converting fuel (biomass or coal) into

electricity, hence represented as the cost of electriotk\(\Vh).

The economic comparisomasconducted between 10 different poweeneration processes
(Table4.3, chapter4) based on previous literature angingEquations 3.12, 3.13, 3.&hd
3.15to0 scale up plant size to 650 MW (gross power) in estimatiegCOH75, 233, 45, 46 ¢
48, 23, 44, 2@].

1 Environmental indicatord?ower generation processes requires the consumption of

raw materials and energy, as well as releasing waste into the environment. This results in
resource depletion and environmental degradation. The emmmental indicators covered in
this paper are the following: net energy efficiency (electricity efficiency), water consumption,

renewability and pollution emissions.

Net energy efficiency: Power generation from coal/biomass is essentially convertingaghem

a source of energy that can be easily utilized. A higher net energy efficiency of a power plant,
indicates better fuel utilization, hence providing more power while lower pollutants emission
into the atmosphere. The net energy efficiency can be caledlasing=quation 1The values

for the net energy efficiency of other power plant§aple 4.3, chapter 4 are based on

previous literature.

Renewability: A factor to measure sustainable development. It is a way to diminish the use of
fossil fuels and promote renewable fuels. It is eegzed as the mass ratio of the renewable
feedstock to the total feedstock. Power generation processes that only use fossil fuel as

energy source are given zero whereas ones that use biomass are given 100%.
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Water Consumption: Due to environmental protectiand water scarcity, one of the main
goals for optimization of power plants is to reduce water consumption and its efficient use.
The indicator for water consumption is calculated as tonnes of water per unit power output
(tonnegkwh).

Pollution Emission:ders to S@ NG, CQ and dust emissions released from power plants
which can cause detrimental effects to the environment. They are measured in grams per unit

power output (g/kwh).

1 Social indicatorsan be the fundamental elements in sustainability whiatludes
community development and energy security.

Community Development: This indicator is qualitative which consists of more than one
variable, however employment opportunities at the power plant is adopted as the main

factor. It is calculated employaeumber per unit power output (employee number/MWe).

Energy Security: To ensure national security, having a reliable source of energy is essential.
Biomass and coal can provide this security due to them being a reliable source. The energy
security indicato is expressed as the ratio between the expected power capacity from the
technology to the total electricity demand. It can also be affected depending on the
government policies depending on the region. Currently in the UK there is nedeaiee CCS
power plants, hence all are given zero energy security. The rest are calculated based on the

average percentage of energy contribution to the UK power supply.

1 Technical indicatorSuch indicator can be categorized into several variables including

system reliability, system operability, technical maturity, etc. However, this study will only

focus on technical maturity. Quantitatively technical maturity of each technology will be
as®essed using a categorical scaling method fromm 1) where 1 indicates a large scale

industrial fully developed technology; 0.75 demonstrates pilot scale testing; 0.5 represents

small test phase; 0.25 demonstrates laboratory test phase; and 0 indicatesabia research
KFrayQi S@Sy ail NISR® {AyOS O2Ff FANBR LJ2gSNJI
tested widely in large scale before they both get 1, however with CCS (tested on pilot scale)

it is given a 0.75. Similarly, coal IGCC was testeRe&B&@ St 2 LISR Ay (GKS ! Y Rdz
hence given a technical maturity value of 1 but 0.75 with CCS. Whereas with Biomass IGCC

was not developed in large scale as much as coal, hence given 0.75 technical maturity and a
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0.5 with CCS. BCLGCC has beendasteilot scale and is still being developed hence was

given technical maturity value of 0.5 with and without CCS.

To understand, evaluate and compare the overall sustainability of different power plants

more clearly, the aforementioned indicators are nalised according tequation3.16[238].

& [3.16]

where @ and X% represents the indicator and normalised indicator j for the procgss
respectively;x T O@ @ndA A @Care assumed to be the worst and best cases of indicato
j. The normalised indicator( ) varies from O- 1. The higher the value thbetter its

sustainability is.
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3.2 Life Cycle Analysis: Methodology for Chapter 5

3.2.1 Aim

In the section the methodology forlife cycle energy use, G@missions and cost input
evaluation of a 650 MW BCLGCC and Biomass/Coal Integrated Gasification Combined Cycle
(BIGCC/CIGCC) power generation plants with and withouts@2flained These were then
compared to coal/biomass combustion technologi€serdore techneaeconomic results of

all these power plants are required. The following sections develop models using Aspen Plus
and IECM to extract BIGCC and CIGCC temtommmic dataln addition, éBCLGCC and BIGCC

Gabi models were created to conduct an gommental impact assessment and compare
between both processesThe processflow diagrams of the systemand unitsare then
described Finally, the calculation method is explained in details and plant and process

inventory data are collected.

3.2.2 Life Cycle Analysis Strategy

The Life Cycle AssessmdhCA)strategy inthis thesis is used to assess the EneCggt
impactCQ emissions associated with each process in the whole lifecycle. It can be used to
understand the effect of CCS technology, fuels source and power generation technology on
the energyg cost¢ CQ emissions distribution on power plants addition, an envonmental

impact assessment comparing between both CCS andd@f power plants was conducted.

A life cycle assessment was conducted inttiesisaccording to the IS@4040 and 1SQ4044
standardg 240, 241] which included the following stagedefining the goal and scope of the
study, creating a life cycle inventory (LCI), conducting a life cycle inventory assessment (LCIA)

and interpretation.

As part of the first step in defining the goal and scope, we should define the research target,
systemboundaries, assumptions made, product function and functional unit. The following
step is to create the LCI by collecting data from literature and listing tae@iSsions, energy
required and cost input data for various processes in the plant. LCI altawte calculate the

LCIA which identifies and evaluates the amount and significance of the potential impact of a
product system. This is done by identifying the impact categories of the product and

evaluating the C&emissions, energy and cost distributifor each system and its product.
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3.2.3 Developing the Model

The Integrated Environmental Control Model (IECM, version 11.2), a software that presents a
complete package to simulate the techreoonomic performance of largecale
biomass/fossil fueled powerlants[242] was used to evaluate data of a BIGCC power plant.

The IECM was developed by Carnegie Mellon University with the help of the US Department

2T 9YySNHeQa bldidAz2ylf 9ySNHE ¢SOKy2f2a3& [ 02
computer modellingsoftware that uses fundamental mass and energy balances, using both

the user specific plant size and conditions alongside empirical relationships and sub models

to calculate the performance, emissions and costs of a power plant for either CCS-G$on

[243].

The IECM computer model has a number ofgeéined fuel compositions which uses a leok

up table to assign the syngas composition. In the BIGCC plant type model, when an arbitrary
fuel composition is inputted, it cannot calculate the syngas compositowever the user

can manually define a syngas composition for a respective fuel composition. An Aspen Plus
model Figure3.8 and Table3.8) wasdeveloped for a conventional oxygdrased biomass
gasification plant, validated based on literaty@t3] (Table3.9) and used to calculate the
syngas composition of biomass, which was consequently inputted in the IECM software to
give us the techn@conomic results required for conducting a life cycle asialfor the BIGCC
power plant. Technical values for the CIGCC were extracted from the IECM software using a
pre-defined coal and syngas composition while economic values were taken from literature
[200]. Moreover, values for the BCLGCC power plant werentdékom our previous study,
where a large scale 650MW power plant with and without CCS was simulated and validated
followed by conducting a detailed techrewonomic analysig202]. Finally, values of the life

cycle analysis of the coal and biomass combusiplants are taken from literature for

performance comparisof45].
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Figure3.8. Aspen Plus model of a conventional gasification process

Table3.8. Model block description

Aspen plus block Block ID Description Conditions

Conventional gasification

RYield DECOMP Yield reactorg Based on mass balanc
this reactor converts the Outlet Temp:
nonconventional biomass intt 900°C
conventional compounds

RStoic SLAGFORM Stoichiometric Reactor- Reacts a
percentage of unburnt carbon with th
ash to form slag

RGibbs GASIFIER  Gibbs freeenergy reactor¢ Simulates
the gasificationreactions by using the
direct minimization of Gibbs free energ
to determine the  equilibrium
composition

Outlet Temp:
900°C

Outlet Temp:
900°C

Cyclone GASSEP Cycloneg Separating ash from syng: 99% particle
by specifying split fraction separation
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Table3.9. Conventionalgasificationmodel validation data

Gasification type Conventional Biomass Gasificatic

Fuel reactor

temperature, °C 820
Fuel reactor 1
pressure, atm
Steam/k_)lomass 0352
ratio
Oxygen/biomass 0.312
Carbon
conversion 86
efficiency, %
Gas Results
Experimental Simulation
results (%vol.¥*  results (%vol.
H, 30¢ 33 30.50
CH 9¢11 9.55
CcoO 28¢ 32 33.82
CcQ 22¢ 27 26.12

3.2.4 Goal & Scope

Solid fuels with CCS technology have the potential to play a vital role in generating low carbon
power in the UK. The goal of this research is to evaluate and compaimaplaet onlife cycle

energy ¢ cost ¢ CQ emissions distribution of 10 different gasification power generation
technologies. This included evaluating and analyzing 1) BCLGCC with and 2) without CCS, 3)
BIGCC with and 4) without CCS, 5) CIGCC with and 6) without CCS, followed by comparing
those results with 7) Direct Biomass Combustion (DBC) with and 8) without CCS and 9)
Pulverized Coal Combustion (PCC) with and 10) without FC§i8e3.9 showssimple flow
diagrams of each of the power generation systems. A detailed description of each unit for the

power generation systems can be found in the following section.

The technologies of the mentioned processes are selected from three different groups

including, the feedstock (biomass or coal), thermal conversion technology (chemical looping
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gasification, conventional gasification or combustion), and whether the plant is coupled with

or without a CCS process (post combustion using MEA exgamdustionusing selexol).

Moreover,an environmental impact analysis on the BCLGCC and BIGCC with and w/o CCS life
cycleis also conductedThe model flowsheet for both CCS and +@BS processebigure

3.10) is established using Basoftware (commercial software created by Thinkstep) which
contains a LCA database, featuring latagentory data for life cycle based on industry. It can
allow us to obtain appropriate data of the life cycle impact assessment (LCIA) for each stage
of the process. The CML2001 impact assessment which limits uncertainties, developed by the
Institute of Ewironmental Sciences at Leiden Universgtyused in this assessmeja46]. It

categorizes the environmental impacts into the following categories:

1) Abiotic depletion potential (AD&si)

2) Acidification potential (AP)

3) Eutrophication potential (EP)

4) Photochemical ozone creation potential (POCP)
5) Ozone depletion potential (ODP)

3.2.5 Flowsheet and Unit Description

3.2.5.1 Flowsheet Description
Figure3.9 (A&B)present a flowsheet of a BCLGCC without and with CCS, using milled biomass
as feedstock which is gasified using anibased oxygen carrier at 875°C and 1 atm pressure.
The depleted oxyen carrier is sent to the air reactor where it is oxidized and sent back to the
fuel reactor. Syngas and ash are producgberethe syngas is cooled and passed through a
gas cleaning process while ash is depositdw syngas ithe CCS proceg¢Bigure3.9A) goes
through an acid gas cleaning process using selexol to captuse T&® captured COis
compressed, transported, and geologically stored. The syngas is compressed and sent to a

combined cycle where it is combusted to generate electricity.

Figure3.9 (C&Dshows a biomass/coal conventional oxygen based IGCC power plant with and
without CCS processes. Oxygen is separated from the air in an air separation unit (ASU) and
sent to a fluidized bed gasifier where it partially reacts with thentass/coal at 850°C and

650 psia to produce syngas and ash. The ash is deposited while syngas is cooled down and
cleaned. The CCS proceBgy(re3.9D) demonstrates the carbon capture process using a

water gas shift to produce more-knd CQ, hence capturing the GQo be compressed,
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transported, and stored. The syngas is then sent toralipned cycle where it is combusted

to generate electricity.

Figure3.9 (E&F)demonstrates a biomass/coal air combustion power plant. Air completely
combusts with the coal at 1700&1900K and biomass at 16@01800K. The hot flue gas
produced heats up water pasgj through the surface of the boiler to generate steam which
passes through a steam turbine to generate electricity. The flue gas then passes through a gas
cleaning unit before being emitted into the atmosphere. The CCS plants capture ihvaCO

a post conbustion capture process using monoethylene amine (MB#)ich is then

compressed, transported and geologically stored.

A comprehensive energy, cost andX@3sessment will be achieved by conducting a detailed
calculation of each process phase throughout the whole process for the BCLGCC, BIGCC and
CIGCC with and without CCS power plants. Values for ther@i€sions, energy requirement

and cost input distribtion of the DBC and PCC plants with and without capauestaken

from literature and compared with the other plantg45]. This is followed by conducting an
environmental impact analysis on the BCLGCC and BIGC plantswith and w/o CCS life

cycle.
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Figure3.9. Simple flow diagram of the different power generation systems, where (A) BCLGCC with
CCS, (B) BCLGCC w/o CCS, (C) biomass/coal IGCC w/o CCS, (D) biomass/coal IGCC with CCS, (E)

biomass/coal comlistion w/o CCS, (F) biomass/coal combustion with CCS
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Figure3.10. LCA BCLGCC and BIGCC with and w/o CCS estalglished using Gabi software.

3.2.5.2 Unit Description

This section will go into giving an introduction and brief explanation into each unit for

biomass/coal combustion or gasification to power generatiprocesses.Table 3.11

summarieghe technologies and the operating conditions for all the processé&sginre3.9.

The components and composition of each stream is summariséclites A & A6 in the

Appendix

Combustion Unit

Combustion boilers can be classified into two systems, fixed bed combustors and fluidized

bed combustorg[247]. This paper uses a fluidized bed combustor for the coal/biomass

combustion unit. The reactions taking place in the reactor are listedainle 3.10. The
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pulverised biomass/coal fuel and air mixtusanjected into the combustion chamber via a
series of burner nozzles from the side of the vessel. The burners are designed to allow
additional secondary air to be simultaneously injected into the boilaerckecontrolling the
fuel-air ratio inside the combustion chamber. Excess oxygen is injected into the chamber to
ensure complete combustion of the fuel. Heat is transferred to the solid fuel particles by
convection from the surrounding hot combustion gases well as radiation from other
combusting particles and the boiler heat transfer surfaces. In the combustion chamber, the
solid particles heat up and vaporize resulting in mixing with primary air hence combusting as
volatile flame. The char particles remang in the bed continue to heat up but at a slower
rate. Temperature and oxygen concentration are the two main factors that affect the
combustion process at different zones in the boiler. The duelc air ratio as well as the fuel

type influences thevolatile flame temperature. Coal can result in a volatile fuel temperature
between 1700K; 1900K248], while biomass since it has a lower calorific value can result in

a volatile flame temperature of 1600KL800K[249, 250]. At optimal stochiometric aig to ¢

fuel ratio mix, the flame temperature can reach its highest valliee airg to ¢ fuel ratio can

be adjusted in the primary combustion zone which as a result controls the flame temperature.
9SSy GK2dzZZK Ay ONBI aAy 3 ( KaStageodsitd tisendal efficiery LIS NI |
and heat transfer, it can also increase nitrogen oxide emissions and intensify ash melting in
the furnace, therefore controlling the combustion temperature is vital. At higherduel

air ratio mixtures, the incompletelpurnt product from the primary zone combusts with
secondary air, while some cases requiring a tertiary air injection §taglg. Moreover,
another factor that can affect flame temperature is moisture content, which reduces the
flame temperature by 100K for each 10% moisture by weigit]. For higher level burout,

it is ideal that the fuel particles should completely combusthry time they have reached

the top of the boiler. This will allow for maximum thermal energy to be released to the
combustion chamber. The thermal energy is then used to create steam to generate electricity.
Heat is transferred to the steam generation 8es of the boiler via the combustion chamber

wall which is surrounded by a water jacket. The generated steam goes through a steam drum
and exits at the top of the boiler at high pressure over 150 bar or even supercritical pressures
of more than 220 bar. e temperature of the steam can be further increased by passing it

through super heaters, which are found within the combustion chamber. The steam turbines
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are generally divided into 3 stages, high pressure steam, intermediate pressure steam and

low-pressue steam. The operating conditions are stated in the steam turbine section.

Air Separation Unit
ASU configurations can vary from complete integration with the plant, where the compressed
air from the turbine is sent to the ASU orerc-integrationstandalone ASU with its own air
compressor to increase the pressure of the air to the minimum pressure required for the
cryogenic process. The latter process ensures operation stability and flexibility; hence the
latter option is employed. In a cryogenic processis cooled to a liquid state, then distilled
to separate the oxygen from the nitrogen. The basic components of air separation is starting
with filtering and compressing air, followed by removing contaminants, including water vapor
and carbon dioxide (hich would freeze in the process). The air is then cooled to very low
temperatures through heat exchange and refrigeration process, and finally distilling the
partially condensed air at aboul85Ca0 produce pure oxygen. The oxygen and waste

streams aravarmed by heat exchange with incoming [&B3].

Gasification Unit
Biomass is initially injected into the gasification reactor where it undergoes devolatilization,
pyrolysis, combustion and gasification reactions in the presence of an oxgtgeved
atmosphere providing limited oxygen for the combustion/gasification reactions to take place.
The presence of limited amount of oxygen results in syngas (Gjbeirlg formed. Currently
there are three main types of gasification reactors in use elgmentrained flow reactor,
moving ben reactor and fluidized bed reac{@®4]. However, for this study a fluidized bed
reactor is used. Fluidized bed reactors have a bed of fluidizing particles which enhance the
efficiency of mixing the fuel and heat Wwih the reactor vessel. This allowed for a constant
temperature to be contained within the vessel which is below ash fusion temperature. This
avoiding bed defluidization and clinker formation, hence making it suitable for biomass fuel.
Additionally, some ltar particles tend to escape with the syngas out of the vessel, however
they are brought back into the reactor using a cyclone. The bed operates at a constant

temperature of around 180T with fuel particlesizeranging from 0.1 mm to 10 mi255].
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Table3.10. Reactions taking place during the gasification/combustion process

Reaction No. Equations

Biomass pyrolysis
1 #( | COAEAOAGUIT GO he /e (¥ ( , (Endo.)

Biomasgyasification

2 # (/°#/ ( (Endo.)

3 #( (/1 © #/ o (Endo.)

4 # #/ O ¢ # (Endo.)

5 # ¢( © # ( (Exo)
Combustion reactions

6 ¢# | O ¢#(Exo)

7 ¢#/ 1/ O ¢#I/(Exo.)

8 ¢( [/ © ¢ (/ (Exo)

9 ¢#( / ©9¢#/ 1 ( (Ex0)

10 #( ¢ ©°#/ ¢ (/(Exo)
Water gas shift (WGS)

11 #/1 (19 #/ ( (Exo)

Contaminants

12 N2 +3H ©° 2HN

13 S+H O HS

14 CO+S° COS

Water Gas Shift and Acid Gas Treatment
The syngas produced contains high amount of carbonsatghur components. However, for
this process to be carbon neutral and to prevent sulphur emissions, they should be captured
pre-combustion. Therefore, a Water Gas Shift (WGS) unit is added where syngas reacts with
high temperature steam in a reactor, dimfy the reaction towards producing more €énd
Ho. This is also a COS hydrolysis unit where the COS is convertegSrae $hown iReaction
R16. The reaction takes place in the presence of a cefalybdenum catalyst at around
500°F[256]. Sincehe reaction taking place in the reactor is exothermic, the shifted syngas is
cooled followed by an acid gas treatment section, capturing approximately 99.5%idl
some C@ The syngas is also reacted in a water gas shift unit with steam as shBwadion

R17, converting the CO into G@nd HOinto Hy.. Since high percentage of £€© present in

Page | 85



Chapter3: Methodology

the syngas (3@ 40%) it is preferred if a physical solvent is used to capture the Tt
physical solvents do not form chemical bonds with the ©@apture it, however it physically
adheres to the solvent. The @@ee syngas is sent to the downstream equipment, i.e
combined cycle, while the solvent is sent to a stripper where the acid gas is stripped to

regenerate the solvent for it to be recyde
00 YO0O 0% 00 (RB)
00 0SS O 060 (RL7)

Carbon Capture and Flue Gas Cleaning
The flue gas produced after the combustion process between the solid fuel and air constitutes
of a mixture of C®and N gases. The process by whichG© capture is called post
combustion capture which uses absorption method instead of adsorption to capture the CO
molecules due to the lower concentration of 8@ the flue gas (approximately 15%). In this
case a chemical absorbemtonoethanolaming MEA)is usedto capture approximately 90%
of the CQ in the flue gag257]. Before the absorption process, the gas should be cleaned
from any impurities such as gNGcand particulate matter as they affect the performance
of the system since they forimeat stable salts with the solvent. S&ncentration should be
less than 10 ppm, which is achieved by adding a Flu Gas Desulphurization (FGD)ean NO
be removed by implementing either of the 3 following technologies, 1) Selective Catalytic
Reduction (SCR), 2) Selective Noncatalytic Reduction (SCNR) or 3) Low NOx burners.
Particulate matter (i.e fly ash) can cause foaming in the absorber and stgipplumn, hence
decreasing the performance. They can be captured using either an electrostatic precipitator
(ESP), bag house filer, cyclone, or a venturi scrubber. Moreover, oxygen content in the flue
gas can increase the chance of corrosion in the eqaipmas well as resulting in the
degradation of the alkanolamine solvents. Hence oxygen level is recommended to remain
below 1ppm when corrosion inhibitors are not uge®3|]. Flue gas is initially cooled down to
approximately 45 50°C. This improves G@bsorption while minimizing solvent loss due to
evaporation.The flue gas is then counter currently contacted with the lean solvent withpa CO
loading of about 0.X 0.2 mol C@mol MEA. After contacting with the G@ch flue gas, it
produces a rich solvent of about 0z8.5 mol C@mol MEA loadindg259]. The scrubbed gas
is then washed with water to clean it from any traces of solvent and finally released into the

atmosphere. The temperature in the absorption coluns between40° - 60°C.The rich
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solvent is then heated in a stripper at temperatures betwd®@°- 120°C and around 1&

2 atm pressure to be regenerated and pumped back to the absorber via a cross heat
exchanger to bring its temperature back down t6°4 60°C. This produces a high purity
stream on 99% C(260].

Combined Cycle

U Gas Turbine
Gas turbines have the greatest impact on the efficiency and consequently the cost of

combined cycle power plants relative to other units. The pressure ratio and firing temperature
are the two basic parameters that the gas turbine efficiency depends orthé\diring
GSYLISNI GdzNB Ay ONBlFasSa GKS GdzNDAYySQa &aial S Ay
and reduction in plant costs. The most currently used gas turbines for IGCC plants are
categorized as either-fer G class with firing temperatures nging between 1370 1430°C

[261]. Recent developments in gas turbines are theldss, <tlass and the Japanese national
turbine project, with firing temperatures of 1500°C, 1600°C and 1700°C, respectively. This
increase in temperature with increases the efficiency requires coolingeo§#s turbines to
prevent components in the turbine such as blades from melting. To prevent the melting of
gas turbine components, compressed air from the air compressor is sent to the turbine, hence
providing adequate cooling. A combination of severalliogomethods are implemented in
modern gas turbines to allow for higher firing temperatures which consequently increases

efficiency[262]. This paper used a ffass turbine.

i Steam Turbine
Gas turbines have been commonly used in power generation processesnventional

natural gas fired gas turbine with a simple cycle generally has an efficiency of 35%. However,
new power plants enhance the process with an additional heat recovery steam generator
(HRSG) block followed by a steam turbine, which is knaenc@mbined cycle. The reasoning
behind that is for the heat in the exhaust gas to be captured via the HRSG process, converting
feed water into steam which is sent to a steam turbine for power generation. A gas turbine
(simple cycle) coupled with a HR&a&l steam turbine. The heat recovered from the exhaust
gas is used to generate high pressure steam which then passes through the steam turbine,
dropping the pressure and temperature of steam, converting heat into shaft work to generate

electricity. The stam turbine is divided into 3 stages: highessure steam turbine,
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intermediate-pressure steam turbine and lepressure steam turbine. This is due to the high
pressure of steam which will result in large expansion if pressure is reduced all at once. The
pressure of the higipressure steam is equal to 1700 psia, while 600 psia for intermediate

pressure and 65 psia for low pressyz&3].

Table3.11. Summary of the technologies and operation conditions

Unit Operation Conditions

Fuel Reactor & Air Reactor Fuel Reactor
Reactor TypeFluidized Bed reactor
Temperature:875°C
Pressurel atm

Air Reactor

Reactor Type:
Fluidized bed reactor
Temperature:975°C
Pressurel atm

Combustion Reactor TypeFluidized Bed Reactor
Temperature:1600¢ 1900K

Gasification Reactor TypeFluidized Bed Reactor
Temperature:875°C
Pressure62 bars

Air Separation Unit TechnologyCryogenic Distillation
Temperature:-185°C

WGS & Acid Gageatment Precombustion capture processSelexol process fc
CQ and HS capture.
Catalyst: cobaltmolybdenum
Temperature:260°C

Flue gas/Syngas Cleaning NOx removal: Selective NorCatalytic Reduction
SGQremoval: Flue gas desulphurisation
Particulate matter:Cyclone

Carbon Capture Postcombustion capture proces$®EA capture proces
Absorber Temperature40¢ 60°C
Stripper Temperature100¢ 120°C

Combined Cycle Gas Turbine:
Temperature:1370¢ 1430°C
Turbine class7F class turbine
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Steam Turbine:

High Pressure Turbin&:700 psia
Intermediate Pressure Turbineé800 psia
Low Pressure Turbind5 psia

3.2.6 Calculation Method and Plant Data

Table3.12 presents the performance and cost summary of the 10 power plants. The BIGCC
and CIGCC data presentediable3.12 are extracted from the reliable IECM software which

was developed by Carnegie Mellon University with the support of the US Department of
Ener¢g Q4 bl GA2yIf 9ySNHe ¢SOKy2ft23& [ 02NF({d2N]
Performance Baseline for Fossil Energy Plants Volume 1: Bituminous Coal and Natural Gas to
9 f S O [RI) @epartdhy the US Department of Energy. Whereas the BCLGCC cost and
performance datawere extracted from my previoudy published work [202], where |
developed and validated a 650MW Aspen Plus model, followed by conducting a techno
economic analysis. Finglithe PB and PCC power plants cost and performance data, as well
as life cycle datavas takenf N2 Y 2 dzNJ 3 N plgbldDeédwarkNB5) Thig dzdhen
followed by conducting a sensitivity analysis on the life cycle results to ensure the reliability

of the results presented.

The system boundary is from cradle to grave, with the scope of the power plants include wood
harvesting and transport, wood processingthe pellet plant, pellets transport (via rail,
shipment and truck), wood pellets handling and storage, iron mining, iron transpadhteto
power plant, coal mining and washing, coal transportite power plant, power generation,

CQ capture and compressionJgpipeline transportand CQ storage. This is summarized in
Figure3.11. All these process phases are investigated to achieve the proposed goal. The
function of the process is to generate electricity and the functional unit (FU) is taken as one
MWh for impartial comparison between different power generation technology witd an
without CCSSince no other significant gooduct is generated during the process, there is

no multifunctionality, hence other products can be ignored.
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Figure3.11. Complete life cycle scope difie biomass/coal gasification plants

Table3.12. Cost and performance values for the life cycle analysf$.2% 24l

Power Plant BCLGCC BIGCC CIGCC PB PCC
Non- Non- Non Non- Non

CCS/NofCCS ccs CCs cCs CCs ccs CCs cCS CCs cCs CCs

Fuel Type Biomass Biomass Coal Biomass Coal

Gross Power, MV 650 650 650 650 650 650 650 650 650 650
Net Power, MW 546 504 586 549 559 520 607 500 605 526
Net Efficiency, % 41 36 386 324 395 329 37.6 264 383 285
Feeds:thk PUL 575 270 202 326 195 218 311 364 231 270
Capacity Factor,¢ 0.8 08 08 08 08 08 062 062 085 085
Plant Life, year 25 25 25 25 25 25 20 20 20 20
Discountratio,% 10 10 10 10 10 10 10 10 10 10
CQ Capture

ciicioney 06 O 90 O 9 0 9 0 9 0 9
Plant Capital Cos

£/kW 2101 2966 2268 3240 1970 2800 1212 2302 1184 2236

During the past decade, the UK has been moving away from coal power generation and has
been increasings biomass power generation sourced mainly from the United States which
has been a reliable and steadily growing supplier in the past few |&&t265]. The biomass

pellets will be supplied from a pellet manufacturer in America, whereas bituminous coal is
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domestically mined in the UK or imported from Russian, Colombia, Australia or tHe]US
however in thisthesis coal is assumed to be sourced from UK mines. The elemental
composition (on a dry basis wt%, db) of the biomass pellets is 44.4% CarboiytiGSgen,
0.2% Nitrogen, 0.01% Sulphur, 43.5% Oxygen, 7.1% Moisture and 0.2% Ash, Vaitiethe
heating valuel(HV) equal to 18.7 MJ.kgWhereas the elemental composition (on a dry basis
wt%, db) of coal is 59.6% Carbon, 3.8% Hydrogen, 1.5% Nitro§&nSulphur, 5.5% Oxygen,
0.2% Chlorine, 12.0% Moisture and 15.6% Ash, witHawer heating valuelHV) equal to
24.61 MJ.kg.

The equation to calculate the total life cycle energy input (TLCEI) per MWh electricity
(MJ/MWh) of a power plant is expressby Equation B.17] shown below;

B

Yoo O®© 3 - [3.17]

whereB O is the energy consumption in thH@ sub process.

The equation to calculate the total life cycle £&nissions (TLCCE) per MWh electricity
(kgCG@MWNh) of a power plant is expressed Byuation 8.18 shown below;

o w w B B
Y 0 0 © . [3.18]

where6 ‘Cand0 ‘Oare the C@emissions of th&Q sub process in feedstock supply chain and
Q sub process in G@ompression, transport and storage, respectivélyO is the emissions

at the power plant during electricity generation.

Similarly, the total life cycle cost input (TLCCI) per MW btricity (E/MWh)of a power plant

can be calculated usirtgquation B.19;

o, v v e B
YO 0 0 © . [3.19

WhereB 0 is the total cost input (E/yr) of th&) sub process from the feedstock supply
chain as well as G@ansport and storage) is the total annual capitatost of the power

plant (E/yr), andw is the variable cost (£/yr).

The annual capital cost (ACC, £/yr) can be calculated Esingtion B.20;
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l ## —m— [3.20
where (s the discount rate, 10% and the N is the plant lifetime in years (25 yjé&ts)

3.2.7 Life Cycle Inventory

Woody biomass is initially harvested and often chipped then transported to the pelleting
plant via trucks or railways, most common methodsifteind transport. Since the pellet plant

is usually close to the harvesting ground the input cost, €@fissions and energy input for

the transport to pellet plant stage is assumed to be very negligible and taken part of the wood
harvesting values. At thpellet plant, the untreated biomass chips are taken through the
process of drying, size reduction and pelletization to make them suitable for transportation
[266].

In this paper it is assumed that the power plaatelocated in the same region as the Kégd

power station, United Kingdom. This is because it already has a large combined cycle gas
turbine (CCGT) power stations in operation with current discussions regarding a Keadby 3
station which uses hydrogen energy is being propds&d]. The region haa potential to

LIt e F @AGFE NRBES Ay adzZlli eAay3a GKS ! YyQa SySN
Ayili2 GKS ¢2-0F RRAY TQ@ Nazidhe $8t8a¢@ & biomass mansportation

is via rail for 149 km from Tifton, Georgia iR tdS to the port in Savann@t68]. The biomass
feedstock is stored, handled, and loaded onto a Handymax ship (4&%60fapacity]268])

and transshipped to the port of Hull, UK, covering 7,500%@8]. From the port the biomass
feedstock is transported via trucks to the power plant covering 63Xi|. In regard to coal
supply chain, all coal mines in the UK are opencast due to tiserel@f deep coal mines in
recent years. The opencast mines are found to be distributed not far from the Keadby power
plant at a range of 5@ 150 km. The coal supply chain to the power plardiudesmining,
washing and transport via rail (100km). Accagito the distribution of iron mines in the UK
[271], they are approximately 200 km away from the location of the power plant. The supply

chain process for iron ores is essentially iron mining and transport.

Finally, since the power plants agasification based, hence produce syngas with a higher CO
concentration, a preeombustion capture technology is used, i.e selexol process using

polyethylene glycol dimethyl ether. The £6 compressed to 11 MPa (scltical state) for
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transportation usng pipelines, due to them being the cheapest and most commonly used
method for long distance G@ansport. Out of all the different geological €€orage sites

saline aquifers are used due to their large storage capacity. ThesG@len recompressed

from 10.76 MPa to 15 MPa, the pressure used by most existing CCS projects before injection.
Additionally, the C@released during transportation and compression is also considered in
the life cycle assessment according to the methodology developed by thedPQC[272].

It was assumed that the storage site is 150[Ri#8] away from the power plant since storage

sites are scattered around that distance.

All the data for each stage during the supply chain process for cost inppierii€sion and
energyinput is listed inTable3.13. In addition Tables AL ¢ A4) in the Appendixsummarize

the life cycle inventory input and output data, respectively, for the environmental impact
assessment using Gabi. These data have been extracted from the Aspen Plus model
developed in section 1.3.4. Moreover, the irore mining process life cicinventory data,

air separation unit energy consumption attte amount of selexol required for G@apture

are summarizedh Table3.14.

The dataused for the life cycle calculation of each section was taken from published data in
journals, government bodies, the IPCC reports, and the International Energy Agency (IEA) as
shown in the references. Those are all reliable and accurate sources withepéared work
(almost all the data are from official authoritative data) showing that the datsb(e3.12

Table3.13, Table3.14) used in this thesis is reliable and acceptable.
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Table3.13. Life cycle inventory data for the life cycle analysis.

EnergyConsumption Value Unit References
Coal mining and washing 1.8 MJ/kg [274, 275]
Coal Transport (100 km) 0.281 MJ/tkm [275]
Wood Harvesting & Transport 9.9 MJI/MWhbiomass) [268]
Wood Processing 573.3 MJ/MWhpiomass) [268]
Pellet Handling &torage 3.8 MJ/MWhpbiomass) [268]
Transport to port (by raih 145 km 11.1 MJI/MWhpiomass) [268]
Ocean Transpor7500 km 0.03 MJ/tkm [268]
Transport to power plant (by truckp0 km 2.3 MJ/t km [268]
[ron mining 124.4 MJlt [276]
Iron Transport (208 300km) 20.9 MJ/t km [276]
CQ Capture Calculated

CQ storage (Injection compression) 7 kwh/t CQ [277]
CQ transport 2.4 kWh/t CQ [278]
CQEmissions

Coal mining and washing 49.74 kglt [245]
Coal transport (by rail) 0.0830 kg/t km [275]
Wood production harvest and transport 1.6 kgColt [268]
Wood processing in pellet plant 12.2 kgCQMWNh piomass) [268]
Handling and storage 0.28 kgCO/'MWHh piomass) [268]
Wood pellets transport to port (by rail) 0.01 kgCQ/t km [268]
Wood pellets ocean transport 0.004 kgCQ/t km [268]
Wood pellets transport to power plant (by

truck) 0.12 kgCQ/t km [268]
CQ compression (fugitive G@mission

compressor) 23.2 tCGQ/MW/yr [277]
CQ transport (fugitive C@emissions

pipeline) 2.32 tCQO/kmlyr [277]
Fugitive C@emission from Cgstorage 7.01 kgCQtCO: [279]
Iron mining 9.8 kgCQit ore [276]
Iron Transport (200 300km) 1.3 kgCQltore [276]
Cost

Coal mining and washing 52 £t [245]
Coaltransport (by rail) 5.93 £it [280]
Wood production harvest and transport 10.97 E£/MWh piomass) [268]
Wood processing in pellet plant 8.47 E/MWhpiomass) [268]
Loading port handling and storage 45 £it [266]
Wood pellets transport to port (by rail) 2.19 £/MWnhpiomass) [268]
Wood pellets ocean transport 0.00036 £/MWh km [268]
Wood pellets transport to power plant (by

truck) 2.9 E/MWh(biomass) [268]
Receiving port handling and storage 45 £fCQ [266]
Iron mining 75 £ CQ [13]
Iron Transport (200 300km) 10 £t CQ [281]
CQ transport & storage 25.275 £/1CO [43]
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Table3.14. LCI data for used in the environmental analysis.

Stage Inventory _
ltem Value Units
Iron Ore Mining?"®
Drilling Diesel 0.03 kg/t ore
Blasting Explosives 0.5 kg/t ore
Loading and Hauling Diesel 2.2 kg/t ore
Crushing and Screening Electricity 2.5 kwhit ore
Stacking and Reclaiming Electricity 0.5 kwh/t ore
Overall Water 0.21  kg/tore
Waste rock 13 t/t ore
Carbon Captur&®
Carbon Capture Selexol 0.007 tit-CQ
Air Separation Unit*
Oxygen Production Energy 0.2 kW/kg-Oz

3.3 Bench-Scale BCLG Experiments: Methodology for Chapter 6

3.3.1 Aim

The aim of this sectioisto summarize the methodology for conducting a bersdaleBCLG
tests, followed by mentioning the material characterization tests performed on the oxygen

carrier. Finally, the calculation method is laid out in details.

3.3.2 Materials

Sawdust of pine was used as the faed natural hematite was used as tb&ygen carrier
used in the following testd'hecomposition and description of boik summarized isection
3.2.1 andTable3.1. The natural hematite was heated up in a furnace for 3 hours at 250°C to

ensure it has reached its highest oxidation state afke

3.3.3 Experimental Setup

A fixed bed reactor was used to investigate the effect of using hematite oxygen carrier in
biomass chemical looping gasification. The schematic diagram of the reaction equipment is
shown inFigure3.12. The experimental set up consisted of an electric heating furnace
(including a temperature control system), a quartz tube reactor, agsisbution systenmand

agastesting system. The fixdoed reactor was used for both fuel and air reactors.

During the experiment, guartz wool sample (~0.2q) is placed on top of a porous plate in the

middle of an 800mm long quartz tube reactor with an inner diameter of 15mm. Hematite
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sample is then placed on the quartz wool in the reactor. Both top and bottom ends of the
reactor are saled by a stainlessteel joint. The tube is then purged with nitrogen fds 2
minutes to create an inert atmosphere followed by heatthg reactor including the carrier

gas (nitrogen) to a desired reaction temperature. The reaction tempegatvas measied

using a Kype thermocouple near the perforated plate inside the reactor. The volumetric flow

of air and carrier gas (high purityx)Nwere controlled bya mass flowcontroller. After the
experimental temperature reached the desired reaction temperatsmmass fuel was
dropped into the reactor using a ball valve that is used to seal the top of the reactor. The
stopwatch is then started to record the reaction time. The carrier gasi¢ldllowed to keep
flowing from the top of the reactor during the reaon. The generated gas product escapes
from the bottom of the reactor along with the carrier gas whisthen bubbled through an
isopropanol solution (placed in a Mengshi washing bottle) to remove any tar escaping with
the gas product. This was followbg passing the gas through a Mengshi washing bottle filled
with colourchanging silica gel for the drying process. The gas product is then collected in a
sampling bag for it to be tested using gas chromatography (Agilent Refinery Gas
Chromatograph, 7890Aanalysis. After the reaction is complete, the heating element is
switched off and the reactor temperature is allowed to cool back down to room temperature.
The N flowrate is then stopped. The hematite sampléaken for anXRDanalysis An Xray
diffraci 2 YSGSNI 60 w53 - Qt SNI t(dR0.18Mpoperating a4l kv dz Y h
and 40 mA was used to analyse the crystal structure of the reacted OC sample. The sample
gta aolyySR +td F+ aoOlyyAy3a NIGS 2F HckYAYy TN
followed by conducting acanning electron microscope (SEM) and Energy Dispefsay
Spectrometer (EE) tests using a Hitachi S¥0 instruments whichwas used for the
morphology characteristicand elemental analysisf the OCThe reduced hematite samples
(tested under different temperatures) were then placed back into the reaotora quartz

wool sample and heated up to 950°C. Thegls was switched to air (100 ml/min) for the
oxidation ofsomereduced oxygen carriecsamples After the experiment, the oxygen carrier

was cooled to room temperature undertmosphere then collectdfor XRCand SEMEDX

analysis.
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Thefollowingset of experiments wereonducted:-

Blank Tests

1 A blank experiment was conducted where silica beads are added in the reactor with

the biomass instead of hematite and results were recordedifrent temperatures

Temperature

1 A set of chemical looping gasification reactiareye conducted to measure the effect
of temperaturein the presence of hematite in a fuel reactor
1 The reduced hematite is then regenerated in an Air reactor by reactimighitair

1 The gas compositions were measured to calculate the gas yield, LHV and gasification

efficiency

1 The regenerated hematite is then characterized using an XRD andEBEM

Oxygen Carrier/Biomass

1 Similar procedure as temperature was used tagting different OC/Biomass ratios

Reaction Time

1 Similar procedure as temperature was used but testing different reaction times

Table3.15 summarizes the experimental conditions of the reactions taking place

Table3.15. ExperimentalConditions
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Species

Operation Parameters

Oxygen Carrier
Reaction Temperature
Oxidation Temperature
Oxygen Carrier (OC) Ma
Fuel

Biomass Mass
Biomass/OC

Carrier Gas

Carrier Gas Flowrate
Oxidizing Agent
Oxidizing Agent Flowratt
Reduction Time

Purge Time

Oxidation Time

Number of Cycles

GC calibration frequency

Natural Hematite

840°C (750C, 800C, 850C, 850C, 900C)

950°C

1.7g Does notchange with change in B/OC ratio)
Pine Sawdust

1g(Changes with change in B/OC ratio)

0.61, 0.67, 0.73, 0.78, 0.89

N2

100 ml/min

Air

100 ml/min

45 min (10min, 20 min, 30min, 40 min, 50min)
25min

1 hour

9 Qycles

Every 2 months
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Gas Control
Unit
MFC
MFC —
A
Mass Control Unit X—| A

Quartz

A 4

Transport Furnace—»

Gas Detection Unit

N2 Air

N

Temperature
| I I\ ,——r Controller
B

Absorption and
cooling unit

Figure3.12. Experimental seup of the BCLG tests

3.3.4 Data Evaluation

The gas products of the sawdust pine are mainlyGO, C& CH and GHa. In order to study

the gasification reactions between hematite and sawdust pine, the following equations are
used for analysis in this papédfquation 321 is used to calculate the percentage of carbon

conversion (¥).

H = - pmmbp [3.21]

Where, Mcrepresents the mass fraction of carbonaceous materials in biomass ¢8oYc¥s
Vcha and \ennm represent the volume of each component in the gas product at room

temperature (L)mo represents the mss of biomass added in the experiment (g).
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The lower heating values of syngas (kkbss MJ/Nn¥) is calculated usingquation 322.
0 Ow P& O paEp O o@ O [3.22]

Where Gqg CH, Cchsand Gnumrepresent the volume fraction of each component in the gas

product (%).

The Cold Gas Efficiency (CGE) was calculated as the percentage of syngas heating value over

the biomass heating value, as showrEiguation 323.

# 1 ICAREAE BPE AFAL—— po0 [3.23]

where 9 is the biomass gasifiegas yield, which is calculated as the volume of a gaseous

component () per mass of biomass ( used, as shown iRquation 324.

' AOE A9 A [3.24]
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4 CHAPTER 4: TECHNO-ECONOMIC & SUSTAINABILITY
ANALYSIS

4.1 Introduction

In this chapter a BCLGCC model was developed and validated using Aspen Plus software. The
model was used to develop a scaled up 650MW power plant followedobylucting a
technical, economic and sustainability assessment of the entire power plant andgetsti
feasibility in large scale. The results were then compared to four other power generation
technology. The results in this chapter were presented in graphs and tabular fornnorke

in this chapterwas conducted according to the methodology outlinéd chapter 3 section

3.1

4.2 Technical Assessment

Peformance results of the CCS and NOGS power plantre listedin Table4.1. BothCCS

and NonCCS power plants were set to have the same gross power output of 650 MW, with
an inlet biomass flowrate of 6480 and 6600 t&¥day, respectively. CCS power plant has a
90% ©» capture and resulted in a 5% decrease in efficiency (36%) compared t&€GSn
(41%). The BCLG reactions cannot occur at temperatures below 650°C, and the sintering of
oxygen carrier is prone to occur when the temperature exceeded 10004C]. A
thermodynamic analysis was conducted to measure the effect of temperature of the FR (750

- 950°C) on gas composition, LHV, net power, cold gas and net efficiencies, while keeping the
AR temperature 100°C higher than the FR. Similar tests were also conductedrimgdse

effect of pressure ranging from 1 to 13atm for both FR and AR, OC/B ratio ranging from 0
10, and S/B ratio from 0.21.8. The efficiency results showedTmble4.1 that the difference
between the CCS and N@CS process is around 5%, which is a low number compared to the
difference between conventional power plants. The reason for that is the high bs®mas
utilization efficiency within BCLGCC process, hence requiring less bibwradsrereleasing

less C@which has to be capturedhis results in less energy penalty for the CCS process.
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Table4.1. Performance results of both CCS and N©GS plants

Parameter Non-CCS Plant CCS Plant
Feed Rate, tome/day 6600 6480
Gas Turbine Output, MW 417 377
Steam Turbine Output, MW 233 273
Gross Plant Size, MW 650 650
Syngas Compression, MW 95 92.2
OC Circulation, MW 8.8 8.8
CQ Capture Power - 455
Net Power, MW 546 504
CQ Captured, % - 90%
Amount of CQcaptured, kmol/s - 2.37
WGS Steam Flowrate, kmol/s - 2.25
Biomass LHV, MW 1429 1403
Efficiency, % 41 36

4.2.1 Effect of Temperature

Temperature has a significant effect on the syngas composition. As shdviguire4.1A, as
temperature increased from 750 °C, &hd CO experienced an increase in yield, whereas CH
and CQyields decreased. The change in compositions reached a plateau at around 875°C,
therefore, was taken as the optimum temperature, ensuing a balance between further
increase in temperature and theepcentage increase in efficiency. These effects can be
explained by thehermodynamics of reactions €12) in theTable3.3 (Methodology chapter.

The LHV of the syngas sent to the combined cycle, increased from 11.2 VEVNMBO°C to

12.3 MJ/Nni at 800°C, which is due pyrolysis gas (having high LHV due to mare CH
formation). However, as temperature further increases, the LHV decreases and plateaus at
around 875°C. This decrease in LHV is compensated by an increase in gas yield due to
increased carbon conversion, as a result increasing the CGE of the gasificatiess. This
increase in CGE resulted in an increase in net power and consequently the net efficiency of
the power plant. This can be observedrigure4.1B. Comparing BCLGCC w/o.C@pture

with BCLGCC with €@apture, as temperature increased from 750 °fLyidld increased
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rapidly while C@slightly increased. On the other hand, L&dmposition decreased while CO
remained negligible. The reason for that is due to the presence of a WGS unit, converting all
the CO into C&where 90% is captured. Since the ratio between C and H is 1 to 4,imQid

H. is produced as it reacts with the OC as p&Erature increases. Frofmgure4.1CandFigure

4.1D, an increase in temperature resulted in an increase in CGE due to increase gas yield, net
power and net efficiency. The net efficiency of the capture power plant was approximately

6% lower tlan the noncapture power plant.
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Figure4.1. Effect of temperatureon both CCS and Ne@CS power

plants
4.2.2 Effect of OC/B Ratio

The Ohiomass (OC/B) ratio is an important parameter in BCLG to obtairghiglity syngas.

High amount of oxygen carrier will result in complete combustion while little amount of
oxygencarrier will result in insufficient amount of oxygen and gradual decrease in gasification
temperature of the reactarFigure4.2A demonstratedthat as the OC/B ratio increased from
0.30 to 2 Hyield increased, and similarly CO,.@@d CHyield increased. This is because as
we increase the OC/B ratio, the amount of lattice oxygen increases hence converting more
carbon into CO/C© Additionally, more OC results in an increased catalytic cracking of the
tar, therefore resulting in higher amount of carbon being converted into syngas. Further

increase in OC/B ratio beyond 2, stagnates CO yield while gradually increasimghiZOCH
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and h yields experience a gradual decrease, due to the increased oxidation, resulting in CO,
CH and H being converted into Cand HO. Compared to BCLGCC with capture, the trends

in Figure4.2B are similar, however, the CO and Shlds can be assumed to be negligible
while H flowrate is approximately double, mainly due to the WGS and carbon capture
processes. The slight increase CO and Hcompositions between 0.3 and 2 OC/B ratio
resulted in an insignificant effect on the LHV compared to the effect it had on the gas yield
which resulted in an increase in CGE. The increase in OC/B ratio from 0.3 to 2 OC/B also
resulted in a 50 MV net power increase for the necapture plant, but approximately 36 MW
increase for the capture plant. As a result, increasing the net efficiency for both capture and
non-capture plants by 2.6% and 4%, respectively. However, as OC/B increases more than 2,
all factors gradually decrease due to complete combustion taking place, as demonstrated in

Figure4.2C &D
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Figure4.2. Effect of OCBiomasgatio on both CCS and NeGCS power plants

4.2.3 Effect of Pressure
As illustrated inFigure4.3A, it can be seen thatraincrease infuel reactorpressue shifts

equilibrium towards the side with less gaseous moles. For the non capture pleadHCO

flowrates decreased while G@nd CH increased with an increase in pressure. The main
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reason is that the gasification reactions (reactions 2, 3 and 4)xiie 3.3 (Methodology
chapter) are restrained under high pressure, thus resulting in a decreaseiand CO
decrease as pressrue increases. However, a high pressure is conducive to generating CH
according to reaction 5 while suppressings@€binversion (reaction 10). This consequently
increased LHV from 11.4 MJ/Nto approximately 14 MJ/N& but reducedthe gas yield
therefore reducing CGE, net power and consequently net efficincy (from 41.2% to 35.6%), as
demonstarted inFigure4.3C.The capture plant, as shownFfgure4.3B & Dshowed similar
trends, however, experiecing a higher Hflowrate and a relatively constant CO and.CO
flowrate. The net efficiency of non capture plant decreases by approximately 6% compared

to capture plant which decreases by 4% as pressure increases from 1 to 13 atm.
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Figure4.3. Effect of pressure omoth CCS and Ne@CS power plants

4.2.4 Effect of Steam
Anincrease in S/B ratio resulted in an increase irahtd CQbut a decrease in CO and £H

yieldsas shown irFigure4.4A. This can be explained according to the equilibrium shift of
reactions 1, 2 and 1ia Table3.3 (Methodology chaptexshiftingtowards the righthand side,
therefore increasing the CQand H concentrations. As shown ifigure 4.4B, the LHV
decreases, since methane (has a high LHV) is consumed, to produce COnvunchHhave a

low LHV. This decrease in LHV results e@@GE also decreasing. However, increasing S/B

ratio increases the combustible gas yield which increases thepmwer generated,
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consequently increasing the net efficiency. The optimum S/B ratio was taken as 1.5 since net
efficiency started to plateau. Thhas only been tested for the N@CS power plant; however,

the following section discusses the effect of WGS on the CCS power plant.
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Figure4.4. Effect of steam/bionass on both CCS and N@C$ower plants
4.2.5 Effect of Multiple Parameters
In order to investigate the effectsf multiple parameterson the system performance, we
divided the factors into two categories, operation parameters (gasificagomperature and
pressure) and technological conditions (OC/B and S/B). The effects of them on energy
efficiency of plants are presented gure4.5. Temperature seems to have a higher impact
on energy efficiency compared to pressure within the range that has been tested.
Temperature results in a steeper increase in energy efficiency up tiC8whereas pressure
has a gradual decrease in energy efficip Therefore, changing temperature would be more
effective than changing pressure, high temperature and low pressueebeneficial to
improving plant energy efficiency. Steam inputted into FR can obtain meranéi CO,
increasing the effective composin of fuel gas thus enhancing system energy efficiency,
however, OC provides enough heat for promoting steam reacting with other reactants, but
exceeded OC will consume &hd CO via combustion reactions. Change in OC/B ratio resulted
in a steep increasehen a sharp decrease after reaching a peak at an OC/B ratio equal to 2.
SO as to achieve the maximum energy efficiency of the plant, the OC/B ratio should firstly
satisfy the reactor selfieating requirements, followed by a suitable ratio of OC/B to S/B to

obtain the maximum energy efficiency of the plant.
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Figure4.5. Interaction of operationparameters and technological conditions on energy

efficiency of the plant

4.2.6 Carbon Capture

The resultsfor testing the effect of water gas shidire outlined inFigure4.6A and B This is

done by injecting steam in a Water Gas Shift reactor, where it reacts with the syngas,
converting CO into G@nd HO into H. This allows for the GQo be captured before the
syngas combustion process. As steam flowrate increases, the degree of water gas shift
increases (more CO converting into A Oincreasing amount of carbon captured,
consequently increasing the power consumption during the carbapture process. As a
result, the net efficiency of the power plant decreases from 37% to approximately 36%. This
can be observed when steam flowrate is equal to 2.25 kmol/s steam flowrate (WGS Degree =
0.993 and Carbon Capture Ratio = 0.974). Furtheeass in steam does not have any effect

on the WGS degree or carbon capture, hence was taken as the value for CCS tests. Even
though an increase in carbon capture would reduce efficiency of the power plant it will

support negative emissions technology esp#g with biomass being the source of fuel.
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Figure4.6. Effect of WGS degree on the CCS power plant
4.3 Economic Assessment

4.3.1 Cost Distribution

Based on the techneconomic analysis, FR temperate = 875FR pressure = 1 atm, OC to
Biomass ratio = 2, steam to biomass ratio = 1.5 and 0.993 WGS degree were taken as the
optimum conditions to be used when conducting the economic analjgssnoted that the

above optimized conditions obtained in this paper are based on the thermodynamics analysis,
hence, if we just consider the thermodynamics performance of the plant, these values can be
used as general conditions and are suitable foB@LGCC (w/o CCS) plant with different sizes.
However, the economic impact values may change for a different plant size. The change in
operation parameters and conditions will lead to variation in heat flow, mass flow and gas
composition, thus affectinghie device size as well as its investment. Since the economic
performance are significantly influenced by the plant scale, those values are taken as
optimum for a 650 MW (gross power) power plant (biomass input = 6600e@tay (non

ccs) and 6480 tamedday (ccs)) in this study and not for all sizes. The economic analysis was
based on the assumption that biomass price is equal to 12.4 $/GJ (£10), negative emissions
incentive is equal to zero and the power plant is available 80% of the time. The amou@t of O
required in the process was increased by 10% to account for OC escaping the reactors with
the syngas/flue gasthe breakdown cost in calculating the TOC, variable and fixed isosts
presented inTable3.7. Based on the data, the power plant with capture increased the capital
cost by 30%, fixed cost by 20% and variable cost 1% compared-tapare. The cost break

down is shown imable4.2.
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Table4.2. Summary of TOC, variable and fixed cost breakdown

Non-CCS (M$) CCS (M$)
Gasification Units 173 170
Gas Turbine 40 37
HRSG 56 55
Steam Turbine 23 26
WGS Reactor - 32
CQ Absorption - 33
CQ Drying and - 29
Compression
Total Equipment Cost 292 382
(TEC)
Direct Cost 561 734
Indirect Cost 100 130
Bare Erected Cost (BEC) 953 1246
Process Contingency 238 312
Project Contingency 238 312
Total Plant Cost (TPC) 1429 1870
Owners Cost 329 430
Total Overnight Cost 1759 2300
(TOC)
Annual Operating Labour 9.5 10.5
(OL)
Maintenance Labour Cost 11.9 13.1
Administrative and 54 5.9
Support Labour
PropertyTaxes and 28.6 37.4
Insurance
Total Fixed O&M Cost 55.4 67.0
Biomass 558.8 548.1
Oxygen Carrier 7.35 7.20
Boiler Feed Water 0.8 0.7
Total Variable O&M Cost 567 556

4.3.2 Effect of Plant Size

The effect of COE including the breakdowantribution of capital, variable and fixed costs for
both CCS and Ne@CS plantare shown inFigure4.7A and B respectively. The COE of the

650MW power plant was calculated using Aspen Plus dathEquation 3.8 however the

costs for the different sizes were scaled usifiguations3.12,3.13, 3.14. The scaling of the

capital and fixed costs was exponential; however, the scaling of the variable cost was
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proportional. The graphs followed an expected trend of decrease in COE with increase in plant
size. However, the graphs reached a platetaraund 500 MW, further increase in plant size
did not have significant impact on the CQlis is because further increase inesresults in

an increase in cost equal to the increase in power output, hence keeping the COE relatively

constant.
Capital Cost mVariable Cost m Fixed Cost Capital Cost mVariable Cost m Fixed Cost
35 35
30 30
< =
25 25
Z 2
S 20 S 20
w15 wi 15
O O
O 10 O 10
5 5
0 0
50 200 350 500 650 800 50 200 350 500 650 800
Plant Size, MW Plant Size/MW

Figure4.7. Effect of NonCCS (A) and CCS (B) plant size on the COE

4.3.3 Sensitivity Analysis to COE

A sensitivity analysis was conducted to test the effect of different variables on the COE of
both, CC&nd NonrCCS plants$:igure4.8A and Brepresent the effect of TPC, Biomass price,
discount rate, plant life, labour cost, OC price and lifetime on both CCS an@G®mpower
plants, respectively. For CCS, it can be obsethadif TPC is varied by +30% the COE
(21.7 ¢/kWh) will vary between 24.% 19.2 ¢/kWh (11.3% difference in COE), whereas for
Non-CCS the COE (1&4&Wh) will vary between 20.% 16.6 ¢/kWh (9.5% change in COE).
The bigger gap between both values slsotat varying the TPC has a greater effect on the
COE in a CCS compared to a#8&@85 power plant, which is due to the additional cost of the
carbon capture unit. Moreover, since this type of power plant has not been constructed on
large scale before, itgroject and process contingencies are quite higher, hence increasing its
capital cost and COEhe price and lifetime of the OC seemed to have a very negligible effect
on the COE for both CCS and N2@S due to the low price of hematite (95 $/ton). Labour
cost had a slight effect on the COE, but a greater effect was observed when the plant life
increases from 20 to 25 years (increased by @/&Wh and 0.19¢/kWh for both CCS and
Non-CCS). Discount rate seems to be the third most effective variablleeo8@OE after TPC

and biomass price.
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Figure4.8. Sensitvity analysis of different variable for both CCS (A) & NS (B)

Regarding the effect of biomass price (12.4 $/GJ), if we vary its price- 8p%/, COE will
range from 17.9; 25.4¢/kWh and 14.% 21.9¢/kWh for CCS and Ne@CS, respectively.

It can also be observed that the price of biomass had the highest effe¢teo@OE for both

CCS and Ne@CS plants followed by the TPC. This shows the key role biomass price plays in
influencing the economic feasibility of the entire process. In the UK, biomass is generally
imported from the US and Canada8g4], therefore increasing its price due to shipping,

however this process could be more feasible in geographic locations where biomass is
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abundant and cheap. Nevertheless, the main current financial support scheme presented by
the UK government for renewablgectricity is the Renewable Obligation Certificate (ROC)
28510 ¢ KS wh/ Q&4 OdzZNNBy G @I fdzS F2N) 3SYySNI GdAy3
(5.8¢/kwh). This would therefore reduce the COE for both CCS andCig@&to 15.0/kWh

and 12.8¢/kWh, regectively, which reduces the costs below the average cost of electricity

in the UK (17.2¢/kWh (14.37 pkWh)[286]). Figure4.9 tests the effect in variation in ROC
value as it could change throughout the years. It can be observed that a 30% change in ROC
value varies the value of COE by 11% and 14% for CCS a@CSants, respectivelyrran

a polcies perspective, further incentives can be introduced for negative emissions which
could drive the commercialization of BECCS technology. The graphs showing the effect of
varying each of the aforementioned variables on the COE cafol® in the Appendix

(Figure Al
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Figure4.9. Effect of change in ROC value on COE

Figure4.10A estimated the effect of increasing negative emissions incentive and its effect on
the COE for both CCS and No@S. It had no effect on the N@CS plant as expected,
however it would have aeffect on the CCS plant since capture ot GAll result in negative
emissions. The COE including the ROC government subsidies for CE&\(\15) 3s already
lower than the average COE in the UK (approximately ¢/kK\Wh). Introducing negative
emissionsincentive of no more than 39 $£Q in addition to renewable government

subsidies can further reduce the COE to X2k8Vh (which is the same as the N@CS plant).
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Figure4.10B shows the effect of the capacity factor on the COE. It can be observed that the
CF has more effect on the CCS plant compared to theQ\@® plant, with a difference of

7.16 ¢/kWh and 5.12¢/kWh between 0.5 and 1 capacity factor, respectivéigure4.10C
illustrates that the COE increases as the WGS degree increases, converting more C® into CO
This is due to more energy being consumed fos O® LJG dzNBE =~ +a | NBadz i
net power. The COE increases from 20@Vh to 21.7¢/kWh as the WG8egree increases

from 0.4 to 0.99, however, the cost of €€apture decreases from 64.6 $8BQ to 342.7 $/t

CQ. Table4.3 compares the cost and performance of the 3 main biozssed technologies,
including; biomass combustion, biomassegrated gasification combined cydBIGCC) and
BCLGCC. Coal direotmbugion andcoalintegrated gasification combined cycle technologies

are also introduced and compareBtom previous literature data regarding the capital cost,
COE and efficiency of both capture and rw@pture plants were collected and compared for

an estimated gross 650 MW plant size. The valueBahle4.3 do not include any government
subsidies or renewable energy incentive. The results showed that BCLGCC shows promising
net electric efficiency and COE&bmpared conventional power generation tewlogy

(biomass combustion and BIGCC).
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Figure4.10. Effect of negative emissions incentive (A), capacity factor (B), WGS degree and do€f chpture (C) on COE
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Table4.3. Techneeconomic comparison between 5 power generation technologigs #8200 204 23, 23]

Iltems

Direct Combustion

Integrated Gasification

Combined Cycle

Chemical Looping
Gasification
Combined Cycle

Integrated
Gasification
Combined Cycle

Direct Combustion

Gross Plant Power
Fuel

Carbon Capture

Percentage
Capture, %

CQ Purity, %

Biomass LHV,
MJ/kg

Cost of Fuel, $/GJ

Plant Capital Cost,
M$/MW (Net)

Cost of
Electricity,¢/kWh

Net Electric
Efficiency, %

~650
Biomass

No CCS CCS

14-18 3.3¢3.8
12-16  18-22

34-37 24-28

~650

Bi

No CCS

omass

CCS

16.5-18.5

2.6¢3.0

15-19

35-40

9-12

3.7¢4.2

19-25

26-33

~650

Biomass

No CCS

24¢2.8

16-20

40-43

CCS

3.4¢3.9

19-23

34-37

~650 ~650

Coal Coal

No CCS CCS No CCS CCS

25-32

2-3

12-16 26¢3.0 18¢22 27¢31

6-8 11-14 7-9 10-13

35-38 25-28 37-41 30-34
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4.4 Sustainability Analysis
The previously mentionedmethodology chapter, section 3.1.4.8)dicators (economic,
social, environmental and technical indicators) and -Buticators for the sustainability
assessment is presented Trable4.4. The values for each indicator, including the reference
point (worst and best case for each indicator) were either taken from literatRg®, 233,
238, 237] or are calculated for the worst psible value based on the fuel feedstock
properties. The results are presented in a graphical forfgnre4.11, for the CCS and nen
CCS plants.

4.4.1 Economic Sustainability

Comparing between the economic performance of the 5 different power generation
technologies (with and without capture), it can be imepl that gasification (BIGCC, BCLGCC
and CIGCC) require a higher capital cost per unit power as well as higher COE due to the
complexity of the system, except for BCLGCC which demonstrates a lower COE which is due
to its higher efficiency compared to theher processes. Additionally, we can see that coal
power plants have a slightly lower capital investment per unit energy compared to biomass
power plants, however a significantly lower COE due to the lower cost and higher heating
value of coal compared tbiomass. Moreover, CCS technology increased the capital cost of
the power plants on average by approximately 1.1 M$/MW, which then resulted in an

increase in COE by approximately5i¢/kwh.

4.4.2 Environmental Sustainability

Biomass fuelled power planshowed lower efficiencies compared to coal fired power plants,
except for BCLGCC which demonstrated similar efficiencies for CCS a@& 8giants (36%

and 41%, respectively) in comparison to coal fuelled IGCC. Biomass IGCC requires higher water
consumpton compared to BDC for tar scrubbing. BCLGCC requires less water due to the
catalytic cracking of the tar by the oxygen carrier. In terms of renewability, the bicb@aes

power plants are 100% renewable since biomass is a renewable source of energyasvher

for coatbased power plants the renewability is zero. The €@issions from the biomass

based power plants is assumed to be equal to zero due to biomass being carbon neutral,
whereas CFP and coal IGCC released 905 and 821 g/kWh, respectively, dhekoishe

higher efficiency of IGCC. The CCS process is assumed to capture approximately 90% of the
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CQ, hence resulting in 114 and 103 g/kWh being released, respectively. Bibassd
power plants technically should have negative emissions asareyemoving C&from the

atmosphere, but in this analysis, it is assumed to be zero.

4.4.3 Social Sustainability

Developing biomasbased power plants can increase the number of jobs byl & MWe,

since more agricultural residue will be required as fuel. &fee, requiring the agricultural
industry to restructure, hence creating more jobs. Whereas-baakd power plants provide

much less jobs (0.51.5 jobs/MWe). However, sourcing the biomass from abroad would
improve the job market for the location whetthe biomass is sourced. Take the UK as an
example, however, most of the biomass in the UK is imported from the US and Canada, hence
will not provide as many jobs within the UK. The shift towards biomass is to move towards
renewable sources of energy whismsuring energy security. Currently the energy security
from coal power plants is low (approx. 3%), while biomass power plants is relatively higher
(6%), and zero energy security from CCS power plants. The UK parliament recently passing a
bill to reach netzero emissions by 2050, therefore biomass energy sources will see a greater
push and an increase in its use in the following decades. Drax power plant will be the first
biomass power plant in the UK to be integrated with CCS techn¢kiyy. With BCLGCC
technology utilizing biomass efficiently in power generation while providing a lower COE,
even with CCS technology, we could see an increase in its energy security in the following

decades.

4.4.4 Technical Sustainability

This indicator measures theaturity level of the technology for it to achieve a specified
function and to demonstrate whether the technology is commercially feasible. The specified
power generation technologies mable4.4 shows that combustion technologies are the most
mature due to their simple process compared to gasification, especially with coal power
generation technology being more mature compared to biomass fuelled technology. Biomass
gasification process to powes slightly complicated compared to that of coal. BCLGCC has
only been demonstrated as pilot plants, hence is still under research stage, therefore reducing
its maturity and commercial reliability. CCS technology have been demonstrated; however,

the technobgies maturity is not as mature relative to NQCS processes.
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Figure4.11. Sustainability evaluation of biomass and coal powgeneration processes
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Table4.4. Sustainability performance assessment between 5 power generation technologies

Indicator (subkindicator) |IGCGBiomass BDC BCLGCC CFP IGCG; Coal Reference Value
CCS/NorCCS CCS NonCCS CCS NonCCS CCS NonCCS CCS NonCCS CCS NonCCSs Best Worst
Economic
Unit capital cost, M$/MW 4.0 2.8 3.5 1.6 3.7 2.6 2.9 1.4 2.8 2.0 0 5
COE¢/KWh 23 16 19 14 21 18 13 7 12 8 0 25
Environmental
Net Electric Efficiency, % 31 36 26 35 36 41 28 36 32 39 100 0
Renewability, % 100 100 100 100 100 100 0 0 0 0 100 0
Water consumption,

350 3.02 230 1.71 2.80 2.40 4.9 3.83 3.25 2.4 0 28.4
kg/kwh
CQ emissions, g/lkwWwh 0 0 0 0 0 0 114 905 103 821 0 908
SQ emissions, g/lkWh 2.6 1.9 2.2 1.6 1.9 1.7 8.0 6.2 2.1 1.7 0 25
NOx emissions, g/kWh 1.7 15 2.4 1.8 15 14 4.2 3.3 1.2 0.95 0 59
Dust emissions, g/kwh 0.034 0.030 0.081 0.060 0.030 0.026 2.2 1.7 0.10 0.08 0 93.6*
Social
Community
Development, 11 9 10 8 12 10 1 0.5 15 1 20 0
staff MW e)
Energy Security, % 0 0.05 0O* 5 0 0 0 3 0 0 100 0
Technical
Technical Maturity 0.5 0.75 0.75 1 0.5 0.5 075 1 0.75 1 1 0

*All ash in the fuel is assumed to be dust
*x Wi || be operd@'ing in early 20200s
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4.5 Conclusion

Thischapteruses Aspen Plus software ¢gtablish a reliabland validatedbiomass chemical
looping gasification combined cyaléth and w/o CCSimulation processising experimental
data. The plant was scaled up to test its economic and technical feasibility in an industrial
scale(650 MW gross power)The key technical parameterscluding temperature, OC/B
ratio, pressure, S/B ratio and WGS degvesre tested to optimize the system and obtain
optimum operational conditionslt was concluded that the optimum conditions from the
technical analysis are as the followir8¥5°C FR temperate, 1 atrkR pressure, @B ratio
equal to2, S/Bratio equal to1.5 and0.993 WGS degre&his resulted in givingreet efficiency

of approximately 36% and 41f4r non-CCS and CCS plamtsspectivelyshowing higher and
promising results compared to conventional power generation procedseowing the
technical analysis, an econonfeasibility studywas conducted estimating the capital, fixed
and variable costs and finally the cost of electricitiie high efficiencies of these processes
are associated with the costs, hence a lower CGE.af ¢/kWh and 18.4 ¢/kWh for CCS and
NonCCS processes, respectivéfiareover, government subsides can reduce cost§3®
¢/kWh and 12.8 ¢/kWhrespectivelywith negative emissions incentive further reducing the
COE for the CCS plant. Taehno- economic performance of BCLG{SGhen compareavith

other power generation technologs showing that BCLGC@emonstrates higher net
efficiency and lower COE Finally, asustainability assessmens conducted comparing
between 5 different power generation technologies (with and w/o CCS) demonstrates that
BCLGCC presents promising economic and environmental results, with an increase in
community development, but a low energy security due to the procees being
commercially established, as a result it is still not as technically mature as the other power
generation technologiedn conclusion, BCLGCC power plant seems to demonstrate positive
results which makes it a technology that could play a big IBECCS towards achieving a

net-zero carbon emissions by 2050.

Page | 120



Chapters: Life Cycle & Environmental Analysis

5 CHAPTER 5: LIFE CYCLE & ENVIRONMENTAL
ANALYSIS

5.1 Introduction

This chapter deals with conducting a life cycle energy,, ev&t CQ emission analysis of a
BCLGCC power plawvhich is then compared to four other power generation technology. For
clarity, the results have been presented in pseti#imkey form rather than in tabular form
and summarized in bar chart for easier comparisbne tabular form of the results can be
found in the Appendix (Tables A ¢ Al5). A sensitivity analysis is then conducted and
presented in a graph fornThis is followed by conducting a life cycle environmemtgdact
assessmentomparing between BCLGCC and BIGCC power plants. The work in thisishapter

conducted according to the methodology outlined in chapter 3 section 3.2.

5.2 Life Cycle Assessment of Energy Distribution
The energy input distribution of both a BCLGCC with waitlout CCS power plants,
generating a gross power of 650 Mi¢/shown inFigure5.1. BCLGCQ@429.2 MW) requires
26 MW more biomass than BCLGCC with(CE1.2 MW) implying that the WGS and carbon
capture units increase the energy density of the syngas, hence increasing the gross power by
26 MW. However, this decreases the overall net power of the CCS plant by 42 MW (Energy
for carbon capture: 45.5 MWBoth CCS and nedCS plants requires a TLCEI of 2160.3
MJ/MWh and 1764.5 MJ/MWh, respectively. The most energy intensive stage is the drying
and pelletization stage, which require 1596.2 MJ/MWh and 1500.7 MJ/MWh for CCS and non
CCS plant, respectively, acaiting for 73.9% and 85.0% of the TLCEI. The second most energy
intensive stage is the CCS process which requires an energy input of 259.9 MJ/MWh. The
biomass transport supply chain process also accounts for a high energy input of 239.6
MJ/MWh and 227.6 M/MWh for CCS and ndédCS, respectively. The overall lifecycle net
power of the CCS and n&2CS plant is equal to 242.7 MW and 279.9 MW, respectivglyre
5.2 illustrates the life cycle energy input distribution of a BIGCC power plant with and without
CCS, with both power planksvinga gross power equal to 650MW. TheCEtequired for
the CCS poer plant is equal to 2482.6 MJ/MWh wherefas the non-CCS power plarit is
equal to1775.1 MJ/MWh. The CCS power plant biomass feedstock (1694.5 MW) requirement
is177.7 MW higher compared tthe non-CCS (1516.8 MVgjant. The most energy intensive
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process is the wood processing stage, accounting for 71.3% and 85.2% of the CCS and non
CCS power plast respectively. The GQrapture, transport and storage added a 403.2
MJ/MWhto the CCS power plarfEigure5.3illustrates the life cycle energy input distribution

of a CIGCC power plant with and without CCS. The gross power for both CCS-@@sSnon
power plants is equal to 650 MW. The percentage coal mining and washing energy input for
both the CCS and ne@CS pwer plants is equal to 98.5% (628.1 MJ/MWh) and 65.7% (755.3
MJ/MWh), respectively. The total life cycle energy input required for the coal supply chain for
the CCS power plant is equal to 1149.1 MJ/MWh whereasG®O8 power plant is 637.9
MJ/MWh. The CCBower plant consumes an additional 382.0 MJ/MWh (33.2%) far CO

compression, transport, and storage.
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Figure5.1. Life cycle energy input distribution for a BCLGCC power plant w/o (A) and with
(B)CCSUnit: MJ/MWh unless shown
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Figure5.3. Life cycle energy input distribution for a CIGCC power plant with and w/o.C
Unit: MJ/MWh unless shown.

5.3 Life Cycle Assessment of CO2 Emissions Distribution
The total estimated life cycle @@missiondistributionfor the BCLGCC power plant, with and
without CCSs shown inFigure5.4. The TLCCE is equal to 874.0 kgN\Vh, of which 32.7
kgCQ/MWh (34.9 kgCQ/MWh for the CCS power plant) is released from wood harvesting,
transport, and processing accounting for the higlheemissions for both CCS and HOGS
plants, followed by 20.4 k§Q/MWh (22.5 kgCQ/MWh for the CCS power plant) from the
LJS t ftr&naportation and 0.2 k€Q/MWh (0.22 kgCQ/MWh for the CCS power plant)
from the ironore supply chain. The total emsisns from fossibased fuel during the
feedstock supply chain process is 54.@/MWh. The other 820.0 k€ Q/MWh is released
from the biomass power generation process which is reledassa the atmosphere and
absorled by plants during photosynthesis regrow biomass. The BCLETCS power plant
has a total life cycle G@mission of 921.8 k§Q/MWh (47.8 kgCQ/MWh more than the
non-CCS process) of which 744.63@/MWh is captured. The remaining 115.1-€§/MWh
is emissions from the powgalant (from both fuel and air reactors) and 62. 7&®/MWh is

emitted from fossHbased fuel during the supply chain and CCS processes. This results in a net
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CQ emission of 54.1 k§Q/MWh and a negative emission of 680.1-R@/MWh for the
non-CCS and@sS plants, respectivelyhd total life cycle C£Oemission for the BIGCC power
plants with and without CCS illustrated inFigure5.5, respectively. The CCS power plant
(1033.7 kglCQ/MWN) released 192.6 k§Q/MWh more than the norRCCS plant (841.1 kg
CQ/MWh). The norCCS power plant emits into the atmosphere from the flue gas 93.5%
(786.8 kgCQ/MWNh) of its TLCCE, whereas the CC8&t@aissions emits 11.9% (122.8 kg
CQ/MWh) into the atmosphere while 81.2% (839.9-R@/MWNh) is stored. Nevertheless,
indirect emissions from CGOcompression, transport, and storage accounts to 7.5 kg
CQ/MWh. Looking at the life cycle G@missions of &IGCC power plant, the CCS power
plant (867.0 keCQ/MWHh) released 254.3 kg Q/MWh more than the norRCCS plant (1056.1
kg-CQ/MWh). The norRCCS power plant emits into the atmosphere from the flue gas 97.7%
(846.7 kgCQ/MWNh) of its total cycle C&emissions, whereas the CCS plant emits 9.3% (98.6
kg-CQ/MWh) and 87.6% (925.1 KQQ/MWh) stored. Nevertheless, indirect emissions from
CQ compression, transport, and storage accounts to 6.8CkMWh. The life cycle GO

emission distribution diagramf@ CIGCC plant is summarizeérigures.7.
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Figure5.4. Life cycle C&emission distribution for a BCLGCC power plant w/o (A) and with
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5.4 Life Cycle Assessment of Cost Input Distribution
The life cycle cost input of both BCLGCC with and without CCS are equal to 200.5 £/ MWh and
150.1£/MWh, respectively, as shown Figure5.7. The two most cost intensivatagesn the
whole processare within the biomass supply chain process; wood harvesting & processing
(84.6 £/MWh and 79.5 £/MWh for CCS and #08S) and wood transport (41.4 £/ MWh and
38.9 £/MWh for CCS and n@CS), accounting for 62.8% and 78.9% of the cost of electricity
for CCS andon-CCS, respectively. From the cost required during the biomass supply chain
the cost of biomass can be estimated to be equal to 10 Eiasss) The annual capital cost
and O&Mlabour cost of the BCLGCC with CCS power plant is 17.1 £/MWh and 3.6 £/ MWh
higher than the norCCS power plantespectively Furthermore, C&transport and storage
contributesapproximatelyl8.8 £/MWh to the electric cost of the CCS power plamgures.8
illustrates te life cycle cost input of both BIGCC with and without CCS are equal to 212.2
£/MWh and 159.5 £/MWh, respectivelyThe complete biomass supply chain process
contributed the most to the total cost with 111.8 £/MWh for CCS and 95.4 £/MWh te non
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CCS. The annual cost and O&M labour cost for CCS is equal to 57.0 £/MWh and 22.2 £/MWh
respectively (47.9 £/MWh and 16.2 £/MWingher than the norCCS plant), with an additional

cost of 21.2 £/MWHor the CQ transport and storageThe life cycle cost input of both CIGCC

with and without CCS are equal to 119.9 £/MWh and 72.5 £/MWh, respectively, as shown in
Figure5.9. The annual cost contributed the highest to theCCWith 54.1£/MWh and 38.1
£/MWh for CCS and ne@CS plant§.he complete coal supply chain process (mining, washing
and transport) contribted the second highest cost to tHe&.CGWuith 27.3 £/MWh for CCS and

22.7 £/MWh for norCCS. This resulted for the price of coal to be equal to 1.78 £/GJ. Finally,
the CCS plant adds an additional cost of 23.4 £/ MWh for theti@@sport and storage.
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5.5 Performance Comparison Among the Different Types of
Power Generation Technologies

The BCLGCC, BIGCC and CIGCC power generation technology were \aitllyssgoect to
energy, economic, and Gemission aspest(presented irFigure5.1 ¢ Figures.9). The results

of these technologies are then compared with each other and with direct bidlces
combustion technology based on the same gross power plant scale (650My)e5.10
presents a result summary of the life cycle energy input (a) éx@ssions (b) and cost
distribution (c) in a stacked bar chart, which also included results of a BDC and a PCC power
plants wth and without CC$245]. To sum up in terms of efficiency, combustion power
generation is lower than gasification power generation technology, which is mainly due to the
low efficiency of heat transfer in combustion process and the high efficiency ihicgten-
combined cycle. However, the low energy density of biomass, as well as the transportation
and pretreatment of biomass results in higher energy consumption, while at the same time
results in an increase in production cost. Therefore, the advant#goiomass gasification
power generation technology in energy efficiency and cost is not obvious compared with that

of coal gasification power generation technology.
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Gomparing between gasification and combustion technasgwe can see thatthe
gasification technology has a higher thermal efficiency compared to doectbustion
however this is associated with high maintenance cost due to the complexity of the process
This isbecausethe combustion process experiences ah@g energy loss during the
conversion of the solid fuel into heat, whereas gasification controls the dispersion of the
thermal energy, hence reducing the overall loss when converting the biomass into syngas.
Moreover, syngas can combust at higher temperatucompared to the combustion of solid
FdzSt ax KSyOS AYyONBlFaAy3a Alda GKSNXY2ReylFYAO
Furthermore, combustion technology is coupled with a steam turbine to generate electricity,
whereas gasification technology is cdegb with a combined gas and steam turbines which
resultsin a higher efficiency due to better utilisation of waste heat. This results in less fuel
being consumed for gasification processes compared to combustion due to better fuel
utilization for the samepower output. As a resultiigure5.1 demonstrates that the CIGCC
power plant requires a lower TLCEI per net power, 637.9 MJ/MWh and 1149.1 MJ/MWh,
compared to the PCC power plant, 730.7 MJ/MWh and 1420.4 MJ/MWh, foC@&# and

QCS, respectivelyHowever, when comparing between the n@CS biomass power plants
GKSNE R2SayQi asSSy G2 06S YdzOK RAFFSNBYyOS Ay
gasification technology (BIGCC and BCLGCC) utilizes less biomass feedstock ¢oBpeted

to produce the same gross power (650 MW), it consumes a lot more power within the power
plant hence reducing its net power, which consequently increases its TLCEI per net power.
However, when comparing between the gasification technologies (BCARCBIGCC) with

CCS to combustion technology (DBC) with CCS, they required 825.6 MJ/MWh and 488.9
MJ/MWh less TLCEI, respectively. This is dtleetBCLGCC and BIGCC power pkamitting

less C@which is required to becaptured for storage (744 k§Q/MWh and 925.1 kg
CQ/MWh, respectively) compared to DBC (1081.30@/MWh) which is as a result of less
biomass feedstock processed. Therefore, requiring less energy i@a@tdre, transport, and
storage compared to the DBC (459.3 MJ/MW) power plants irtdreases the amount of
energy consumed by the power plant by combustion, therefore significantly reducing its net
power compared to gasification. This hence results in the Taf@te BIGCC and BCLGCC with
CCS (285.1 MJ/MW and 403.2 MJ/MW, respectjiuape less than combustion (DBC) with
CCS (459.3 MJ/MW) power plant, therefore increasing the cost requirements. Comparing

between the TLCCI between gasification and combustion tecgregaombustion with non
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CCS seems to require lower cogdmpared to gasification. PCC and BDC require 57.8 £/MWh
and 116.7 £/MWh whereas CIGCC, BIGCC and BCLGCC require 72.5 £/MWh, 159.5 £/MWh
and 149.3 £/MWh. One of the main reasons for the difference in the TLCCinditdecapital

cost which is the mostost depleting steps within gasification power generation processes.
Combustion is an already proven and wedtablished commercial technology in large scales
which reduces its capital cost. Moreover, compared to combustion technology, gasification is
a more complex processesulting inmore capital investment andperational costs. As a
result, gasification power plants require higher annual capital and operational costs, hence
higher TLCCI. When comparing between gasification and combustion CCS enter p
combustion is still cheaper however the gap between both technologies narrows owing to
less biomass praeatment for gasification and the higher cost required for.@@ndling for

combustion.

When comparing between BIGCC and BCLGCC, we obsene lthaer energy input is
required by the BCLGCC process which is due to less biomass feedstock required to generate
the same power output which is attributed to the more efficient biomass utilization in BCLG
technology. This is due to BCLGCC having arteffi@ency compared to conventional BIGCC.

This is attributed to the flameless gasification process resulting in less exergy loss during the
thermal conversion process. In addition, the tar catalytic cracking ability of the OC in BCLGCC
process increasely converting more tar and char into syngas, hence biomass utilization
ability increases compared to BIGCC. Therefore, reducing the amount of biomass feedstock
for BCLGCC power plant to generate the same output (650 MW). Furthermore, BCLGCC can
avoid thecost and energy depleting step of air separation to produce oxygen. Finally, looking
at the TLCCI for both gasification technologies, BCLGCC requires less TLCCI due to its high
energy efficiencythereforerequiring less biomass to be processed within $lgstem, hence
reducing the feedstock cost. Additionally, this decreases the physical size of the plant,
therefore decreasing its annual capital cost. On the other hand, BCLG technology is more
complex than conventional gasification which should slighttyease its cost, yet the TLCCI

remains less than the BIGCC process.

Comparing between coal and biomass power plants, on average wood harvesting, processing,
and transport (biomass supply chain) consumes approximately 3 and 2.5 times the energy

required forcoal mining, washing and transport (coal supply chain) per MWh for IGCC and
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combustion power plants, respectively, with wood processing being the most energy
demanding step. This is due to coal being more energy dense compared to biomass hence
less coaldedstock processing is required. In addition, coal transport distance is less compared
to biomass, which is sourced from North America, hence requiring more energy throughout
its supply chain. It was calculated that the life cycle costs of biomass anid egailal to 10.0

£/GJ and 1.78 £/GJ, respectively, which is in line with the prices in the UK. The TLCCI for coal
power plants are much cheaper than biomass power plants due to less feedstoskmed

as well as due to the higher cost of biomass transpidre second most cost intensive process

is the wood harvesting and transport process. Even though coal powered plants produce
cheaper electricity but government renewable energy incentives and carbon tax schemes
(discussed in section 3.6) will redute cost of biomass power plants making them suitable

towards achieving a netero carbon emissions by 2050.

The energy (cost) required by CCS accounts for approximately 15.0% (11.7%) of the TLCEI
(TLCCI) for biomass power plants and 32.0% (2.2%) for coar ggants. The higher
percentage in the coal power plant is due to their lower TLCEI. The flue gasn&Sions
from the norCCS plants ranges from 84899 kgCQ/MWh, with DBC having the highest
emissions (899 kGQ/MWh), however since biomass is thesl source, it can be assumed to
be carbon neutral. Whereas the CIGCC plant releases the me$8&CkgCQ/MWh) from

a nonrenewable source. Even though biomdmssed power plants can be assumed to be
carbon neutral, fossil fudlased C@is released dring the supply chain process, hence
increasing the net CCemissions by approximately 5485 kgCQ/MWh. Regarding coal
power plants, the coal supply chain emits between 36 kgCQ/MWh. The highest net total
life cycle C@emitter was the PCC withGS (147.9 kGQ/MWh) power plant, followed by
CIGCC with CCS (131.60@/MWh), then BIGCC with CCS (negative 854C®gVWh) and
finally DBC with CCS power plant (negative 996-C®&HVWh).

5.6 Future Technological Development and Recommendations
from this Study

After a thorough energy, cost, and £€mission comparison between the thermal conversion
technologies in the previous section. Was concluded thatfrom an energy efficiency
perspective, biomass/coal gasification power get®n technology is more efficient than

combustion power generation due to the stéyy-step chemical energy utilized and high
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thermal conversion efficiency (gas turbine combined cycle). From the perspective of clean
and efficient utilization of energy, ghfuture development of biomass/coal gasification power
generation technology is the primary technology to be considered. However, high investment
in biomass/coal gasificatiors required while some key core technologies (such as tar
cracking, high tempeature desulfurization, air separation unit, etc.) need a breakthrough.
BCLGCC with and w/o CCS demonstrates itself to be a potential alternative which is due to its
efficient fuel utilization and carbon neutral and carbon negative emissions. Moreovarein |

with the UK policies, BCLGCC shows better results than BDC and BIGCC coupled with a CCS
process which can support the push towards establishing bioenergy with carbon capture and
storage (BECCS) technology for a net zero 2050. However, there are adetvacks
associated with the technology which can be researched into and improved to reduce the
cost, energy input and G@mission.These include researching into findiagsuitable and
effective oxygen carrier, developing and enhancing the designwb-stagel fluidized bed
reactor and looking into integrating the system by energy matching and incorporating waste

heat recovery technology.

Looking at the life cycle energy input and @missionaspectsin details, wood processing

and pelletization stge consumes the most amount of energy, hence should be researched
into by developing low energy and leaost biomass préreatment and biomass moulding
technology hence reducing the higl€Q emissions. Moreover, the second most cost
intensive process wiih the life cycle of the power plant is biomass harvesting and transport
to the wood pellet plant. This could be reduced if biomass is sourced from a different country
with cheaper costs and an abundant source of biomass. It could also have an effeet on th
supply chain process depending on how far the country the biomass is sourced from, which
could also affect the energy input and £%nission. This is one of the main reasons delaying
biomass technology from fast commercialization. Moreover, BCLGCC aemsurtarge
amount of the gross power produced within the plant hence reduces the net power. Most of
the power is consumed in compressing the syngas before the combined cycle process, hence
researching into reducing the energy consumption within the planégsential to further
improve overall efficiency of the technology. This effect can be minimized by developing high

temperature and pressure syngas cleaning technology.
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In terms of the TLCCI, the annual capital cost consumes the highest cost througgdite t

cycle cost input. It is not expected for combustion technology to reduce in capital cost in the
near future as it has significantly developed and commercialized, however BIGCC and BCLGCC
are still commercializing hence are expected to reduce irtscesth further research,
especially with BCLGCC. Even though coal is much cheaper compared to biomass in the UK,
the UK is planning on closing all coal power plants by 2025, hence the idea of building CIGCC
and PCC power plants in the UK will not be ajaplie, however it could be suitable for other
countries that carry on using coal or are interested in coal power plants with CCS. This would
have an effect on the fuel supply chain, which will be considered in the following section.
Moreover, biomasgasifcationnot only can it generate syngas to power generation but can
alsobe used asn alternative to simultaneously produce hydrogen for hydrogen powered
cars since after the year 2035 when selling petrol and diesel cars ban come ta kffect
addition syigas can be used in thdIDREX Direct Reduction Plant process insteattheof
conventional coking procedsr steel making (cokingteel making causing large amount of
carbon emission and pollutiorf?88]. In conclusion, BCLGCC/BIGCC presents a promising
alternative, however further research into this technology can be very much effective in
presenting a pathway towards a carbon neutral 2050 fromgeespectiveof life cycle energy

input, economy, and G@missions.

Page | 138



Chapters: Life Cycle & Environmental Analysis

3000 m CO2 transport

m CO2 storage
2500
m CO2 capture

2000 I = [ron mining
l I l B Transport to power plant (by
1500 truck)

m Ocean Transport

1000 B Transport to port (by rail)

500 m Load port Handling & Storage

Wood Processsing

Life cycle energy input (MJ/MWh

0 =
C & ¢ a o a L oo O o
bc‘Pbébé‘JOé"bé’
(IR RIS

\’0(,\%\0\0&\ \

m Wood Harvesting & Transport

m Coal Transport

C (, v

RS RS & <

Q)Q Q C m Coal mining and washing
—_ m CO2 emsisson
= 1000
; 900 B Fugitive CO2 emission from CO:
= storage _
Q 800 m CO2 compression and transport
E’ 700 | Iron Transport
o
Q 600 m Iron mining
é 500 m Wood pellets transport to power

plant (by truck)

O 400 m Wood pellets ocean transport
Q
o 300 B Wood pellets transport to port
P (by rail)
8 200 I [ ] Load port Handling and storage
‘=100 I Lo
— | - - Wood processing in pellet plant

0

®m Wood production harvest and

Q,C'(’ S (§5" S (9(/(’ S Q,Qc' (J((?\ QC-'(" (/(5"\ transport
o \ D> \ & (J\ N N m Coal transport (by rail)
RN S S L
N \ N - .
C 9 ® Coal mining and washing
RJ
m M&O cost, labour cost
. 240
< m Annual Capital Cost
< 210
> m CO2 transport & storage
=
9 180
M [ron Transport
o
3 150
g— 15 ® Receiving port handling and
= storage
n 120 m Wood pellets transport to power
S plant (by truck)
o 9 m Wood pellets ocean transport
g 60 B Wood pellets transport to port
b (by rail)
Q 30 m [ oading port handling and
| storage
0 Wood processing in pellet plant

& (J((?\ (9(’(.‘ (3)\ (9(}(, (5)\ Q(' é?\ QQ’(J (:_)\ = Wood production harvest and

9 C transport
Q)O’ (J(,\ > o ¢ (J(J\ Q (J(/ H coal transport (by rail)
(}’0 & (}6 ) ]
o) m coal mining and washing

Figure5.10. Comparing life cycle energ@02 emissioitost input of eight power plants

Page | 139



Chapters: Life Cycle & Environmental Analysis

5.7 Sensitivity Analysis

Since the values used in this research could change with tiooation, technological
development or could have a percentage uncertainty, a sensitivity analysis has been
performed to identify parameters that would have the most significant impact on the life cycle
assessmengrigure5.11 ¢ Figure5.13). The supply chain processes of all feedstock as well as

the CQ capture, transport and storage have been used as the base parameters for the
sensitivity analysis to measure their effect on the total life cycle energy inpute@{sions

and cost input. Additionally, to further measure the effect of theCClthe varable cost,

capital cost and plant life were tested. This has been performetheBCLGCC, BIGCC and
CIGCC plants with and w/o CCS. The parameters that had the highest impact on the TLCEI and
consequently TLCCE are the wood processing, coal mining amihga€Q capture, and
biomass transportHowever, out of the biomass transport process, ocean transport resulted

in the highest impact on the life cycle values. The biomass transport process varies the TLCEI
by approximately 8.0% and 6.8% for both CCS ramdCCS power generation systems,
respectively, as the biomass transport energy input varies by 60%. This also results in the
TLCCE to vary by around 1.4% and 7.6% for biomas€@8nand CCS power plants,
respectively. Since coal power plants are noteotpd to be invested into in the near future

in the UK, the values can be applied in other count@geg. China, USA, India) that still heavily
invest in coal power station. Changing the geographical location of the plant will have an
effect on the coaltansport for the CIGCC plant. Increasing the coal transport energy by 60%
increases the TLCEI and TLCCE by 0.9% (0.6% for CCS) and 0.2% (1.7% for CCS), respectively.
Establishing the power plant in other geographical locations could reduce the fuel supply
chain energy input, GGemission and cost input depending on the abundance of the fuel
(biomass or coalHowever coal would still be preferred due to its lower overall cost unless
government subsidies and policies are put in place to encourage usingssdue In theUK
government subsidies are knownasS Yy Sgl 6t S hot A3l GA2y / SNUAFAO
of the electricity to be produced fromr@newablesource to be given £50.05 per each MWh
produced[289]. Another factor from the fuel supply chain that heavily influences the TLCEI
and TLCCE are wood processing for biomass and mining & washing for coal. As wood
processingvaluevaries by 60%, the overall TLCEI varies by approximately 51% {@G®n

(43% fo CCS), while the overall TLCCE varies by approximately 2.1% 406€&o(11.9% for
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CCS). This shows that wood processing has a higher sensitivity impact on TLCEI compared to
the TLCCE, with it having a greater impact on CCS plants compared@g&ofothe TLCCE.
Similarly, with the CIGCC power plant, a 60% increase in coal mining and washing increases
the TLCBby 59.1% for not€CCS (39.4% for CCS) and increases the TLCCE by 19.4% for non
CCS (13.9% for CCS). RegartiagCCSstage it also has a highesensitivity onthe TLCEI
compared tothe TLCCE. In terms of cost, the annual cost, wood harvesting, wood processing
and coal mining & washing cause the highest sensitivity to the TLCCI. A 60% change in annual
capital cost will result in approximately 1%0change in the TLCCI for the biomass power
plants (CCS and negCS) and 30.5% for the CIGCC plant (24.4% for CIGCC with CCS). Looking
at the supply chain of the fuel feedstock which depends on the location of the power plant,
increasing the biomass suppifiain by 60% increases the TLCCI by approximate]yl 3%,

and increasing the coal supply chain by 60% increases the TLCQ] #%2Therefore,
establishing a biomadsased power plant in a geographic location surrounded by an
abundant source of biomasgould significantly reduce the costs. Additionally, the cost of CO
capture and storage varies TLCCI by 7.1% for BCLGCC, 6.6% for BIGCC and 13.9% for CIGCC
when its cost varies by 60%. Taking into consideration the 50.05 £/MWh ROC government
subsidy in te TLECI values, this will reduce theH b@he BCLGCC, BIGCC and gB@sto

99.2 £/MWh (149.6 £/MWh with CCS), 109.5 £/MWh (162.2 £/MWh with CCS) and 66.7
£/MWh (156.6 MWh with CCS), respectively. A comparison between the TLCCI of all the 10
different power generation technologies with and without CCS including the ROC government

subsidies is summarized fingure5.14.
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5.8 Environmental Impact Assessment
The resultscomparing between BCLGCC and BIGCC power plant life cycle with and w/o CCS
for 5 environmental impact factorare illustratedin Figure5.15 and elaborated on in the
following sections.
5.8.1 Photochemical Ozone Creation Potential
Ozone formation in the troposphere or ground level can cause severe health, environmental
and economic impacts. The formation of ozone can take place under the influence of sunlight,
nitrogen oxides and volatile organic compounds VOCs. The presence afleg@Ssn peroxy
N} RAOFf Qa FT2NXI(GA2y> gKAOK Fa | NBadZ & OFy

measured using the photochemical ozone creation potential (POCP) indicator. The POCP
indicator is reported as a relative amount, in which the amoafndzone produced per mass

of VOC is measured by the mass of ozone produce by ethene. Ethene was used as the
reference VOC since it is the most potent ozone precursors out of the other VOCs. The unit
used is kg ethene/MWHh. It can be seen frorigure5.15A that the stage that allows fahe

highest ozone creation is the biomass freatment and pellets formation stage, accounting
between 51¢ 58% of the entire life cycle for the BCLGCC and BIGCC with and w/o CCS
processes. This is due to the higher formation and release of VOC during dgat Sthe

second highest stage is the biomass transportation stage since fossil fuel is used which release
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more NQx as well as VOCs accounting for 36% of the total life cycle. When comparing
between BCLGCC and BIGCC processes, it is demonstrated LB @ith and w/o CCS
releasesless ozone into the atmosphere for each MWt produced. Moreover, the
additional air separation unit used by the BIGCC process results in an extra 1.38 and 1.64 kg
(10%) ethenee/MWh produced. On the other side, iron oreimng process which produces

the oxygen carrier inthe BCLG process illustrates negative POCP values (0.65 and 0.69 for
non-CCS and CCS respectively), which may be explained as a result of the mining process
O2yadzyAy 3 +xwhi€hdhenteyrdtlucinghth overall ozone formation. It can be
summarized that BCLGCC reduces the overall ozone formation potential when it comes to

oxygen supply as well as releasing less ethene per M#Vifior each stage.

5.8.2 Ozone Depletion Potential

Ozone depletion potential (ODK the measure of relative stratospheric ozone depletion
taking place with CFC1 (R11) fixed at an ODP of 1.0, since it has serious destructive effect
on the ozone layer. Other chemicals that are involved in the breakdown of the ozone layer
include bromine and chlorine compounds, nitrous oxide, water vapour and methane. Seeing
from Figure5.15B, the carbon capture process emitted the most chemicals that resulted in
ozone depletion with the BCLGCC carbon capture stage emitting-8%588R1te/MWh
(accounting for 68.5% of the tothde cycle of the process) while BIGCC carbon capture stage
emitting 10.3EL3 kgR1te/MWh (accounting for 53.2% of the total life cycle of the process).
The second stage with the highest ODP is the ASU as part of the BIGCC process. This as a result
further increases the BIGCC life cycle ODP compared to the BCLGCC life cycle process.

5.8.3 Abiotic Depletion Potential (fossil)
Abiotic depletion potential (ADP) refers to the depletion of nonliving resources. ADP can be

measured via two different methods, either veéemental depletion potential (ARRmeny) OF

fossil fuel depletion potential (ARk). Here we focus on the latter which is calculated in

GJ/MWh as shown ifrigure5.15C. Since the supply chain processes and &{pture and

storage processes use of fossil fuel hence it will be depleted in those stages. Biomass pelleting
accounted for the highest ARRi with the biomass supply chain (biomass pelleting and
transport) consumes the highest amount accounting to 99.0% of the total life cycle for
BCLGCC w/o CCS and 62.9% with CCS, whereas for BIGCC w/o CCS is 81.6% and with CCS s

56.7%. It can also be seen thhetASU has a significant contribution due to the large amount
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of energy it consumes contributing towards 18.4% and 12.9% for CCS ar@QOplants
respectively, whereas BCLGCC process consumed only 184 for the oxygen carrier
production (iron mining)This is as a result increased the BIGCC life cyclgsébPémpared

to the BCLGCC life cycle. In regard to carbon capture, since lessp@luced in a BCLGCC
process compared to BIGCC per MWh, less energy is required, hence thgiA@mMoth
processes was equal to 0.339 and 357 GJ/MWh, respectively.

5.8.4 Acidification Potential

The acidification potential (AP) is an indicator for the amount of acid gas being released in the
life cycle. These gases include 300, NH;, HCL and HRcidification can be caused by the
release of hydrogen ions into the aquatic and terrestrial ecosystems. Its effect tends to be
regional. AP is calculated relative to.S@ence the unit was kg $®/MWh. As shown in
Figure5.15D in both BCLGCC and BIGCC life cycles, biomass harvesting resulted in the most
acid gas being released, having an impact value ranging frong 0.38 kg S&@e/MWh. The
stagewith the second most acid gas emission is the wood pelleting stage. Moreover, BCLGCC
process releases less acid gas per MWh compared to BIGCC process life cycle, with the

difference between both processes increases when comparing the CCS plants.

5.8.5 Eutrophication Potential

Eutrophication potential (EP) is the measure of the amount of phosphorus and nitrogen
compounds being released. It is generally reported aphagphate/MWh. BCLGCC power
plant life cycle releases less phosphate (0.073 and 0.0gh&gphatee/MWh for nonCCS

and CCS, respectively) compared to the BIGCC process (0.076 and C@sduate
e/MWh for nonCCS and CCS, respectively) as shoWwiyine5.15E The stage that released
most phosphate was the biomass transport, accounting for approximately 52.0% for both
BCLGCC and BIGCC with and w/o CCS, followed by 36% from the biorra@sgmpent and
pelletization. Comparingetween the oxygen supply for both processes, iron ore mining and
transport for BCLGCC released approximately 0.000¢B&gphatee/MWh (accounting for

0.5% of the whole life cycle), whereas the ASU for the BIGCC process released approximately
0.0021 kgphosphatee/MWh (accounting for 2.4% of the whole life cycle). The amount of
NHsreleased in the flue gas is not very high in gasification power plants, hence the low values

of EP in the combined cycle stage.
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5.8.6 Discussion

BCLGCC power plant life cyekdibied a lower environmental impact potential compared to
BIGCC in several factors including POCP, ODBssfABP and EP. The stages tregulted in

the highest environmental impact was the wood pelleting and transport stages. Therefore,
since BCLGCC process requires less biomass feedstock due to its higher biomass utilization
efficiency compared to BIGCC, it would result in lower life cycle impacts/&r the biomass

supply chain. Hence reducing the overall environmental impact. Moreover, comparing
between the oxygen source of both processes, the ASU in the BIGCC process emitted more
pollutants into the atmosphere compared to the iron mining andngport to supply the

oxygen carrier for the BCLGCC process. When comparing the biomass gasification process to
previous literature about biomass combusti¢f78], biomass gasification results in less
environmental impact especially due to the higher eéfiiy, less biomass processing, hence

less C@captured and transported. In addition, biomass gasification employspnebustion

capture which uses selexol compared to combustion which employsgoosbustion capture
technologies using monoethylene aminkence increases environmental impact of the
process due to it releasing ethylene oxide which has severe environmental impacts compared
to selexol. Finally, a move towards BCLGCC would sesuéiduced negative impact on the

atmosphere.
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5.8.7 Conclusion

This studyconducteda life cycle energg economyg CQ emissions analysis of the BCLGCC

power plant and compared it to conventional coal/biomass gasification as well as biomass

direct combustionA sensitivity analysis was also conducted on the results. Furthermore, an

environmental impact assessment was cantkd used Gabi software with data supplied

from IECM, Aspen Plus and previous literature comparing between BCLGCC with and w/o CCS

and BIGCC with and w/o CGA&jor conclusions are as follows:

1)

2)

3)

4)

5)

Coal power plants illustrated the least energy and cost igompared to biomass power

plants, however resulted in higher net £€€missions, since biomass power plants can be
assumed to be near carbon neutral.

CIGCC without CCS plant requires the lowest amount of TLCEI (637.9 MJ/MWh) whereas
BDC with CCS requireetmost (2971.5 MJ/MWh). However, out of the biomass power
plants BCLGCC requires the lowest energy requirement, were BCLGCC with CCS required
336.7 MJ/MWh and 827.3 MJ/MWh less energy input than BIGCC and BDC both with CCS
technology.

In terms of TLCCI, E(lant demonstrates the lowest value (57.8 £/MWh) and BIGCC
showing the highest (159.5 £/MWh) out of the r@TCS processes, and similarly with the

CCS power plants (212.2 £/MWh for BIGCC and 111.8 £/ MWh for PCC), with BCLGCC
having a higher TLCCI compare®DC which is due to the higher capital cost of the plant

as it is still in its development stage, hence highercessand project contingencies.

The biomass supply chain process accounted for approximately 85% of energy input 31%
of CQ emissions, 5% of cost input for CCS power plants. BCLGCC plant required 14.3%
and 11.6% (23.0 & 25.8% with CCS) less biomass compared to BIGGCC and DBC power
plants to generate the same amount of power, respectively. Wood processing &
pelletization stage should be impved to reduce the high energy requirement and>CO
emissionsas suggested in section 5.%5his will result in a reduction in the cost of the
process, hence reducing the overall cost of biomass.

The parameters that had the highest effects on the Tla@@lI TLCCE are the wood
processing, coal mining and washing,>C@pture, and biomass transport. Whereas in
terms of cost, the annual cost, wood harvesting, wood processing and coal mining &

washing caused the highest influence on the TLCCI. RegardinG & pdwer plants, the
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carbon capture and storage section had the highest impact of TLCCI followed by TLCCE
and finally TLCEI.

BCLGCC power plant life cycle showed that it has a lower environmental impact potential
compared to BIGCC in several factors incgdPOCP, ODP, Afaft AP and EPThe stages

that resulted in the highest environmental impact was the wood pelleting and transport
stages. This significantly contributed to the reduction in the environmental impact values
due to BCLGCC utilizing léssdstock compared to BIGCC.

Comparing between the oxygen source of both processes, the ASU in the BIGCC process
emitted more pollutants into the atmosphere compared to the iron mining and transport

to supply the oxygen carrier for the BCLGCC process.
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6 CHAPTER 6: HEMATITE CHARECTARIZATION

6.1 Introduction

A suitable oxygen carrier is required for the BCLGCC system to be commercially technical,
economically, and environmentally viable in large scales. A big factor preventing the
deployment of this technology is the oxygen carri€herefore, his chapterwill deal with
conducting aset of experimental investigationto better determine the feasibility of using
fresh hematite oxygen carrier as a source of oxydéematite being an environmentally
benign, cheap, and widely available minef@s previously mentioneth chapter 2, section
2.1.5) presents itself as a suitable oxygen source from an economic and emerdal
perspectives.Therefore, several experiments are conducted under different conditions
(temperature, OC/B ratio, reaction time and continuous cycles) in a fixed bed reactor to
determine its technical capability. The gas yield was measured, carlmversion, LHV and
efficiency were calculated followed by conducting an XRD analysis coupled with-B[CSEM
oxygen carrier characterization test. The work in this chapter is conducted according to the

methodology outlined in chapter 3 section 3.3.

6.2 Effect of Temperature

6.2.1 Hematite vs Blank Test

In this section, hematite is tested to find out if it can be used as a suitable oxygen carrier at a
range of temperatures, followed by conductingn aXRD and SEBDX material
characterization of the oxygen carrier. This is done by reacting 1g of biomass in a fixed bed
reactor in the presence of 1.7g ingilica sanded material at different temperatures then
comparing it with using 1.7g hematite oxygen carrier &e fiemperature points (50°C
intervals) ranging from 70@ 900°C. The gas compositions were recorcded used to
calculate the gas vyield values, carbon conversion, combustible gas yield (CGY), cold gas
efficiency (CGE) and lower heating value (LHV) predemtegure6.1 ¢ Figure6.4. Comparing

the gas yield of the blank experiment and the hemati@sed experiment, the latter showed
higher CQ yields which proves that more xGs present allowing for more complete
combustion to take place. The extra oxygen is supplied through the hematite, whiehsecr

the CQ yield. At the same time the blank experiment resulted in higher CO andekds,

which can be explained as a result of lespf@sent, hence less CO andl¢ing converted
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into CQ and RO, respectivelyThe same applies t6H, the presene of an oxygen carrier
promotes its consumption to produce e@nd HO. Moreover, the hematite experiment
demonstraes higher carbon conversion, yet a lower LHV, CGY and CGE. Therefore, we can

conclude tlat hematite can act as an oxygen source.

Looking atthe effect of temperature on biomass chemical looping gasification (BCLG) using
hematite or inertsilica sand (pyrolysis reaction) bed matened can observe an increase in
carbon conversion in both cases. However, using hematite bed material compasétdo
demonstrates a significant increase in carbon capture as temperature increases. This is due
to the hematite oxygen carrier being more active at higher temperatures, resulting in more
catalytic cracking of the taand increasedreaction rate with the pyrolysis gas, hence
increasing the extent of the reactioRigure6.2 shows that as temperature increasesa@d

CO yields increase due toetlincrease in carbon conversion, whereasniially increases up

to 775°C, then decreases as temperature further increases. CGY and CGE experience an
increasing trend, whereas LHV experiences a steady increase followed a decrease which
coincides with theemperature where the klyield started decreasinfy75°C) However, as
temperature further increases, CO yield increases significantly hence shifting the trend to an

increasing syngas LHV.

Having said thatit can beseenthat the carbon conversion is relatively lower compared to
other papers that use irotvased oxygen carriers and a fixed bed reactor for the BCLG reaction
with several different parameters to the one set up in this thesis. et al.,[152] uses
pretreated FeOs with 99% purity and chlorella vulgalpwith 53.32% carbon contengs the
OA2YI &aa | OKAS@GAY3 | NRPdzyR yp: OFNb2y O2y JSNAEA
up differently using a crucible places in the reactor with the carrier gas passiizpiadly.
Huang et al.[92] assembles similar set up to the one in this thesis but uses sewage sludge
biomass with around 22% carbon contexthieving up to 85%arbon conversioriWei et al.,

[290] uses cooking oil with 99.94% volatile matter and 76% carbon content, achieving a
carbon conversion of 48%. Finaljyang et al.[151] uses biomass char with 86.3% carbon
content, achieving 35.7% carbon conversion. The reason for the relatively lowncarbo
conversion in this thesis could be duette characteristics opine sawdustmeaning the

composition having lower carbon content and volatile matter, moisture content and a
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different structure, etc.)as ths biomass source has not been tested beforeaifixed bed

reactor.
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Figure6.5. Effect of gsification temperature on the OC XRD results after gasificati@rreo;, B:
Fe304, C: k®, D: Fé&: carbon)

The XRD results of the OC samples after the gasification reaction with biomass in the fuel
reactor at different temperatures are presentedhingure6.5. We can observe that after the
gasification reaction takes place all theBgpeaks disappear and #&, FeO and Fe peaks
are formed, which supports the claim that hematiss sourceof oxygen duringyasification.
We can see that as the reaction tempéure increases the oxidation state of the oxygen
carrier shifts from F€: A FeOs A FeOA Fe. At 700Cthe main iron oxide crystalline phase
is FeOs with a single peak representing carbon, meaning that th&kbas been reduced. As
temperature increases the k@ peaks(around 5.6degreesktart getting smaller while k©®
starts forming at 808C and increasing in height around 8%0 As temperaturdurther
increases to 900°C all the g peaks disappear with K@ peaks intensity increasing aké
iron peaks forming. This whole process of iron oxide reduction shows that hematite can be
used as an oxygen source during the gasification process andrthatrease itemperature
promotes chemical looping gasification to take place. Moreover, there is no detection of new
solid solution compounds formed, showing the stability of the other present oxideSs(Al
and Si@). When comparing these results to results from literatureiang et al.[117] reacts
hematite with pine sawdust in a fluidized bed reactor instead of a fixed bed and observed that
there is uneven reaction on the surface of the oxygen carrier, dpedserce ofa FeOs peak

remaining after the gasification reactiat a range of temperaturg740¢ 940°Q. Whereas
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from the test results in this chaptéusing a fixed bed reactoaneven reaction on the surface

of the oxygen carrietook placesince there is10 FeOs peakobservedafter the reaction. The
explanation for that could be due to the aggregative fluidization during the reaction due to
nonuniform gassolid contacin the fluidized bed reactoMoreover, further reduction to FeO

and een Fe was observed in the fixed bed reactors compared to the fluidized bed reactor at
950°C. Moreover, Hu et al.,[152] reacted hematite with Chlorella vulgaris at different
temperatures ranging from 6002@000°C in a fixed bed reactand observed that increasing
temperature resulted in F€» decreaing, yet stilla peakremained even at 900°C, however
further increase to 1000°C did not further increasductionto produce moreFeO and H©s

due to thermal sintering and agglomeration taking place, whereas when using pine sawdust
in a fixed bed as shown in thisesis further reduction takes place to produce Fe at 900°C.
This could be due tsynthetically treated hematite (99% X&) beingused byHu et al.[152],
therefore providing sufficient oxygen fbiomass oxidation to take plackence he hematite

does not undergacompletelyredudion. Finally,Huang et al.[92] gasifiedsewage sludge
using hematite and observed similegsults and concluded thatfurther reduction of the
hematite past FeOs, results in further sinteringTherefore Huang et al.[92] suggests a
temperature around 800°C for sewage sludge which is similangmptimum temperature

when reacting with pine sawdust in this thesis.

6.2.2 Oxygen Carrier Regeneration

The regeneration of the depleted oxygen carriers after the gasification reada&img) place
between 700; 900°C was conducted. The fixed bed reactor was converted from a fuel reactor
into an air reactor by passing air through it at 200 ml/min at 950°C for 60 mirfeites.e6.6
presents the product gas yields. The increase in temperature in the fuel reactor results in less
oxygen being consumed in the air reactor due to higher carbon conversion taking place in the
fuel reactor therefore less carbon particles are transferred to the air reactor. This as a result
decreases the amount of CO and@&duced in the air reactor as fuel reactor temperature
increases. Moreover, the amount of carbon in the air reactor is tatled by calculating the
amount of CO and C@roduced, hence calculating the carbon conversion in the air reactor
as a percentage of the input biomass into the fuel reactor, showrabie6.1. The amount of

tar produced is calculated by subtraction.
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Table6.1. Summarizing the carbon conversiamboth fuel and air reactors (FR & AR)

Temperature {Q %CcESolid (AR) %CQ Tar FR %CQC Gas (R
700 48.62 43.69 7.70
750 37.89 54.94 7.17
800 35.57 55.66 8.78
850 28.28 60.31 11.41
900 20.41 64.78 14.81
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Figure6.6. Effect of gasification temperature on the gas yield and carbon conversion in the air

reactor

An XRxnalysis was conducted on the regenerated samples as shokigune6.7. It can be
seen that all the reduced iron oxide crystalline phases are oxidized to regeneratetbe Fe
which is similar to whatasbeen observed biduang et al.[117] when reacting pine sawdust
with hematite in a fluidized bed reactor at 740°C and 940f@ddition, asimilar observation
was made byHuang et al.[144] and Huang et al.[92] when using pine sawdust and sewage
sludge, respectivelMoreover, all the samples regenerated between 7850°C resuédin

a FeOs pealks with higherintensity than the fresh hematite sample. This could be due to the
amount of carbon in the fresh hemte decreasing as shown the XRD results with the
carbon peak decreasing after being regeneratédrthermore when looking at the 900°C
regenerated sample XRD result, the peaks seem to show a lower intensity compared to the
other samples, which could mean that operating the gasification reaction at high

temperatures couldhave affeced 1 KS 2 E@3Sy O Isupph Gpkity aft@ E& 3 S
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regeneration. This can be supported by suggesting that sintering and agglomeration took

place when Fe metal was formed at 9@0during the gasification reaction.
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Figure6.7. Effect of gasification temperature on the OC XRD results after regeneration
FeQs;, B: Fe304, C: K@, D: F&: carbon)

As shown irFigure6.8, the surface of the natural hematite is covered with granules as small
as 2umwith a highly porous structurgvhich allows for anncrea® in surface area, hence
enhancing the reaction between the gas and the hematieditional SEM images in the
AppendixFigure A&). It can be seen that reacting the oxygen carrier at different temperatures
has an effect on its surface structuréhe 700°Csampleshows a surface structure with
smooth and larger granule sizes, less porosity, but larger pore sizes. This could béaf resul
sintering and agglomeration of granules. A similar observation is se#&mei800°CSEM
sample imageHowever more sintering and agglomeration takes place on the surface of the
900°C sample, with greaterdecrease in the porosity while increase iragule sizes. This
could be due to the formation of Fe metal as shown from the XRD rdsgltse6.5, hence
resulting in moreagglomeration. Therefore, it would be recommended that the temperature
remains around 800°C and avoiding higher temperatures that allow fan&&edormation
during the gasification reactiontHHuang et al.[144] tests 1 cycle experiment gasifying pine
sawdust with hematite at 840°C then regenerating at 800°C. The author observed that that
the regenerated hematite has a smooth surface with no fines, with large interspaces occupied

with small granules. In generdéhe microstructure of the hematite did not changghowing
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no evidence to thermal sintering. The reason the results of the regenerated samples in this
thesis observed sintering on the surfaibecause ofthe higher oxidation temperature
(950°C) Moreover, Huang et al.[92] reacted sewagesludge with hematite in a fixed bed
reactor (temperature was not mentioned in the paper) ahdnot observe much change with

the porous structure maintaining itself, yet it found some ash deposits on the surface of the
hematite, hence decreasing its specific surface aféa EDX results FFigure6.9 shows that

the amount of oxygen in the regenerated samples is morenttieat in the fresh oxygen
carrier. Moreover, a small potassium and calcium peaks o7@ECEDX resultan be seen,

but with the other two samples (800 and 900°C samples) the potagsaak disappears but
calcium peak remainghich could be due to potassium oxide being volatile and escapes at
high temperatures These elements angresentdue to the ash depositing on the surface of

the oxygen carrier.
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Figure6.8. Effect of temperature on the SEkesultsafter OC regeneration
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Figure6.9. Effect ofgasification temperature on the OC EDX results after regeneration

6.3 Effect of B/O Ratio
In this section the effect of B/OC (wt.) was tested ranging from 0.61 to €i88re6.10
illustratesthe gas yield of the syngas, showing that as B/OC increases thyget@lecreases,
while B, CO and C#yields remains relatively constant. However, the amount of CO increases
as you increase the B/OC ratio, while the amount of @@dually decreases. This is due to
an increase in biomass which resulted in more carbon being present, hence fier€ducel
by reacting with the excess carbon to produce {@Oan oxygen starved atmosphere
Consequently, decreasing the percentage carbon conversion. TtedCH trends are
relatively constant with Every slightly increasing while Cifery slightly decreasindrigure
6.11 shows that an increase in B/OC ratio increases the LHV and CGE, whereas the CGY
gradually increases up to B/OC ratiqual t00.73 followed by a steady decrease. This is
because after the B/OC ratio exceeds 0.73, the increase in the amount of biomassduppl

outweighs the increase in gas produced.
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Figure6.10. Effect of B/OC ratio on gas yield and carbon conversion
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Figure6.11. Effect of B/OC ratio on LHV, CGY and CGE
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Figure6.12. Effect ofB/OCratio on the OC XRD results aftgasification(A: FeOs, B: Fe304, C: @, D

FeE: carbon)
An XRD analysis was conducted on the samples at different B/OC ratios after the gasification
reaction. It can be seen thdtom the lowestbiomass to oxygen carrier rati®.61)all the
FeOs crystal phasesdisappeawhile FesOs and FeO crystal phasesppear. Further increase
in B/OC ratio results ianincrease in intensity of the kK@ crystal phase whiladecrease in
the FeOs crystal phase peak intensity. At the B/O ratio 0.89 we can see a slight Fe peak
forming. Possibly dower B/OC ratio could have been more suitable as legd F@uld have
formed. This is because even though a deeper reduction in the hematite would require less
solid inventory, yet it could resuilh more sintering of the oxygen carriand reduction ints
specific surface arednence effecting its reoxidation capacifyvery similar observation was
made when testing hematite with sewage slud§e€] and Chlorella vulgarid 52], with the
difference that when using pine sawdust, the hematite is further reducetigiter B/OC

ratios.
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