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ABSTRACT

In a global climate where sustainable developnmebting prioritized for the benefit of current dntlre
generations, it is necessary to make informed messabout the type of technologies being deployed.
Because coal plays such a significant role in #agegation of electricity, understanding the impabias

on the environment is an important part of underditay energy and environmental issues in genel. T
this end, a Life Cycle Assessment (LCA) was perfxtron two methods of electricity generation which
employ coal as a primary source of energy. Thiessgeent focused on the impacts from the powerplant
such as the emissions, resource consumption, ardyense of all processes required for the poweentpl
to operate, including any necessary waste disgoshmaterial recycling.

Two technologies were selected. A PCC plant whagrasents the average emissions and efficiencies of
currently operating coal-fired power plants in therld, and an IGCC plant which uses combustible gas
derived from an UCG plant, hence a UCG-IGCC plahe results of the LCA suggest that UCG-IGCC
technology is more sustainable than the conventiBi@C technology. The results yielded significant
reductions in environmental stressors related tovedter, resource consumption and waste usedein th
impact assessment.

Ultimately, LCA can be seen to be an ideal intemtaénvironmental management tool to facilitate

decision making on competing technologies to bdayep by assessing them throughout their entiee lif
cycles.
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CHAPTER 1: INTRODUCTION
1.1 Background to Study

Energy is fundamental to almost every aspect ofanotife and societies require increasing amouhts o
energy as they grow and develop. The demand faggne growing worldwide. The International Energy
Agency (IEA, 2009) projects that energy demand gitiw at an annual rate of 2.5% to 2030. Over 80%
of the growth takes place in non-OECD countrieA(I2009). Even then, 1.4 billion people could still
lack access to electricity. To meet this need,woeld will have to make the best possible use @f th
various energy sources available. This include tteamost abundant and affordable of the fossld.

Coal plays a major part in the world’s energy systand hence in global economic and social
development. Coal currently supplies 40% of theldisrelectricity and 23% of global primary energy
needs (WCI, 2003). Coal consumption is expectegrdwv by around 1.4% per year over the next thirty
years (IEA, 2002). With its vast, low-cost resoulmase, there is no doubt that coal will continue to
contribute to economic growth and social developm&he abundance, affordability, geographical and
political diversity of coal is important in a worker more concerned with energy security. But stigu
recognises that it must also be able to meet thketiye of environmental sustainability. Coal costimn
emits particulates, sulphur oxides, nitrogen oxidesrcury and other metals, including some radieact
materials, in a much higher proportion than oihatural gas. Therefore, coal combustion causes éoch
regional pollution problems contributing to acidnrand increased ground-level ozone levels, antajlo
climate change. Coal releases higher emissionarbba dioxide than other fossil fuels, as coalteoraf
hydrogen atoms over carbon atoms and power geoerefiiciency are relatively low compared to other
fossil fuels (WCI, 2006). Coal is also responsifie methane emissions, notably from mining (WCI,
2006). Hence, coal and other carbon intensive gnsogrces must significantly reduce their potential
greenhouse gas emissions if they are to claim &neong and sustainable role in the global energy. m
The technologies employed and being developed &t o@al's environmental challenges are collectively
referred to as clean coal technology (CCT) (WCO&0

In a global climate where sustainable developn®bting prioritized for the benefit of current dature
generations, it is necessary to make informed messabout the type of energy technology being
deployed. Because coal plays such a significam iolthe generation of electricity, understandihg t
impact it has on the environment is an importamt phunderstanding energy and environmental isgues
general. Life Cycle Assessment (LCA) provides dadlé tool for ranking environmental performance of
technologies being considered. In this study, a L®@As performed on two methods of electricity
generation which employ coal as a primary sourcersdrgy. These methods are: 1.] a conventional
Pulverised Coal Combustion (PCC) plant, and 2.haifi¢ation Combined Cycle Plant (IGCC) which uses
combustible gas derived from an Underground Codifiéation (UCG) plant. The emissions, resource
consumption, and energy use of all processes efjiar these power plants to operate, including any
necessary waste disposal and material recyclirlgbevassessed.

All resources, emissions, and energy flows for eagstem will be inventoried in a cradle-to-grave
manner, including processes that are common bettteetwo systems. These analyses can therefore be
compared. The total environmental picture of eawsthesn can be discerned from this analysis. To dfyant
the total economic and environmental benefits aravidacks of a process, a LCA can be performed in
conjunction with a technical and economic analy3ise results of the LCA can be used to identify
opportunities to reduce the environmental burdethefsystem through design improvements (Spati
2009).



1.2 Problem Statement and Research Motivation

Society is demanding cleaner energy and less pmiluThe coal industry is proactively respondinghe
call for improved environmental performance throtigg use and continued development of CCT'’s.

All forms of energy have positive and negativeilatites. But given that energy demand is going to
continue to rise and many challenges have to be iimist necessary to review the energy options and
balance these responsibly and reliably.

Environmental LCA is a good approach for ranking #mvironmental performance of technologies being
considered for new equipment installations, asomstders environmental impacts over the expected
lifetime of an installation. LCA, therefore, candain making technology selection decisions for new
installations and in guiding environmental poligydovernments. The concept of LCA also uses a @roje
lifetime perspective to consider resource requir@sieand waste product generation for alternative
technologies that could be used to provide a piodiuservice over a specified period. The LCA appio
has been used to compare lifetime resource regeitesnand emissions of a large number of individual
compounds and classes of compounds discharged airttosphere, to waterways, and to the land.

The results on common aspects between the two démfias, namely, PCC and UCG-IGCC, will be
subject to a comparative analysis. These resulisttoen be used to identify opportunities to redimee
environmental burden of the systems through ddsigmovements and as basis for comparison with other
electricity generation technologies. The intendacyet audiences of the study include governments,
energy agencies and utilities as the results msigtaand aid in making technology selection deosifor
new installations.

1.3 Aims and Obijectives

The aim of the research is to evaluate the envieoriah sustainability of two coal based electricity
generation technologies by using LCA as a meanasBess the environmental aspects and potential
impacts throughout their lifecycles (i.e. cradlegtmte) from raw material acquisition through prdag

use and disposal. The LCA will be conducted in etaoce to the ISO 14040 Series on LCA which
describes the procedures for conducting such assisent. These include:

* ISO 14040 — Life Cycle Assessment — Principlesferagnework (2006)
e ISO 14041 — Life Cycle Assessment — Goal and S&mdmition and Inventory Analysis (1998)
* ISO 14042 — Life Cycle Assessment — Life Cycle loipassessment (2000)
* 1SO 14043 — Life Cycle Assessment — Life Cycle fiptetation (2000)
This aim of the research can be further expressémlir main objectives:
* Conduct LCA for PCC
* Conduct LCA for UCG linked with an IGCC

* Conduct a comparative analysis on common aspetteér PCC and UCG-IGCC

* Conclude the study with discussion on the outconfieaoalytical results and provide
recommendations



The Scope of the Study

All of the major processes necessary to producetraity from coal such as coal mining, equipment
manufacturing, transportation, and chemicals prodndor the mining and power plant operations have
been included. The material and energy flows ot@sses involved in the extraction of raw mateiaald
the production of intermediate as well as the dispof wastes were also included.

The two coal based electricity generation technielbghich were assessed include:

1. A PCC plant. This plant represents the averagestonis and efficiency of currently operating
coal-fired power plants in the world and;

2. An IGCC which uses combustible gas derived fronu&@e plant. Hence a UCG-IGCC plant.
1.5 Structure of the Research Report

Chapter 1 of the research report presents an inttimoh to the research topic. It contains a brief
background on the current and future global ensogyarios with particular reference to the domieanfc
coal. It also includes a problem statement ancarekanotivation by the author as to why the redearas
carried out. This is followed by the aims, objeetivand scope of the study.

Chapter 2 presents a critical literature revievthef research topic, dealing specifically with: L@Ad the
nature, functioning and deployments of CCT’s. Thesghnologies include technologies deployed for
preparation, efficient combustion and the reductibamissions related to coal

Chapter 3 details the methodology used to concuetstudy. It is primarily based on the four stage
approach for conducting LCA recommended in the IB040 guidelines. Furthermore, this section
provides some insight and detail on the basis émnparison, system boundaries, assumptions on data
accuracy and transparency as well as the basibdampact assessment.

Chapter 4 deals with the actual LCA for the twoldmsed electricity generation technologies. Boih t
PCC and UCG-IGCC technologies are discussed witticpkar emphasis on their respective system
characteristics and operational specificationsenes and energy flows, assumptions as well thelref
the impact assessments. This is followed by a coatipa analysis and discussion on findings.

Chapter 5 presents the conclusions and recommendadtiat the author derived from the research
project in terms of the sustainability of two cbalsed electricity generation technologies.

Due to costs associated with LCA software, all dia¢a collected and presented here is based on BHP
Billton's LCA model called EMMA (Eco-model for Matials and Manufacturing Assessment). The use of
software such as Sima Pro would enhance any LCAstigation, as long as the required inputs and
outputs are included in the software to match theCAL project requirements.



CHAPTER 2: LITERATURE REVIEW

Having presented a succinct introduction to theeassh report topic in Chapter 1, a critical literat
review of the research topic, specifically withaegjto LCA and the nature, functioning and deploytae
of CCT’s is presented in this Chapter.

2.1 Life Cycle Assessment

LCA is the calculation and evaluation of the enmirentally relevant inputs and outputs and the piaten
impacts of the life cycle of a product, materialsarvice (SABS ISO, 1998). Environmental inputs and
outputs refer to the demand for natural resourodst@ emissions and solid waste. The life cyclesiia

of the technical system of processes and transpotts used at, or needed for, raw materials, eidra
production, use and after use (waste managemestycling). Both Benettet al (2004) and Meieet al
(2005) describe the concept as such. LCA is somstiralled a “cradle to gate” assessment.

LCA approaches are generally guided by standardsabprofessional code of practice has also been
developed (Consoét al, 1993).

LCA has generally four components. These include:

l. Goal and scope;

1. Inventory;

Il. Impact assessment; and,
V. Improvement assessment

From a standards perspective, LCA is dealt witheurtide umbrella of the ISO 14040 series. The
documents are as follows:

* ISO 14040 - Life Cycle Assessment — Principles Fnasnework (2006)

* ISO 14041 - Life Cycle Assessment — Goal and S&mgdmition and Inventory Analysis (1998)
* ISO 14042 — Life Cycle Assessment — Life Cycle lotpassessment (2000)

* ISO 14043 — Life Cycle Assessment — Life Cycle riptetation (2000)

ISO 14040 provides a model for the approach to takie a LCA. The procedure for LCA, which is
described below is illustrated in Figure 1.

l. Goal and Scope Definition

The product or service to be assessed is definefiinétional basis for comparison is chosen and the
required level of detail is defined.

Il. Inventory Analysis
The energy carriers, raw materials, emissionsrmsaphere, water and soil and different types dof lase
are quantified for each process. These are all owdbin the process flow chart and related to the
functional basis.

M. Impact Assessment

The effects of the resource use and emissions giekeare grouped and quantified into a limited
number of impact categories which may then be wedjhfor comparison (DEAT, 2004).



Goal and Scope —— —pp-| Direct Application
Definition — <
* Product development and
improvement
* Strategic plannin
Public policy making
* Other

S -

Other Aspects

*

Inventory Analysis

Technical
Economic
Market
Social

* % o *

Impact Assessment

Figure 1: lllustration of Life Cycle Assessment &gdure (DEAT, 2004).

The various groupings of activities associated &iffrocess, service, product or plant provide #sstfor
undertaking a LCA. The conceptual LCA will map fvecesses into a flow chart which broadly migrates
from inputs (raw materials) through processing dpici or production system) through to outputs gfieid
goods, by-products and wastes) which is illustratedrigure 2. Simplified and detailed LCAs will, in
various levels of detail and complexity, quantifjassify and categorise the impacts at differeages
(DEAT, 2004).

SYSTEM BOUNDARY
Inputs Product System Outputs
Energy * Raw material extraction —’ Energy
. Processing/manufacture _*
Water * * Water
* Distribution _*
—» Use/Recycle/Maintenance —->
Raw Materials/ * * Raw Materials/
Resources Resources
— Waste and Disposal —

Figure 2: Life Cycle Assessment framework basetheriSO 14040 model (DEAT, 2004).
V. Improvement Assessment
The Improvement Assessment is the phase wheresdts are analysed in relation to the goal angesco

definition, where conclusions are reached, the téitiins of the results are presented and where
recommendations are provided based on the findihtiee preceding phases of the LCA.



2.2 Clean Coal Technologies

The technologies employed and being developed &t o@al's environmental challenges are collectively
referred to as CCT's. CCT's represent a contingodsiveloping range of options to suit differenticoa
types, different environmental problems, and défgrlevels of economic development. In this sectadhn
CCT’s were discussed in general. Particular attentvas then further given to PCC, IGCC and UCG as
they formed the basis of the comparative study.

According to the World Coal Institute (WCI), (200&)d the National Mining Association (NMA), (2003),
CCT'’s can be said to have three core elements:

1. Eliminating emissions of pollutants such as palitaumatter and oxides of sulphur and nitrogen.
This has largely been achieved and the issue ntwe iapplication of ‘off-the-shelf’ technology.

2. Increasing thermal efficiency to reduce carbon iiexand other emissions per unit of electricity
generated. Major gains have already been achiewtfuather potential can be realised.

3. Eliminating carbon dioxide emissions. The developimef ‘zero emissions technologies’ has
commenced and is accelerating rapidly.

CCT'’s can be implemented pre, during and post caiidruto alleviate the typical environmental
impacts related to coal based electricity genamatispects related to 1. coal preparation pre-ccutido,

2. during combustion utilisation and 3. post contiomscontrol of emissions are discussed furtheh wit
specific emphasis on PCC, IGCC and UCG.

2.2.1 Coal Preparation(Pre-Combustion)

As-mined coal is of variable quality and containdbstances such as clay, sand and carbonates. Coal
preparation — also known as coal beneficiationoal evashing/cleaning — is the cleaning processtiithy
this mineral matter is removed from mined coalrdpice a cleaner product.

During washing, the coal is also sized and blenttedneet customer specifications. Coal washing
increases the heating value and the quality ofctbe, by lowering the level of sulphur and mineral
constituents. The coal preparation process invaithesacterisation, liberation, separation and ditjon.

Characterisation identifies the composition of difeerent raw coal particles. Liberation involvasighing
the mined coal and reducing it to very fine pagcl Separation is the partitioning of the individua
particles into their appropriate size groupings aagarating the mineral matter particles from tbal.c
Finally the disposition stage involves the dewatgand storage of the cleaned coal and the dispbtad
mineral matter (WCI, 2007).

During various operations in coal washeries, alqtarticulate matters and gaseous pollutants are
generated causing a serious air pollution problethe area. Coal washeries release large amoustgiof
and liquid waste causing serious environmental lprob. The washeries reduce the ash content ofteoal
17.5% or less (Komnitsat al, 2001). This process consumes clear water in dhger of 0.2 to 0.25
m3/tonne of raw coal input. The washeries are dpdra the closed water circuit system but stithathl 2-
18% of raw water is discharged as effluent.



2.2.2 Efficient Combustion TechnologiegDuring Combustion)

In this section technologies which improve thecéfiicy with which coal is burnt are discussed with
particular emphasis on operating parameters, pscaes thermal efficiency. Typical thermal efficieax
were provided. These technologies include:

* Pulverised Coal Combustion

* Fluidised Bed Combustion

* Integrated Gasification Combined Cycle

» Pressurised Pulverised Coal Combustion

e Supercritical & Ultra supercritical Technology
* Underground Coal Gasification

Information in this section was sourced mostly frédme WCI (2007) with some key ideas from other
authors. For further information, the WCI may besdted.

2.2.2.1 Pulverised Coal Combustion

Conventional coal-fired generation today is norgnaia the route of PCC. PCC can be used to firede w
variety of coals, although it is not always apprater for those with high ash content. In PCC power
stations, coal is first pulverised then blown iatéurnace where it is combusted at high temperaftlre
resulting heat is used to generate steam, whielesla steam turbine and generator. Efficiencies baen
steadily rising with emissions reduced per kW oéc#icity generated. This trend continues as
technologies advance. This technology is discugsedore detail in Section 2.3. Major environmental
impacts relate to air pollution through emissionsl surface and ground water pollution through water
utilisation and treatment.

2.2.2.2 Fluidised Bed Combustion

In fluidised bed combustion (FBC), coal is burnedireactor comprised of a bed through which géedis
to keep the fuel in a fluidised state. This impmwmbustion, heat transfer and recovery of waste
products.

According Johnsson (2001) and Armestoal, (2003), the higher heat exchanger efficiencies lagtter
mixing of FBC systems allows them to operate atelotemperatures than conventional (pulverised)-coal
burning systems. By elevating pressures withindi Béhigh-pressure gas stream can be used toalgas
turbine, generating electricity. FBC technologieslude atmospheric pressure fluidised bed combustio
both bubbling (BFBC) and circulating (CFBC) bedsgsurised fluidised bed combustion (PFBC), whilst
pressurised circulating fluidised bed combustioBRBC) is being demonstrated (WCI, 2007).

- Circulating Fluidised Bed CombustiofcFBC) has been most widely used. An extensive atipey
history exists for this technology (WCI, 2007). GFRises the same thermodynamic cycle as PCC and
therefore its power generation efficiency is in #aene range, which is normally between 38% and 40%.
Circulating fluidised-bed boilers operate at loviemperatures, ranging from 850°C to 900°C, thereby
suppressing thermal Nitrogen dioxides emissiorth@generation of nitrogen dioxides is dependennup
the combustion temperature

- Pressurised Fluidised Bed Combusti@+BC) is based on the combustion of coal undesspire in a
deep bubbling fluidised bed at 850°C. Dependinghenvelocity of the air through the fluidised bédo
PFBC variants exist — bubbling bed PFBC (lower #itiles) and circulating bed PFBC (higher velocities
PFBC units are intended to give an efficiency valtiever 40%, and low emissions. Developments ef th
system using more advanced cycles are intendechteve efficiencies of over 45% (WCI, 2007).

For more detail on these processes, Bonn and Ri¢h890), further discusses aspects of coal cotitrus
in atmospheric and pressurised fluidised beds.



2.2.2.3 Integrated Gasification Combined Cycle

In IGCC systems, coal is not combusted directly,rbacted with oxygen and steam to produce a ‘s/nga
composed mainly of hydrogen and carbon monoxide. shimgas is cleaned of impurities and then burned
in a gas turbine to generate electricity and tapoce steam for a steam power cycle (WCI, 2007).okem
detailed discussion of this technology follows gcfon 2.5.

2.2.2.4 Pressurised Pulverised Coal Combustion

Pressurised pulverised combustion of coal (PPC@&)éeshnology currently under development, mainly i
Germany. It is similar to conventional pulverisedhkccombustion, in that it is based on the combuosbif

a finely ground cloud of coal particles, the hegeased from combustion generates high pressure and
temperature steam which is used in steam turbinergéors to produce electricity. The pressurisad fl
gases exit the boiler and are expanded througls éugaine to generate further electricity and toelthe

gas turbine’s compressor; hence this is a formoofilined cycle power generation (WCI, 2007). Foster,
(2007), also describes the technology as a co&ébesmbined-cycle. Foster further mentioned thist th
process can be considered as the most suitablestaaightforward design to utilise hard coal in a
combined cycle with an efficiency of ~55% and above

2.2.2.5 Supercritical & Ultra supercritical Technology

Supercritical combustion is a thermodynamic expoesdescribing the state of a substance where there
no clear distinction between the liquid and theegas phase. The cycle medium is a single phasé flui
with homogeneous properties and there is no needgarate steam from water. Once through boilers ar
therefore used in supercritical cycles. Supereaidititants offer higher efficiencies than convengibrsub-
critical plant. Ultra supercritical plants operae very high temperatures and pressures and have th
potential to offer efficiencies of over 50% (WCI®). Both Hacket al (2008) and Fargt al (2008),
stated that development work is under way to dfferulating fluidized bed technology up to 800 MWe
capacities with ultra-supercritical steam paranset8imultaneously, the technology to provide cdjigbi
for air and oxy-combustion flexible operation tdoal carbon capture is being developed. The proven
high-efficiency circulating fluidized-bed technolpgffers a good solution for carbon dioxide reduowti
for both repowering of existing coal-fired poweapis and in greenfield power plants.

2.2.2.6 Underground Coal Gasification

Although the technology was pioneered in the 1&8801s, interest in UCG surged again in the recent
years. Unlike all major UCG programs of the 20thtaey, this increased interest is mainly stimulabgd
private capital in response to record-high oil andrgy prices. As result of this surge, knowledgg©G

is sought again and more than 30 trials are coaduat planned in Australia, China, India, Southidfy
New Zealand, Canada and the USA. Many of thesks tai@ carried out under technological auspices of
Ergo-Exergy - the leading supplier of modern conuiarUCG technology and the holder of proprietary
rights for the process called eUCG (Klimenko, 2009)

In the UCG process, water/steam and air or oxygeringected into a coal seam. The injected gassd re
with coal to form a combustible gas which is braughthe surface and cleaned prior to utilisatidhis
technology is being used to exploit coal seams dnatotherwise impossible to mine. While efficiency
improvements and advanced combustion technologies to reduce all polluting emissions, the opposite
may not be true: the removal of local pollutants Baergy cost and thus tends to slightly increaseon
dioxide emissions (Zhengt al 2003). Both Shu-gin and Jun-hua, (2002) suggesigdenvironmental
benefits of underground coal gasification far oytwee negatives.



2.2.3 Technologies for Reducing Emissions of Polauits (Post Combustion)

In this section technologies deployed to reducessions from the combustion of coal are discussed.
These are post combustion technologies. Most ohfleemation in this section was sourced from thEW
supplemented with key ideas and comments from ath#rors. The literature reviewed suggests thaethe
are number of ways in which emissions of pollutaarts reduced post combustion. Different methods or
technologies typically remove specific pollutafitke WCI (2007) identified the following methods:

» Electrostatic precipitators

» Fabric filters

* Hot gas filtration systems

*  Wet particle scrubbers

» Activated carbon injection

» Six main categories of Flue gas desulphurization
» Selective and non-selective catalytic reduction

Particulates in the flue gas must be managed. lisrpurpose, electrostatic precipitators are thestmo
widely used particulate emissions control technplog coal-fired power generating facilities.
Particulate/dust laden flue gases are passed htalgobetween collecting plates, where an eleattfield
creates a charge on the particles. The partickeshan attracted towards the collecting plates,revtteey
accumulate. In dry electrostatic precipitatorsagglomerated particles are then removed in a dmy foy
mechanical rapping or vibration to create a powlderdisposal. In wet electrostatic precipitatore th
particles are sprayed and washed off as a slun@I(\®007). According to Turnegt al, (2005), these
devices are also known as Plate-wire electrostaigcipitators. He further mentions that the voltage
applied to the electrodes causes the air betweealdttrodes to break down electrically, an adtioown

as a "corona". The electrodes usually are givergative polarity because a negative corona supports
higher voltage than a positive corona before spgrkiccurs. The ions generated in the corona follow
electric field lines from the wires to the collegiplates. Therefore, each wire establishes a ititargne
through which the particles must pass.

A less widely used technology involves fabric fiftealso known as baghouses, to collect particsikaten

the flue gas on a tightly woven fabric by sievimglather mechanisms. The choice between electi®stat
separation and fabric filtration depends on copéfyplant size, and boiler type and configuratfesbric
filters are useful for collecting particles withsrgtivities either too low or too high for collemti with
electrostatic precipitators.

Similarly, hot gas filtration systems operate agheir temperatures (500-1000°C) and pressures (1 — 2
MPa) than conventional particulate removal techgiel®, eliminating the need for cooling of the gas.
Particulates and contaminants such as sulfur,iatk@lals and heavy metals have to be removed by the
filter. A range of technologies such as cyclonesamic barrier filters, high-temperature fabrideis,
granular bed filters and high-temperature ESP’ssHasen under development for many years. Some of
these are in the demonstration stage but furthezldement is needed to enable commercial exploitati
(WCI, 2007). Turner and McKenna, (1984) and Turr{2898) states that Fabric filters are used where
high-efficiency particle collection is required.nhitations are imposed by gas characteristics (teabpe

and corrosivity) and particle characteristics (@nity stickiness) that affect the fabric or its ogtéon and

that cannot be economically accommodated.

Wet particle scrubbers for particulate control ased in a limited number of coal-fired plants, witiost

of these installations located in the USA, to cepfly ash in addition to sulphur dioxide. Watemgected
into the flue gas stream to form droplets. Thealp particles impact with the droplets forming d e
product, which then requires disposal. Wet partedeubbers have a removal efficiency of 90-99.9%
(WCI, 2007).

Activated carbon injection involves injecting powele activated carbon into the flue gas streamrexiti
the boiler and absorbing pollutants such as meromtp particulate matter, which is then removed in
existing particulate control equipment. Mercury nieyadsorbed onto the surface of activated cdnlan
combination of adsorption, condensation, diffusisrd chemical reactions (Uberoi and Shadman, 1991).



The efficiency of activated carbon depends uporype of activated carbon, the mercury speciatioth a
the temperature process conditions. Activated caib@xpensive, has a poor capacity, a low apgdécab
temperature range, and has slow regeneration awiibn rates (Leet al, 2001).

To remove sulphur, a technology called Flue Gasulpasrisation (FGD) is used. FGD technologies can
be classified into six main categories: wet scrugbspray dry scrubbers; sorbent injection proceshey
scrubbers; regenerable processes; and combinduusujpxide/nitrogen oxides removal processes. Soud
(2000) also mentions theses six processes. Weblsensi tend to dominate the global FGD market. The
technology uses an alkaline sorbent slurry, whichredominantly lime or limestone based. A ‘scragbi
vessel’ or scrubber is located downstream of thketband flue gas cleaning plant, in which the &uip
dioxide in the flue gases reacts with the limestshelge, forming gypsum. Interestingly, physical
deterioration of a working FGD plant results frohetharsh acidic conditions in which the system
operates. Dill and Ridge (1996) mentions that tlidure of calcium and sulphur in addition to chies,
fluorides, manganese and many other elements iwdaecompound plant operational problems. Zones
with unique corrosive environments in the systeoiuide the scrubber inlet ducts, the absorber tother,
scrubber outlet ducts, the bypassed/scrubbed #isaxgxing chamber and the exit stack. If a FGDesyst

is not maintained regularly, Dille and Ridge, (1p@hvisaged a future where an FGD system could
potentially contribute to unit derates and evethigesole cause for unscheduled outages

Flue-gas treatment technologies provide alternsitiice nitrogen dioxides control at coal-fired power
plants. The systems are installed downstream ofutimace to remove the nitrogen dioxides from the f
gases, following its formation. These technologiemmonly involve the injection of ammonia, urea or
other chemical reagents, which react with the ge#rodioxides in flue gases to convert it to molacul
nitrogen or nitrates (Buschmann, 2002). These dehmong other technologies

» Selective catalytic reduction (SCR)
» Selective non-catalytic reduction (SNCR)

In SCR for the removal of nitrogen oxides, ammorapour is used as the reducing agent and is imjecte
into the flue gas stream, passing over a catalyst. optimum temperature is usually between 300%C an
400°C. The key difference between SCR and SNCRegptesence in SCR systems of a catalyst, which
accelerates the chemical reactions. The catalyseéesled because SCR systems operate at much lower
temperatures than SNCR; typical temperatures fo€CBMre 870-1200°C. The Nitrogen oxide removal
efficiency for existing SCR installations rangedween 50 and 90% while the removal efficiency of
SNCR systems is 15-45%. (IEA Coal Research, 2004).

2.3 Conventional Pulverised Coal-Fired ElectricityGeneration

As mentioned above, PCC is one in a suite of CCli& technology will be discussed in more detail in
this section with particular emphasis on the tylpigeerating parameters, and efficiencies. PCCdatbst
commonly used method to generate power in coalfiplants, and is based on many decades of
experience. Units operate at close to atmospheesspre, simplifying the passage of materials tnou
the plant. Figure 3 below illustrates the basiccpss. Modern PCC technology is well developed, with
thousands of units around the world, accountingvell over 90% of coal-fired capacity (IEA CCC 2004

In South Africa, the majority of electricity is gemated in these types of plants. All plants cufyeintuse
utilise sub-critical boilers (the steam pressurba®w the critical pressure of water — approxiryafi8
atmospheres). (Haw and Hughes, 2007).
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Figure 3: Generating Electricity from Coal (WCI, 200

In PCC coal is ground (pulverised) to a fine powderthat less than 2% is +3pth and 70-75% is below
75 um, for a bituminous coal. The pulverised coal A with part of the combustion air into the boiler
plant through a series of burner nozzles. Secorataahtertiary air may also be added.

Combustion takes place at temperatures betweenIBIWPC, depending largely on coal rank. Steam is
generated, driving a steam generator and turbiadicke residence time in the boiler is typically52
seconds, and the particles must be small enougtofaplete burnout to have taken place during this.t

Two broadly different boiler designs are used. @néhe traditional two-pass layout where there is a
furnace chamber, topped by some heat transfergubimneduce the furnace exit gas temperature (FEGT)
The flue gases then turn through 180°, and passwavds through the main heat transfer and economise
sections. The other design is to use a tower hoigere virtually all the heat transfer sections ar
mounted vertically above each other, over the catitou chamber (IEA CCC 2004).

PCC boilers have been built to match steam turbiviesh have outputs between 50 and 1300 MWe. In
order to take advantage of the economies of saadet new units are rated at over 300 MWe, but theze
relatively few really large ones with outputs fr@arsingle boiler/turbine combination of over 700 MWe
This is because of the substantial effects sucts tiaive on the distribution system if they shotrld but'

for any reason, or be unexpectedly shut down.

One of the driving forces which is currently enamying the use of more efficient power plant is the
environmental concern in many countries, and theladed goal of most OECD (Organisation for
Economic Co-operation and Development) governmémtseduce carbon dioxide emissions to 1990
levels. This is a goal which leaves power genesatath many unsolved problems, but increasing the
thermal efficiency of converting coal to power iseoof the less expensive ways of reducing carbon
dioxide emissions. It does, however, involve thestauction of new boilers and turbines, as thesctst
retrofitting a supercritical steam system to ars&xg sub critical boiler would be prohibitive.

Increasing thermal efficiency has the potential remfucing other emissions per MWe generated, ssch a
those of sulphur dioxide and nitrogen dioxides. Yéhae coal cost is high which is typically low asial,

as where traded coals are used, increasing thefficiency can result in reduced overall costs @wn
plants for power generation, as less fuel is needed

The overall thermal efficiency of some older, sealinits burning possibly, poor quality coals, t&nas

low as 30%. A commonly used assumption for the ayerefficiency of larger existing plants with sub
critical steam burning somewhat higher quality saslthat it is in the region of 35-36%.
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New plants, however, with supercritical steam caw achieve overall thermal efficiencies in the 43-
45% range (IEA CCC 2004).

Various measures can be used to increase the thefficeency relative to current design practicegan
and Nah, (2002), Scheffknecit al, (2003) and Siemens, (2004) all mentioned measwutised below.

It must however be noted that the actual temperatand efficiencies were sourced from the (IEA CCC
2004).

* reducing the excess air ratio from 25% to 15% @arse a small increase in efficiency

* reducing the stack gas exit temperature by 10°Qléwkcovering the heat involved) can bring
about a similar increase;

» increasing the steam pressure and temperature2soktiPa/540°C to 30 MPa/600°C can increase
efficiency by nearly 2 percentage points;

e using a second reheat stage can add another 1ffcarey

* The condenser pressure can further increase eiiciey halving it

As with all technical options, there is a trade4odtween the costs involved (both capital and dipeya
the risk element in the decision and the amouatditional energy recovered.

2.4 Gasification

Another key technology to this research is thefigasion of coal. Particular emphasis has beengulamn
this technology as it is an important enabling comgnt of both the IGCC and UCG processes. This
section provides an overview of the fundamentakhefgasification processes.

Gasification refers to the reaction of coal with @i oxygen and steam to yield a gaseous product, a
synthesis gas or ‘syngas', for use directly ash fu as a feed to synthesise other gaseousuod ligels

or chemicals. Gasification is, in fact, the incoatpl combustion of coal. Although the chemical and
physical processes are similar in coal gasificaiod combustion, the pollutant-formation processes
different. The main difference is the reducing atpieere in gasification whereby sulphur from thel ®a
converted mostly to hydrogen sulphide,§) rather than to sulphur dioxide, whilst nitrogesm the coal

is converted to ammonia (Njrather than to oxides of nitrogen (IEA CCC, 2003)

The syngas produced by steam-oxygen coal gasditationsists principally of hydrogen, carbon
monoxide, methane, carbon dioxide and unreactesnst€he gas will also be diluted with nitrogen when
air is used as the oxygen source. According to IBngehtet al (2007), the gasification reactions (1 and
2) occur at a much lower rate (up to 1000 timewstdthan the combustion reaction (3):

C +CO2— 2CO (1)
C + H20— CO + H2 (2)
C+ 02— CO2 (3)

The rate of the gasification reactions thereforg &anajor effect on the carbon conversion efficyethat
can be achieved in a fluidised bed gasifier whigarates at moderate temperatures (< 1000°C).

Adamset al 2003 states that gasification can be employedh®rconversion of a wide range of coals,
from anthracite and low-volatile coals to sub bilous, high-volatile coals and lignite, by choosargd
developing the gasification process that best shproperties of the coal.

Three gasifier formats or processes are possilille fixed beds (not normally used for power geriergg

fluidised beds and entrained flow. The gasificatidficiency of the fluidised bed gasifier is 55%F5%,
while the entrained flow carbon efficiency is 55%0% (Engelbrectat al 2007)
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Coal contains a large number of components in iadio carbon. These also react or vaporise during
gasification so that by products appear in the gas, often as undesirable contaminants. The wlatil
matter in coal can appear in the gas as tarspajlhtha, phenols, cresols and other compounds. &l
contains other reactive or easily vaporised elesnanich as beryllium, arsenic, selenium, cadmium,
mercury and lead.

Gasification technologies are increasingly beingetteped to provide environmentally clean and effiti
power generation from a range of fuels such as td@nass and oil residues. In this context, thay loe
used in IGCC systems, the CCT that will be discdiseethe next section. As discussed above, IGCC
technology has the potential to provide high effidies and low environmental emissions by combining
gas-and steam-turbine power-generation technol@d@sCCC, 2003).

2.5 Integrated Gasification Combined Cycle (IGCC)

As mentioned above, the source of the syngas ®rlI&CC process is derived from the gasification
process. This process has been identified as &ytdadlkanced technology which offers improved techhi
and environmental performance. This section dessrifhe IGCC process and the typical efficiencies
relating to its deployment.

IGCC uses a combined cycle format with a gas terkiiriven by the combusted syngas, while the exhaust
gases are heat exchanged with water/steam to gersengerheated steam to drive a steam turbineeas se
in Figure 4 below. Using IGCC, more of the powemes from the gas turbine. Typically 60-70% of the
power comes from the gas turbine with IGCC, comgbavith about 20% using Pressurised Fluidised Bed
Combustion (PFBC).

IGCC technology offers high efficiency levels, tgglly in the mid-40%’s (IEA CCC 2003). Although
plant designs offering close to 50% efficiencies available, as much as 95-99% of nitrogen dioxades
sulphur dioxides emissions are removed (IEA CCC320Me further development and support of IGCC
offers the prospect of net efficiencies of 56% he future, and therefore its widening deploymerit wi
have an increasingly favourable impact on the emwirental performance of coal (IEA CCC 2003).
Similar figure were also reported by both Bressgal, (1997) and Higmaet al, (2003).

IGCC plants can be configured to facilitate carb@xide capture. The new gas is quenched and aeane
The syngas is 'shifted’ using steam to convertazarbonoxide to carbon dioxide, which is then sejgara
for possible long-term sequestration (IEA CCC 2003)
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Figure 4: An Integrated Gasification Combined Cycleét (WCl, 2007).
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2.6 Underground Coal Gasification (UCG)

Another technology key to this research is the UZ&ess. This technology is also enabled through th
process of gasification as described above. Ingbiion, the history, process, potential and merit
UCG is discussed.

UCG permits coal to be gasifiéal situ within the coal seam, via a matrix of wells. Thelds ignited and
air is injected underground to sustain a fire, \whi essentially used to “mine” the coal and predac
combustible synthetic gas (Walker 1999). Okten Riuthri, (1994), also describe the technology asitim
gasification. This can be used as a fuel for payegreration. This process avoids the need for coahm
transportation, preparation, the gasifier equipmantl the transportation and disposal of ash. Thése
have cost labour and environmental benefits.

An underground cavity is created as the coal buand,the boundaries of the cavern form the wallarof
underground reactor. The reactor is able to opeaitatigh pressures (related to its depth) and tesyes.
UCG has the potential to extract coal resourcegiquisly regarded as either uneconomic or inacckssib
due to depth, seam thickness, seam slope, seatarfingcand displacement, or other mining and safety
considerations. A simplistic illustration of thederground coal gasification process is given iruFégs
below.

Jervinnnimyinare

-inouu AR o

nd pore water and brought o the surface by
the second borahole. -

Figure 5: UCG Process (Ergo Exergy, 2005).

UCG consumes water in the gasification procesgraoduce hydrogen. This does entail consumption of
the water in the coal seam, and in the immediategnding strata. The underground aquifers aresbjos
monitored to ensure no impact on aquifers closethto surface that may be in use for domestic or
agricultural purposes, or may evacuate into surfimams. Apart from the usage aspect, there @saals
risk of contamination of aquifers and water bodieish UCG products. This risk is mitigated by
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maintaining a negative hydraulic gradient into tmelerground cavity thereby forcing removal of UCG
products with the water influx (Blinderman & Fid/&003).

Olness and Gregg, (1977) provides a historical ac@f the technology’s development. They also
mention that it has been researched over the pagears, and has been in commercial operation twem
than 50 years in the former Soviet Union. The gas wsed there for heating and power generation.
Although strictly speaking this technology is comaoiglly mature, it is fair to say that this form8oviet
Union technology is only now emerging in the Wastéforld with the first pilot plant having operatt

four years in Australia and the Eskom pilot plaatihg just started up in January 2007. Rogul, (2008
also notes this in his review of Russian and EwopdCG. There are many other commercial projects
either entering pilot plant phase or still undengpstudy, in Australia, New Zealand, USA, IndiakiBtan,
Canada and lItaly.

There are many emerging factors that give a neveiugpto the commercialisation of UCG technology,
both internationally and locally. These include inaoreasing need to reduce emissions from coal-fired
power plant; a desire to find alternatives to redtgas as a fuel due to high prices and availgpiihd a
reviving interest in synthetic fuels as a resulbigh and unstable oil prices. Shafiroviehal, (2009) has
similar views on UCG.

Van der Riet, (2008), states that UCG has synewgisconventional mining through the ability topait
coal reserves that would not normally be minedalde notes that this could increase South Africaal
resources dramatically. It is estimated that thisra conservative potential for 350 GW of electyici
capacity, based on UCG within South Africa. Thiieetively increases South Africa’s coal resourdéwe
Eskom resources and strategy and generation digisiave estimated that there is an additional WiS+bi
tons of coal (excluding coalfields in KwaZulu-Nat&rmelo and Witbank) suitable for UCG. The above
mentioned potential could be realised if UCG isloggpd together with IGCC technology with 50%
efficiency and 25 year plant life.

Van der Rietet al (2007) explains that Eskom is developing UCG prtidacto initially co-fire the gas
with coal in Majuba power station, and to explogi@ns for supplying gas for a new high efficiency
power station. A conceptual and scoping study wasipteted in November 2002, which showed
significant potential of UCG for South Africa.

UCG is ideally suited for complete extraction ottbthe solid and gaseous fuels, from coal resoutcds
are not destined for conventional mining to extsatid fuel. (Van der Riet, 2008). Eskom has deieech
that UCG technology offers the following merits.

» UCG technology, in combination with a combined eypbwer station, significantly reduces the
emissions footprint of a coal-fired power station.

» The overall resource utilisation efficiency is vérigh, especially when the gas is used for power
generation in a combined cycle power station. UGGaamining technology also effectively
extends South Africa’s coal reserves, by allowinxgraztion of coal previously disregarded a
being unminable.

* The focus on “unminable” resources suggests minimedrlap with existing conventionally
mining houses, although conflict is possible witteCBed Methane (CBM) developers.

» The broader geographic availability of coal suitafdr UCG enables Eskom to position new coal
generating plant far more strategically, to suppdemand side needs and stabilise the
transmission network.

» The technology will increase Eskom operational ifidity and efficiency, by allowing the coal
mine and power station to effectively integrate.
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* The technology, on a large scale, offers the oppdst to reduce the cost of electricity from new
coal-based power stations. It achieves this thraumgimherently simpler mining process, and a
shorter resource-to-electricity production supgigio.

» The UCG technology is modular, and Eskom has ajreamheered the basis of the first module.
The modularity, availability and relative simpligcibf major plant components enables faster lead
times than for conventional coal plant.

2.7 UCG-IGCC

After discussions relating to gasification, UCG dG€CC technology, UCG-IGCC will now be discussed
which is the application of both these technologias together. In this section, the technology.cpss
and typical operating efficiencies in comparisomwtioer technologies discussed above are explored.

The most efficient and cost-effective way to geteergectricity from UCG gas is via the use of a gas
turbine combined-cycle plant. The gas turbine cawide some or all of the compressed air needeitidy
UCG process, and achieve higher power outputs®b@G gas than on natural gas (NG). An IGCC plant
using UCG for gas production is called an UCG-IGgént. Figure 6 below illustrates the UCG-IGCC
process (Ergo exergy, 2005).
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Figure 6: The UCG-IGCC Process (Ergo Exergy, 2005).

The typical environmental performance of current dature fossil-fuel power generating options is
described in Figure 7 (BHP Billiton, 2002). Natugds combined cycle is taken as the baseline for al
fossil fuelled stations. The figure shows how UG&ELC is the closest coal fired plant to achieving th
emissions of a natural gas plant. The ultra-sufiear pulverized fuel plant is still under devetopnt,
and could potentially be a cleaner coal option tH&G-IGCC once commercially available.
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Figure 7: The typical environmental performancecofrent and future fossil-fuel power generating (BBiRiton,
2002).

As seen below in Figure 8, UCG-IGCC demonstrateisacadioxide emissions of about 25% lower than a
supercritical boiler plant. At 673 kg/MWh, these issions are still higher than the emissions of a
combined-cycle gas turbine fuelled by natural gdswever, the UCG-IGCC with carbon dioxide
sequestration produces only 333 kg/MWh, providiiggpificant reduction against the NGCC plant (Ergo
exergy, 2005).

GO, g SR et
H 7w S f Fzmien lame=, o A PRUE H=-

Sanw I Saper PF PFaLC oCC UCG-IGEC LICG- 156G jec, b CC

mizo2 [ 10 [ mE mpaticulses
Figure 8: Air Emissions from Conventional Fossil Faewer Plants and UCG-IGCC (Ergo Exergy, 2005).

A UCG-IGCC power plant will generate electricity atmuch lower cost than an existing or proposed
fossil fuel power plant. The UCG overall chemiclogency is typically 75%, but the recovery is ove
95% as the entire coal seam, including any metigaseand combustible roof, floor and partings, bl
consumed in the process. Figure 9 below illustregkgtive utilisation efficiencies for the curresttenario

of power stations with an associated undergrouatirome.
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Figure 9: Resource utilisation efficiency for (a)carrent, high efficiency longwall mining operatiomith a
conventional sub-critical pulverised fuel power istat (b) a underground coal gasification (UCG) minoyeration
integrated with a combined cycle power station; (cpal bed methane (CBM) mining operation integratetth a
combined cycle power station. (Van Der Riet, 2007).

Simply put, UCG gas is an ideal fuel for power gatien in Gas Turbine Combined Cycle (GTCC)
configuration because:

» It gives a 25% increase in the gas turbine powguiwcompared to natural gas.

» It produces fewer air emissions: greenhouse gass@ns it can be as much as 30% less than
natural gas.

» The cost of electricity produced from UCG gas i<hless than with natural gas.

« UCG gas can be produced in abundance for yeamsne @and used to fuel GTCC plants in areas
without any natural gas supply.

2.8 Summary of Literature Review

Chapter 2 provided an overall and fundamental wtdeding of LCA as well as CCT’s being deployed
around the world with a description of their praes and typical operating efficiencies. In turs tias
provided the background required to understanddlyetechnologies and variables which form parthef t
LCA. From the review it is clear that a defined hoetology exist to conduct LCA’s with the capacity t
yield good scientific results. The review also Higiits the multitude of technologies which exist to
improve the technical and environmental performaoceoal as primary source of fuel for electricity
generation.
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CHAPTER 3: METHODOLOGY

Having reviewed the pertinent literature relatiogthe research, in this chapter, the methodologi wi
which the LCA was executed is discussed. The pmrtiinformation presented relates to the 4 stage
approach as outlined in the ISO guidelines for L&Adiscussed in Section 2.1. Very importantly|sba
describes the basis for comparison of the PCC &2@45CC technologies.

The approach that was followed included:

1. Establishing the goal and scope of each study. @aretaken to ensure that system boundaries
were chosen which enable a fair comparison betwhedifferent combinations of technology.

2. An inventory analysis. This involved accounting fat significant inputs and outputs of the
system

3. Performing an assessment of the impacts. This was @y direct comparison of the inventory
values and impact categories.

4. Using the analysis to identify improvement oppottigs.
3.1 Basis for Comparison

As the LCA involved a comparative assessment ofdifferent technologies, it was necessary to esstabl
the basis for comparison of the two.

For this LCA, the “life cycle” was defined as thgstem to produce 1 MW of electricity. This is knoas
the functional unit. This was applicable to bothdP&hd UCG-IGCC technologies.

After failed attempts at obtaining credible LCA tsezdre for the research, the focus was on obtaining
realistic inventory values for all significant inguand outputs of the system. It was therefore ssegyg to
utilize information from a related study conductgdBHP Billiton, 2002.Furthermore, because of the lack
of information and data relating to a new technglegch as UCG-IGCC, it was necessary to restreet th
examination of the environmental variables to &aelew as detailed in the impact assessment gectio
This consisted of aggregating each stressgy.¢arbon dioxide, sulphur dioxides, nitrogen dioxidgéBM,
solid waste, fresh water and resource consumpiitio) an impact categorye(g. GGE and resource

energy).

3.2 System Boundaries

Another key parameter identified was the systemnbaties for both the PCC and UCG-IGCC
technologies. This was also particularly importeontcomparative purposes. System boundaries were se
as wide as possible, up to the production of tret Giommon product for each technology which is IMW
Decommissioning, repairs and maintenance were d&dlfrom the present analysis.

The report does not look at environmental stresgopacting beyond the boundaries of the plant which
could lead to cumulative impacts in the receivimyimnment over time. The inclusion of these would
result in too many unknown variables and would lkeec@mpromise the data integrity. This would be an
important addition in a more detailed future study.

3.3 Data Accuracy

As mentioned above, after failed attempts at obtgicredible LCA software for the research, theufoc
was on obtaining realistic inventory values forsajnificant inputs and outputs of the system. Bueosts
involved, it was therefore necessary to utilizeinfation from a related study conducted by BHPitBil
(2002).

Data relating to two case studies with particuéferrence to PCC and UCG-IGCC technologies required
data checking for a large number of energy and nadde flows for the numerous unit
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processes comprising the process chain and lifee stages (Wibberly, 2001). The study used the BHP
LCA model EMMA (Eco-model for Materials and Manufaing Assessment). EMMA has been
developed over the last eight years and is thdtresextensive effort at BHP Research. In paracuthe
model contains a comprehensive data set for Aimtrainergy and materials. EMMA also has unique
features to enable in-depth analysis of processhmns (e.g. seven categories for carbon emissions,
automatic sensitivity analysis) (Wibberly, 2001).

Every effort has thus been taken to ensure comegtesentative and best available data. Due t@B-
IGCC technology being an emerging technology, it wat possible to obtain site-specific data. Theeca
study was therefore based on a hypothetical imsi@tl at specific location, both for data compétipand

to ensure that the study was carried out in ancgggiate context. The analysis was performed fogadlds
and services involved in each case study. Thetsegifelated LCAs were used for benchmarking.

3.4 Transparency

A key requirement of LCA is transparency in metHody, data sources, estimates and assumptions.
The following information is included for both PGBd UCG-IGCC:

e Scope for each analysis.

« Technology overview and key specifications for itidividual case study.

e Location - assumed or actual.

* Functional unit

e Construction, including sources and transportatbrkey materials. This stage in the life cycle
generally has a negligible impact on the LCA valugh the exceptions being photovoltaics, wind
and hydroelectricity (Wibberly, 2001).

< Utilisation, including the provision of energy, ramaterials and externalities

* Waste management.

3.5 Impact Assessment

As mentioned above because of the lack of infoilmnaéind data relating to a new technology such as
UCG-IGCC, it was necessary to restrict the exaronabf the environmental variables to a select few.
The impact assessment was used to establishingvérall environmental impacts from using coal as an
energy source in the PCC and UCG-IGCC systems. iffpact assessment was based on direct
comparison of the following inventory values andiges:

* Resource energy consumption (energy in the matesidtacted from the earth, as obtained from
combustion.

» Greenhouse gas emissions (GGE) expressed as tivalegimass emission of carbon dioxide —
This included global impacts, though their sourod aagnitude may be at a local scale. The
analysis has used Intergovernmental Panel for @inZhange (IPCC) Greenhouse Warming
Potentials for GGE

* Nitrogen oxides, which contribute to photochemsrabg and acidification - mostly local impacts.

«  Sulfur oxides, which contribute to acidificatioa regional impact.

» Suspended particulate matter (SPM), includes & Bactions, PM10 and PM2.5 - a local impact.

e Solid waste to landfill - mostly local impacts.

* Solid waste to tailings, includes material storedesemplaced mostly as a single material.
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This differs from landfill in that the material caiften be regarded as re-emplaced or stored fordutse.
This applies mostly to coal washery rejects, omelieiation plant tailings and fly ash. Tailingsntobute
mostly to local impacts.

It should be noted that the study has not attemjotedjgregate any of the emissions into regionébaal
effects, such as acidification or photochemical grpotential. Excluded from this list is a number of
possible emissions to land, air and water, pagityheavy metals and trace elements.

3.6 Sensitivity Analysis

A sensitivity analysis was conducted to determireegarameters that had the largest effects orethdts
and to determine the impact of the estimated dataedl as variations on data on the conclusioniaiies
included in the sensitivity analysis were chosereftect system areas that had inherently more owks

in the data as well as areas in which variatiorislely occur during normal operations. Each paeder
was changed independently of all others so thairhgnitude of its effects on the base case bem@C
system could be assessed. Therefore, no one siagkdtivity case reflected the best or the worseca
scenario for this system. However, any dependetite oariables have on the variable being changed i
taken into account. For instance, changing the pplaats efficiency, affects the amount of coaluieed

at the plant, which in turn affect the coal minengd transportation requirements. These effects tagen
automatically into account in the LCA model.

3.7 Displacement Credits

In the LCA, the production of electricity from tlseal leads to the production of other by-produathsas
particulates, emissions and waste. One key by-ptgolwduced during the processes was the production
of fly ash. Fly ash has a known use as an additivthe cement manufacturing industry. Hence the
environmental burdens for the production of the eetnare avoided. This was internalised in the LOA f
the PCC process as a displacement credit. Similarthe UCG-IGCC process, heavy oil is produced as
by-product extracted from the UCG gases. Theserbgyets displace a similar amount of heavy
hydrocarbons obtained from crude oil, giving ennirental credits. Hence a displacement credit fer th
process.

3.8 Summary of Methodology
From Chapter 3, it is possible to establish the@daral aspects of conducting the LCA. Key pararsete

and variables were unpacked providing a better nstaleding of the scope, challenges and opportgnitie
encountered in the LCA.
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CHAPTER 4: LIFE CYCLE ANALYSIS OF CONVENTIONAL PCC AND UCG-IGCC

In this section, the actual LCA for the PCC and UIB&EC processes are discussed. This includes sletail
on the systems operations and specifications. rimdtion is also presented on the LCA considerations,
data quality requirements, LCA assumptions andebalts and findings of the impact assessment.

4.1 LCA for the Convention PCC System
4.1.1 The System Operation: Conventional Pulverised Fired Electricity Generation

The scope of the BHP’s case study was to calctieteaverage life cycle environmental impacts fa& th
generation of 1 MW of electricity for the PCC plamhe results were used as the basis for comparison
with a UCG-IGCC plant. The study included powetistaconstruction, extraction and provision of el
and consumables, transportation, emissions ancevaigbosal associated with the generation. Figlre 1
below illustrates the main processes for the P@€qws considered for this LCA.
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Emissions to land Emissions to water

Figure 10: LCA system showing only the main procefseRCC (Source: BHP Billiton, 2002a)

This study was based on a typical base load coiveitCoal fired plant connected to the currenttS8ou
African electricity grid

Table 1. describes the key operating parameteaiperg to the said power station. This data wascsal
from a number of references including Eskom repgutdh as the Eskom Annual Report (2000), National
Electricity Regulator Reports (2000), Electricitydply Statistics for South Africa (2000)

Properties Values

Total Rated power 3000MW
6X500MW

Water Consumption 1.75 kL/MWh
Efficiency 34.8%
Capacity factor/Utilization rate 66%
Gwh to Grid 16535Gwh
Coal Consumption 8775 Mtpa
Life Span 30 Years

Table 1: Technical Specifications of the PCC pléBuaurce:” Electricity Supply Statistics for Soutfrica
2000", National Electricity Regulator, South Africz000)
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4.1.2 The Functional Unit
The functional unit is 1 MW of exported electricity
4.1.3 System Boundaries

The system boundaries for this LCA were drawn asadily as possible. All of the major processes
necessary to produce electricity from coal suclkad mining, equipment manufacturing, transportgtio
and chemicals production for the mining and powlanipoperations were included. The material and
energy flows of processes involved in the extractd raw materials and the production of intermelia
feedstocks as well as the disposal of wastes weheded. However decommissioning and recyclinghef t
power station materials have not been includecer&ice life of 30 years is assumed.

4.1.4 Construction

The Power Station was built between 1976 and 198 first set was commissioned in 1976, with altota
station generation capacity of 3000MW. The Powati&@t was one of the first stations to be suppivéd

coal from a fully mechanised coal mine, with thalcarriving at the boilers from the mine. The power
Station is unique in the sense that each Turbimeor sets are housed individually and separé&taty
each other. Whereas in Eskom’s other Power Statadhthe turbines are housed in a single turbiak h

all placed along the same axis. The station wadirtstein the Southern Hemisphere to be fitted viftb
Once - through Boiler (Benson) instead of the ufralm Boiler (Eskom, 2008). The main materials
consumed are shown in Table 2. below. The construghase included estimates for transportation and
earth moving equipment.

Material Quantity
Concrete 420,000 m3
Steels — structural, engineering and low alloy 194,000 t
Copper — generators and electrical 2,640t
Land requirements for building 190 ha
Total site area 936 ha

Table 2: Major construction materials: (Source: BBlfton, 2002a)
From the above, it is clear that concrete and stedde up the largest quantities required for cocstn.
4.1.5 Materials and Energy used in Operation

Major resources and other consumables, their spantemode and distance of transportation are given
Table 3.

Material Source Transport DI(;S(;F;CE
Coals Ingwe, Anglo and other domestic Mainly overland conveyor <10
steaming coals
Fuel oil, diesel, LPG, petrol Sasol Road/rail -200
Water Usutu water scheme Pumping/pipeline Variogs
systems
Electricity South Africa Distribution grid -

Table 3: Major resources and other consumables,gberce, and mode and distance of transportafiéource: BHP
Billiton, 2002a)
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Fuel

Coal used at the South African power stationsdmfa range of domestic coal mines. In most cases th
power stations are adjacent to coal mines, witlvegor systems transferring the coal from mine tevgro
station (BHP Billiton, 2002). The composition oéthoals used in this case study is given in Table 4

Ash Specific energy

Coal C (%) H (%) N (%) S (%) O (%) Moisture (%) (%) (I
Kriel j
Colliery 51.0 2.8 1.3 0.7 9.0 4.9 30.3 19.5

Table 4: Weighted average composition of coal {Sedirce: BHP Billiton, 2002a)
Emissions

Electrostatic precipitators were installed as drthe original plant. A sulphur trioxide (SOflue gas
conditioning system has since been installed tarong the dust collection efficiency of this planbrh
approximately 98% to 99,6%, thereby significantgducing the amount of dust discharged into the
atmosphere. Dust suppression is also practiseoveying plants, ash dumps. Fly ash is collected vi
electrostatic precipitators or bag filters and digal of in ash dumps or tailings dams.

Greenhouse emissions due to land use change, sidation and spontaneous combustion of stockpiles,
waste coal and tailings from mining are not incilidiele to the lack of accurate data. Note, spontaneo
combustion of tailings is an issue in some locatidfugitive methane emissions from underground and
open cut coal mines coal in South Africa have besimated as 2 m3/t on most run mines have been
included in the present analysis. Fugitive dustéssrom coal stockpiles were not included dué&éodack

of reliable data (CIAB, 1994).

Waste Management

Various types of solid waste such as coal ash antkdtic waste are generated. All ash is disposeah of
an ash dam. Annually the dry sides of the dam avered with topsoil and revegetated to create lisefu
land, improve the visual quality and suppress wilwiwn dust. Domestic waste is disposed of on the
registered local municipal waste dump (Eskom, 2008)

Water for Cooling
The plant is operated as a zero liquid effluentithsge site, with all waters used being kept ioaex
circuit on site to prevent pollution. Local wateucses are closely monitored to ensure that pofiutio

control measures are effective. The energy requogalmp water from the respective catchments o th
power stations is included in the analysis (Esk20®8).
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4.1.6 LCA Considerations

There are no ambiguous technologies or operatsuessthat significantly affect the LCA results, pa
from the utilisation of fly ash for cement. Dataaigailable for the amount of fly ash sold, but éhexr no
breakdown of end-use.

4.1.7 Data Quality Requirements

The estimated data accuracy for key items in thA & given in Table 5. together with their impaot
the overall LCA values.

Accuracy Impact on energy Impact on GGE
Electricity generation +5% +5% +5%
Coal mining +5% < 0.25% < 0.25%
Coal mining (fugitive +25% 0% +0.5%
methane)
Transportation +5% < 0.5% < 0.5%

Table 5: Estimated Data Accuracy (Source: BHP Billitab02a)
4.1.8 Allocation Procedures

All environmental impacts (including any displacerneredits) are allocated to the functional urat, 1
MWh of exported electricity.

4.1.9 Assumptions

Generation:

Based on the current grid generators in South Afnichich is consists of 89.1% coal fired, 6.6% eac|
4.2% hydroelectric with the remainder being smal gurbines (percentages are on power sent o) basi
Most of the generating capacity (95%) is owned bkden, a government controlled company.

Coal:
Coal for power generation is from 100% domestiqdufPinheiro, 1999.)

Carbon Dioxide
The generally accepted figure is that 99% of thbaa in the coal is assumed to be converted toocarb
dioxide in PCC boiler.

Carbon monoxide, Nitrogen oxides
Australian NGGIC emissions for coal fired and gabine power generation are used. (NGGIC, 1996).

Nitrogen dioxides
Emissions from power stations based on averagerdptated by Eskom. Emissions from transportation
etcbased on US EPA factors.

Sulphur dioxides
Based on fuel sulfur composition and 90% convergmrSulphur dioxides, with the type of sulphur
emission control

SPM:
Based on information obtained the Eskom Environnfport for large coal fired stations only (Eskom
Environmental Report, 2000).

Methane:

Methane emissions from coal mining are based amatds from the IEA and World Coal Institute (IEA,
2001).
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Fresh water:
Based on information from the Eskom Environment &ep for large coal fired power stations only.
Estimates have been made for smaller stations lmasederall efficiency and type.

Transport
US EPA emissions and average fuel consumption used.

4.1.10 Impact Assessment
Impact assessment is based on direct comparisihre ébllowing inventory values:

* Resource energy

*  Fresh water

* GGE (CQ-e)

» Nitrogen dioxides

*  Sulphur dioxides

* SPM

* Solid wastes to landfill (excludes ash remainingitn).
4.1.11 Results
In this section, the outcomes of the above mentiomputs pertaining to the technical operating
specifications and the materials and energy useapé@ration were allocated to the functional unitlof
MWh for the energy and raw material flows. The magovironmental stressors relating to these as seen
above were then tabled showing the inputs and taifpertinent to the PCC process indicated below as
impact assessment values. These values were thghically displayed with and without the displaceine
credits. A section of the main findings concludes ¢thapter. As mentioned above in Sections 3.13ehd

the impact assessment values marks the basis gfaz@on with UCG-IGCC process.

4.1.11.1 Energy and Raw Material Flows

Resources consumed Amount Primary use

Coal - black (Mtpa) 8775 Power generation

Copper ore (kg) 0.14 Copper wiring, generators
Dolomite (kg) 0.07 Steel for construction

Gypsum (kg) 0.018 Cement for construction

Iron ore (kg) 0.72 Steel for construction

Limestone (kg) 0.47 Cement and steel for construction
Magnetite ore (kg) 0.025 Cement and steel for construction
Manganese ore (kg) 0.018 Steel for construction

Gas (GJ) 0.005 Utility in construction

Qil (GJ) 0.07 Utility in construction, transport
Rock (kg) 0.936 Concrete for construction

Sand (kg) 0.936 Concrete for construction

Water (m3) 1.75 Evaporative cooling water

Table 6: Resources consumed per MWh of exportraégt(Source: BHP Billiton, 2002a)
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From Table 6 above, the major consumables for thdygtion of electricity at the said power statame

black coal and water. Most of the other consumadledor construction of the power station.

4.1.11.2 Impact Assessment values

A summary of the results for the production of 1 K\f electricity is shown in Table 7. A discussmam
this follows in 4.1.11.4. The impact assessmentegahbre further displayed in the Figure 11 below.

Parameter Convention PF Comments

Inputs

Resource energy (GJ) 11.1 Total for non-renewedseurces
Energy in tailings - Negligible

Fresh water (m3) 1.75 > 98% evaporative cooling water
Qutputs

GGE (kg CQe) 970 97% from coal combustion

NO, (kg) 3.7 99% from coal combustion
SQ,(kg) 9.4 99.5% from coal combustion
SPM (g) 45 96% from coal combustion
Solid waste to tailings (kg) 171 Mostly fly ash

Table 7: A summary of the results for the productbd MWh of electricity (Source: BHP Billiton, 2082

1200

1000

=lels]

SO0

GGE/Solid waste, kg/MAR

AQ0

200

Fescurce
enargy (&)

Erergy intalings Freshwater OCE (kg GC2-e)
(r#)

NG (k)

Summary Results to produce 1 MWh of Electricity

|

Solidwasteto
tailings (ko)

[

S (bag) SRiig)

- 12

1+ 10

Resourcs energy, (GJ)/ Fresh water, () Nox/Sox kg/Mh

Figure 11: Inputs and outputs for the productiod ®Wh of electricity — PCC

4.1.11.3 System Displacement Credits

As mentioned above in Section 3.7, a potential ldegment credit has been calculated assuming that
100% of fly ash produced is used as a cement replewct (see Table 8. below.) In 1999 approximately 1
Mt (around 4%) of ash generated at Eskom poweioatatvas sold. Similarly GGE, nitrogen dioxides,
sulphur dioxides and SPM emissions are reducedkasck on effect.

Parameter 0% Displacement 100% Displacement
Resource energy (GJ) 111 10.1
GGE (kg CQ-e) 970 873
NO, (kg) 3.7 3.4
SQ,(kg) 9.4 9.3
SPM (g) 45 42

Table 8: A summary of the results for the producttdbi MWh of electricity with 100% Displacement (Soer BHP

Billiton, 2002a).
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Table 8 is graphically displayed in Figure 12.
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Figure 12: Inputs and outputs for the productiod d®Wh of electricity with 100% Displacements — Contienal

PCC

4.1.11.4 Findings

The results show that:

* Over 97% of the resource energy and greenhouseegdssions associated with electricity

generation comes from the combustion of coal aptveer station.

» For the conventional cycle, the total GGE is 970 degbon dioxide-e/MWh(exported). With

displacement 873 kg carbon dioxide -e/MWh

» Coal mining accounts for approximately 2.5% oftihtal GGE as a result of fossil fuel consumption

of machinery.

» Transport accounts for negligible amounts of rese@nergy or GGE.

 Sulphur dioxides emissions in this study are shghigher than those reported by Eskom. This is

due primarily to the sulphur content of the coadis the individual power stations.

« Similarly solid waste in this study is higher thwoese reported by Eskom. This is due primarily to

the ash content of the coals.
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4.2 LCA for the UCG-IGCC System

4.2.1 The System Operation: Underground Coal Gasifation linked with an Integrated Gasification
Combined Cycle (UCG-IGCC)

The scope of this study is to calculate the aveliégeycle environmental impacts for the genenmatid 1
MW of electricity from a combined cycle gas turbifieng gas produced from undergrourice (in-situ)
gasification of Queensland black coal. It includey emissions and waste disposal for power station
construction, coal gasification, gas extractiomvision of other fuels, consumables and transportafor

the generation of 1 MW of electricity from a comdxhcycle gas turbine. Figure 13 below illustrates t
main processes for UCG with CCGT electricity getieraconsidered for the LCA.
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Figure 13: LCA system showing only the main procegse UCG with CCGT electricity generation (Source: BHP
Billiton, 2002b)

The LCA was based on the production of electrifibpm a hypothetical power station assumed to be
located near Chinchilla (about 300 km north-wesBatbane). For the UCG operations, underground
gasification data was obtained from the Linc Engailgpt UCG operation, which has produced gas farov
2 years (Walkeet al2001). General specifications for this proposed Ufed are given in Table 9.

Property Value
Coal conversion rate 170.4 t/hour
Heavy fuel oil by-product 1.8 t/hour
Utilisation rate (time on-line) 92%
Drilling rate 35 wells/year

Table 9: Properties of the UCG operation (Source: BiflRon, 2002b)
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The process comprised a single turbine, one heawveey steam generator and one condensing/reheat
steam turbine (Walkest al2001) Power plant specifications are given in Tdlfldelow.

Property Value
Total rated power 425 MW
Gas Turbine 297 MW
Steam Turbine 128 MW
Ancillaries load 8.6 MW
UCG electrical requirements 12.0 MW
Net power output 405 MW
Efficiency (HHV, sent out) 45.4% @ HHV (53.3% @W)H
UCG gas consumption rate 25.9 PJ/year
Utilisation rate (on-line) 92%
Service life 30 years

Table 10: Properties of the Linc Energy’s UCG ba&&@C power station (Source: BHP Billiton, 2002b)
4.2.2 The Functional Unit

The functional unit for the UCG-CCGT power statimase study is 1 MW of sent out electricity &fter
allowance for internal electricity consumption).

4.2.3 System Boundaries

The system boundary for UCG-IGCC setup includesgrastation construction, UCG and gas processing,
power generation, and the provision of other fagld consumables, all transportation, and wastesip
A service life of 30 years is assumed and capitaienmls requirements apportioned per MW over this
period. However decommissioning and recycling efgbwer station materials have not been included.

4.2.4 Construction
The combined cycle turbine gas power station cangtm was based on data for a 624 MW plant iniSpai

and scaled down for the 400 MW plant used in thsecstudy. Table 11 below shows the major materials
used (BHP Billiton, 2002).

Material Quantity
Concrete 14,100 m3
Copper 310 t
Steel - cladding 450 t
Steel - structural 4,230 t

Table 11: Major construction materials for a 400 N\DEGT power station (Source: BHP Billiton, 2002b)

From the above, it is clear that concrete and stedde up the largest quantities required for cocstn.
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4.2.5 Materials and Energy used in Operation

Major material inputs to the power station systarade of transport and transport distances are given

Table 12.

Material Source Transport Distance (km)

UCG gas Chinchilla Pipeline 5

Water Condamine River, Chinchilla Pipeline 5

Concrete Dalby Road 85

Steel - structure Port Kembla-Brisban Sea 900
Brisbane-Chinchilla Road 300

Steel - Cladding Port Kembla-Brisban Sea 900
Brisbane-Chinchilla Road 300

Table 12: Major resources and other consumables,sburce, and mode and distance of transporté8oarce: BHP

Billiton, 2002b)

Fuel

Surat basin coals (near Chinchilla) are gasifiesitn to produce the fuel gas. The in-ground coritijpos
of the coal is shown in Table 13 and the compasitibthe product gas is shown in Table 14.

n Ash Specific energy
0, 0, 0, 0, 0, 0,
Coal C (%) H (%) N (%) S (%) O (%) Moisture (%) %) (GIN)
Surat
Coal 49.74 3.82 0.69 0.32 8.93 125 24.( 20.7

Table 13: Average composition of Surat Coal (SouBtéP Billiton, 2002b)

Component Vol %
CH, 7.0%
CH, 0.4%
CH, 0.2%
CH, 0.2%
CO 6.0%
H, 18.0%
CO, 16.0%
N, 35.6%
H,0 16.5%
H,S 0.1%
SQ, 0.3 ppm
Specific energy (HHV) 6.5 MJ/Nm3

Table 14: Composition of UCG gas to CCGT (after prsicen (Source: BHP Billiton, 2002b)
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Cooling

The plant is assumed to be cooled using wet codliitly cooling tower makeup water (for condenser
cooling) pumped from the bores close to the siterm=thermodynamic calculations, an estimated 3.87 G
of water will be required for the power station legear; however, 0.19 Gl/year of water is produlogd
the UCG plant and offsets the total amount of mpkeater required to 3.18 Gl/year (or O. h).
Note, no fresh water is required for gas productias this is provided by underground aquifers by
controlling void pressure and gasification rate éasential part of Linc Energy technology).

Waste management

There are no significant solid wastes generatemh tdCG-CCGT, as most of the coal ash remains in-situ
(underground).

4.2.6 LCA Considerations

Due to the location of the plant it is possibletttiee plant would be dry cooled and if so, thecifcy
stated in Table 10 would be lower. No fresh wasereiquired for gas production, as this is providgd
underground aquifers by controlling void pressurd gasification rate (an essential part of Linc igge
technology).

4.2.7 Data Quality Requirements

For UCG —IGCC, the estimated data accuracies fgriteens in the LCA are given in Table 15 below
together with the overall impacts on the LCA values

Accuracy Impact on energy Impact on GGE
Power station construction +30% <0.3% <0.3%
Electricity generation +2% +2% +2%
UCG process +5% <1% <1%
Transportation +20% <0.5% <0.5%

Table 15: Estimated Data Accuracy (Source: BHP Biilit2002b)
4.2.8 Allocation Procedures

All environmental impacts (including any displacerheredits) are allocated to the functional uigtl
MWh of exported electricity.

4.2.9 Assumptions

Technology

The technology utilized is based on Linc Energytsppsed 400 MW combined cycle power station
located near Chinchilla with a 45.4% net therméitiefncy. UCG technology for the project is provide
by Ergo Exergy Inc. (Canada). Linc Energy suppébéfitiency and emissions data calculated by Herman
Research Laboratories (HRL), an organization whiek formerly part of the State Electricty Commigsio
of Victoria.

Coal

Coal is gasified in-situ from wells drilled fromdhsurface. The extracted coal gas is then pipetigo
adjacent power station.

Coal gas

As stated in the BHP report, coal composition amal gas production details and compositions were
based on data supplied from Linc Energy
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Carbon dioxide, Nitrogen dioxides, Sulphur dioxides

Carbon dioxide emissions were calculated from igfficy and gas composition data provided by Linc
Energy, and it was assumed that no flaring of exges would be required. Nitrogen dioxides and I8urlp
dioxides emissions were calculated from specifibitie emissions performance provided by Linc Energy
from data provided by the equipment manufacturertdRL.

Coal bed methane emissions

Assumes that there is no methane leakage from UggEabons, and that all coal bed methane reports to
the gas turbine fuel gas. In addition, no productie@ll venting into the atmosphere is required @& pf
normal UCG operations

Transport

National Greenhouse Gas Inventory Committee (NG@M)ssions and average fuel consumption are
used.

4.2.10 Impact Assessment

Impact assessment is based on direct comparisthre gollowing inventory values with conventionaldan
UCG-IGCC:

» Resource energy
* Fresh water

* GGE (CQ-e)
 Nitrogen dioxides
 Sulphur dioxides
* SPM

» Solid wastes to landfill (excludes ash remainingitn).
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4.2.11 Results

4.2.11.1 Energy and Raw Material Flows

A summary of the resources consumed for the pramhuaf 1 MWh of electricity from Linc Energy’s

proposed UCG-CCGT power system is shown in Table 16

Resources consumed Value Primary use

Bauxite (kg) 0.0014 Aluminium (for steel production)

Coal - black (kg) 424 Coal (both gasified and residual coal)

Copper ore (kg) 0.089 Copper (wiring, generators)

Dolomite (kg) 0.0046 Steel (power station construction)

Gypsum (kg) 0.0032 Cement (power station construction)

Iron ore (kg) 0.105 Steel (power station construction)

Limestone (kg) 0.094 Cement, steel (power station construction)

Magnesite (kg) 0.0020 Steel (power station construction)

Manganese ore (kg) 0.0022 Steel (power station construction)

Natural gas (GJ) 0.00027 Manufacturing power station materials

Oil (GJ) 0.0017 Diesel fuel for well drilling

Rock (kg) 0.185 Aggregate in concrete (power station
construction)

Sand (kg) 0.189 Aggregate in concrete (power station
construction)

Water (m3) 0.89 Cooling water make-up

Table 16: Resources consumed per MWh of electr@iported (Source: BHP Billiton, 2002b)

The major consumables for the overall productiosteay are coal for the UCG process and water for
condenser cooling towers. There are numerous otbesumables, mostly used in power station
construction, and establishment of the gas fielt-gOing repairs and maintenance, and gas field
advancement (piping and concrete sealing plugsdent wells) are minor contributors.

4.2.11.2 Impact Assessment values

A summary of the results for the production of 1 M\f electricity is shown in Table 17. A discussmm
this follows in Section 4.2.11.4. The impact assesy values are further displayed in the Figure 14

oal

below.
Parameter UCG - IGCC Comments
| nputs
Resource energy (GJ) 8.79 Non-renewable resource energy, mostly g
Fresh water (m?3) 0.89 Evaporative cooling for condensers
Outputs
GGE (kg(COz—e) 708 Mostly from combustion in power plant
NO, (kg) 1.53 Mostly from combustion in power plant
SQ,(kg) 3.29 Mostly from combustion in power plant
SPM (g) 0.10 Mostly from construction
Ash (kg) Negligible Retained underground
Solid waste to tailings (kg) 0.47 Mostly from construction

Table 17: A summary of the results for the productd 1l MWh of electricity (SourceBHP Billiton, 2002b)
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Summary Results to produce 1 VMWh of Electricity
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Figure 14: Inputs and outputs for the productiod ®Wh of electricity — UCG-IGCC
4.2.11.3 System Displacement Credits

As mentioned above in Section 3.7 displacementitsredn be calculated. Based on pilot plant stydias
estimated 4.45 kg/MWi{approximately 5 L) of heavy oils will be extracttdm the UCG gases. These
by-products will displace a similar amount of heawydrocarbons obtained from crude oil, giving
environmental credits. These credits were takemmfrbCA values for the production of heavy
hydrocarbons from conventional oil wells (includioigrefining) and are shown in Table 19.

Parameter Value
Resource energy (GJ) 48.19
GGE (kg CQe) 421
NO, (kg) 0.92
SQ,(kg) 0.16

Table 18: Resource energy and emissions for thauptimn of 1 t of heavy fuel oil (SourcBHP Billiton, 2002b)

Parameter 0% Displacement [100% Displacement for b-products
Resource energy (GJ) 8.79 8.58
GGE (kg CQ-e) 708 706
NO, (kg) 1.53 1.53
SQ,(kg) 3.29 3.29

Table 19: Resource energy and emissions for 1 MWivwithout displacement credits for heavy oil by-gwots
(Source BHP Billiton, 2002b)

Displacement credits for hydrocarbons give a skmediefit; resource energy is reduced by around 286 an
GGE is reduced by < 0.5%.
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Figurel5: Inputs and outputs for the productiod ®&Wh of electricity with 100% Displacements — UCG-IGCC

4.2.11.4 Findings

The main findings are that:

The overall specific GGE is 708 kg carbon dioxide’dhe (exported). With displacement 706 kg
carbon dioxide -e/MWh

Resource energy consumption is 8.79 GJ/MWh, whintludes the coal seam within the

boundaries of the gas field, which is not gasifiea residual coal/other hydrocarbons). With
displacement 8.79 GJ/MWh

0.19 Gl/year of water is produced by the UCG phard offsets the total amount of makeup water
required to 3.18 GL/year (or 0.97#MWh).
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4.3 Comparison and Discussion

After conducting a LCA for both PCC and UCG-IGCWgesses, as per objective three in Section 1.3, a
comparative analysis on the environmental stresswmstioned in the impact assessment for PCC and
UCG-IGCC were conducted. The major findings werentldiscussed. Figure 16 below illustrates a
comparative analysis of the two technologies.

Comparative Analysis of Conventional PCC and UCG-IGCC
Plants

GOE(kg COz-e)  ————————————————————————————————
:
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Figure 16: Comparative Analysis of Conventional P&@ UCG-IGCC Plants

From Figurel6 above, it is clear that there is @erall reduction in the variables measured betviben
two technologies. The UCG-IGCC technology has pmoteebe more sustainable than the Conventional
PCC technology. Reduction percentages from PCCQGUCGG are as follows:

Resource energyl5% reduction

Fresh water 49.1% reduction

GGE (CQ-e) —11% reduction

Nitrogen dioxides 55% reduction
Sulphur dioxides 65% reduction

SPM —99.7% reduction

Solid wastes to landfill 99.7% reduction

Nooh~wnNE

In terms of total air emissions, GGE are emittethangreatest quantity, accounting for the bulkheftotal
air emissions for both systems examined. The nigjofi the GGE are emitted during coal combustion.
Because this amount is so large, it overshadow&€@E from the other process steps within the LCA.

Aside from carbon dioxide, the next highest air ssiuns include particulates, sulphur dioxides and
nitrogen dioxides. Nearly all of the methane coffinem the coal mining operations. For the converglion
PCC system, the majority of the particulates coramfthe production of limestone and as a resuthef
combustion of poor quality associated with Southicaih coals. The UCG-IGCC system shows significant
reductions in these emissions which supports ttfentdogy as a more sustainable alternative.

An important result of this study is that large amis of energy are consumed in upstream procesSses.
the PCC power plant systems, the energy consumedn® and transport the coal by conveyor accounts
for a large proportion of the total non-coal systenergy consumption. As the UCG-IGCC system does
not require a mining process, it naturally uses &Egergy in its life cycle. Overall, as expectéa, largest
amount of energy consumed in each system is thrgegentained in the coal fed to the power platie T
coal energy is about 94% of the total system enfenggach of the systems.
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More water is required for the conventional PCd@ilaited to the plants design. The UCG-IGCC uses les
water and as an added benefit, 0.19 Gl/year ofrvstproduced by the UCG plant and offsets thel tota
amount of used.

With regard to solid wastes to landfill, the UCGEG system proves to be very efficient as most ef th
coal ash remains in-situ or underground. The PC&eny produces large amounts of ash which are
disposed of in land fill sites. Assuming that thedsh is utilised as a raw material in other psscgtreams
like cement manufacture, an opportunity for disptaent credits exist.

CHAPTER 5: CONCLUSION AND RECOMMENDATIONS
As stated in Section 1.3, the aims of the reseamre expressed in four main objectives. They inetlid

1. conduct LCA for PCC,
2. conduct LCA for UCG linked with an IGCC,
3. a comparative analysis on like aspects betw& &hd UCG-IGCC

The first three objectives were met and the outediscussed in the relevant sections. In meetieg th
fourth and final objective this chapter concludes teport with a discussion on the outcome of ditaly
results and recommendations provided on the demoyof LCA.

The primary goal of this LCA was to assess therenwental aspects of producing electricity from two
coal-fired power systems. The focus of this initibrk was on an inventory of all resources,
environmental emissions, and energy flows of tletesys, studied in a cradle-to-gate manner.

This study utilized LCA to explore the environmdntmpacts of pollutant emissions and energy
consumption. The results provide the prioritie$oskil fuel for electric power via LCA. Even thougEA
studies have a common problem of data sources lavidecof the factors for the evaluation methodythe
can still function as an important reference inaibns involving technology alternative evaluatamd
priority setting. This study attempted to evalueiecompeting technologies to yield a definitiveules
based on the environmental stressors identifiede@an the results, gas fired combined cycle habdist
improvement potential.

However, one issue remains regarding the deployofdn©A. There are no legal requirements around the
world including South Africa to carry out LCA stadi. There is limited reference to LCA in government
policies and documentation despite its ability nalde scientifically based decision making to impdait
Environmental Management Principles.

Further challenges were discussed at a United MaBmvironmental Programme Initiative (UNEP, 2003).
These challenges are all noted below and inclulded t

» Absence of a perceived need for LCA

A general lack of environmental awareness and ladédrivers for chain management and responsibilit
have created a barrier to development. One of hj@mimpediments for life cycle based policieshis t
“Stockholm Principles” which state that every coyris responsible for its own resources, as longt as
causes no harm to any other country. A further dmenion is the World Trade Organisation agreement
that forbids discrimination on the basis of envirmmtal information.

* Scarcity of LCA expertise
It was noted that there is a scarcity of experfime performing and understanding LCA studies in

developing countries. This was further amplifiedrie comments that communication about LCA methods
and study outputs, particularly to policy makera groblem.
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» Cost of LCA Studies

The high level of expert knowledge required by ctarg CAs, coupled with the need to purchase data
from commercial databases suggest high costs. Bhisompounded by the added costs of I1SO
requirements for review.

 Access to High Quality Data

Data quality and availability, particularly for ddeping countries creates a major practical bodtb&nin
LCA studies.

* Lack of user-friendly and widely recognised LifedyImpact Assessment (LCIA)
methods

Methodological barriers in LCIA are related to taek of generally agreed methods and this appezron
be adequately addressed through ISO standardisation

* Incorrect perception of the applications of LCAr@hation to other tools

There is an incorrect perception of the applicgbitif LCA and its relationship to other environmaint
management tools. For example, sophisticated LGlAlies are frequently, incorrectly, compared to
environmental risk assessment studies.

Subsequent to the identification of these shortagsyi the United Nations Environment Programme
(UNEP) and the Society for Environmental Toxicologryd Chemistry (SETAC) have made strides in
addressing some of these shortcomings by laun@ririgternational Life Cycle Partnership, knownlees t
Life Cycle Initiative, to enable users around thala to put life cycle thinking into effective prigce.

The Initiative responds the call by Governmentsiadbthe world for a Life Cycle economy in the Malmo

Declaration (2000). It contributes to the 10-Yeamrfework of Programmes to promote sustainable
consumption and production patterns, as requestdteaNorld Summit on Sustainable Development in
Johannesburg (2002) (UNEP, 2010).

According to the UNEP (2010), added value of thgdliive includes:

* The ability to access and mobilize an establismebgrowing global network of over 2000
interested members who have been and continueitddrested in understanding and advancing
Life Cycle approaches worldwide. These expertsasgnt industry, Government, academics and
the service sectors and are the leaders in dewgl@pid applying Life Cycle Assessment (LCA)
and Life Cycle Management (LCM) worldwide.

» The ability to gather and manage examples of lrestipes and Life Cycle achievements across
the world

» The status of being considered as one stop shdjféo€ycle approaches.

» The opportunity to connect science and decisionimgak policy and business with the supply
and demand side of Life Cycle approaches. Thergéor@ opportunity exists to become the global
authority for consensus building and peer reviewnathodological questions and environmental
assessments of natural resources, materials addgtsan the field of science.

The partnership has completed phase 1. Phase Buidl on the Life Cycle Initiative’s continual stigth

to maintain and enhance life cycle assessment amagement methodologies and build capacity globally
As we look to the future, LCA and LCM knowledgehe Life Cycle Initiative’s anchor, but we will
advance activities on LCA and LCM to make a differe within the real world.
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The objectives for Phase 2 are the following ones:

Objective 1: Enhance the global consensus andametevof existing and emerging life cycle approaches
methodology;

Objective 2: Facilitate the use of life cycle amarbes worldwide by encouraging life cycle thinking
decision-making in business, government and thergépublic about natural resources, materials and
products targeted at consumption clusters;

Objective 3: Expanding capability worldwide to apphd to improve life cycle approaches.

The recommendations in this regard are that LCAtmaostribute substantially to the quality of intetgd
decision making, particularly against the conteft @ government's commitments to sustainable
development. As an additional tool in the environtak management toolbox, it must assist in raising
awareness on integrated environmental managemergLestainability issues and must encourage a greate
degree of inter-disciplinary linkages.

There is room for greater use of LCA. Current usigkmited but significant growth in this area Wil
depend upon extensive capacity building in bothdecac and technical fields through initives
spearheaded by organisations such as the UNEPp&ative projects such as the LCA Initiative must
assist in not only developing the skills and experbut also by bridging the gap in terms of dadaba
development of localised categories and harmobisaif methodologies that cut across all internaion
divides.
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