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ABSTRACT

LIFE CYCLE ASSESSMENT OF OFF-HIGHWAY TRUCKS AND BHL
CONVEYORS FOR SUSTAINABLE MINING

Erkayao lu, Mustafa
M.Sc., Departmentihing Engineering
Supervisor: Asst. fPfr. Nuray Demirel

September 2011, 127 pages

In recent years increasing growth rate of all indakfields generated an emerging
energy demand and consequent environmental probleordwide. Defining
environmental profiles of products and systemsgiginvironmental tools, such as
Life Cycle Assessment (LCA), is a critical issue $oistainable mining. In order to
tackle the increasing environmental challengesaandmissions induced by surface
coal mining, alternative material handling opti@e needed to be evaluated. This
research study aims to provide a robust LCA modeelection of the alternative
material haulage systems as a decision suppodrmy3the main objectives of this
thesis study are: i) contributing to the natiomrahaved data by gathering data about
haulage systems from an open pit coal mine, ii)stroisting life cycle inventory
from the acquired environmental data, iii) perfanqiife cycle assessment of both
material haulage systems in an open pit coal mmerding to their environmental
burdens, iv) conducting uncertainty assessmentyvasdiggesting improvement in
stages where emissions are critical. In order toomplish these objectives,
comparative LCA from cradle-to-grave was carried au SIMAPRO 7.3 to
determine life cycle environmental impacts of affftway mining trucks and belt

conveyors in coal transportation.



Climate change and acidification were selected agomimpact categories
considered to be major concerns in mining indusiiye results of this study
revealed that off-highway trucks had 1.9 times gmeampact on acidification
category than belt conveyors, on the other hantt, dmnveyors had 1.6 times
greater impact on climate change. N®missions caused 96 percent of the
acidification impact. C@emissions from fossil fuel combustion led to 9%cpeat of
the climate change effect. The obtained results ialdicated that the highest impact
on all selected impact categories were generatad the utilization stage of the
trucks operated by diesel oil and utilization oft lm®nveyor systems operated by

electricity.

The main novelty of this study is that it is ondlué first LCA studies in the Turkish
mining industry where considerable amount of eroissioccur due to material
handling. This study also advances the current kedge about environmentally
critical processes in material handling systems plades recommendations for
both alternatives aiming better decision makinge Tlesults of the study are

expected to provide a decision support systemh@ntining industry.

Keywords: Life Cycle Assessment, Material Handli@ff-highway Trucks, Belt

Conveyors, Surface Mining
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SURDURULEBL R MADENC L K C N KAMYON VE BANTLI
KONVEYORLER N YA AM DONGUSU DE ERLEND RMES

Erkayao lu, Mustafa
Y. Lisans, Maden hindisli i BOIumu
Tez Yoneticisi: Yidog. Dr. Nuray Demirel

Eylul 2011, 127 sayfa

Son y llarda tim endustriyel alanlardaki artan biigth z , diinya ¢ap nda yukselen
enerji talebine ve buna blacevresel sorunlara neden olrwr. Uriin ve sistemlerin
cevresel profillerinin Yaam Dongust Deerlendirme (YDD) gibi cevresel araclar
ile tan mlanmas, surdurulebilir madencilik igin @mli bir konudur. Ac¢ k ocak
madenciliinden kaynakl artan ¢evresel sorunlar ve emissamunlar n ele almak
amac yla alternatif malzeme tma sistemlerinin deerlendiriimesi gerekmektedir.
Bu cal ma, alternatif malzeme tana sistemlerinin seciminde bir karar destek
sistemi olarak guvenilir bir YDD modeli gelirmeyi hedeflemektedir. Calman n
temel amaclar: i) bir a¢ck ocak komur madenindealzmme tama sistemleri
hakk nda veri toplayarak ulusal ar verisine katk salamak, ii) elde edilen
cevresel veriden yam dongisu envanteri oturmak, iii) bir a¢ck ocak
madenindeki malzeme tana sistemlerine cevresel yuklerine géreaya déngusu
de erlendirmesi yapmak, iv) belirsizlik derlendirmesi gerceklarmek ve v)
emisyonlar n ciddi dizeyde oldu aamalarda iyiletirmeler 6nermektir. Bu
hedefler dorultusunda kémir tamac| nda kullanlan ar yik kamyonu ve
bantl konveyorin cevresel etkilerini belirlemek amyla SIMAPRO 7.3 ile

be ikten-mezara karla t rmal YDD’ si yurattlma tar.

Vi



klim de i ikli i ve asitlenme, madencilik endustrisinin temel k&g olarak ana
etki kategorileri olarak secilntir. Bu ¢al man n sonuglar, ar yik kamyonlar n n
asitlenme kategorisinde bantl konveyorlere gor@ Kat daha fazla etkiye sahip
olduklar n, 6te yandan, bantl konveyoérlerin ig@m de i ikli i kategorisinde 1,6
kat daha fazla etkiye neden olduklarn ortaya mgrkar. NOs emisyonlar
asitlenme etkisinin %96’s na neden olnur. Fosil yak tlar n yanmas ndan kaynakl
CO, emisyonlar iklim dei ikli i kategorisinin %95’ine neden olmur. Elde
edilen sonuclar ayr ca secilen tim etki kategante en yuksek etkinin dizel yak t
tiketen kamyonlar n ve elektrik ile can bantl konveydrlerin kullan m amalar

oldu unu gostermiir.

Bu cal man n sahip oldw temel farkl | k, malzeme tamac| ndan kaynakl
onemli o6lcide emisyonlarn salnd Tdrk maden endustrisinde ilk YDD
uygulamalar ndan birisi olmasdr. Ayrca caha sayesinde malzeme taa
sistemlerinde gevresel a¢ dan 6nemlemler hakk ndaki mevcut bilgi gefnekte
ve her iki alternatif icin de daha iyi karar vermewmaclayan oneriler
sunulmaktad r. Calma sonuclar n n madencilik endustrisi icin bir kadestek

sistemi salamas beklenmektedir.

Anahtar Kelimeler: Yaam Dongusu Deerlendirme, Malzeme Tanacl , A r

YUk Kamyonu, Bantl Konveydr, A¢c k Ocak Madencili
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CHAPTER 1

INTRODUCTION

1.1Background Information

Environmental impacts of continuous utilizationnain-renewable energy resources
are crucial more than ever. Total share of coalunkey’s electricity production
indicates the important role of coal in Turkey'sayy industry as a primary energy
resource. Coal production is now faced with inargagnvironmental constraints
both in mining and utilization. It is vital to ensuthat coal is mined and used in an
economically efficient and ecologically sustainablanner especially in Turkey as
a developing country (OECD, 2009) that cannot pridggeneet the regulations and
costs of environmental protection completely.

In electricity generation, coal has a significamare of 28.98 percent as it is seen in
Figure 1.1. Lignite is a primary energy source ussgecially in power plants.
General Directorate of Turkish Coal Enterprises Ijf Ktated in their annual report
of 2009 that Turkey’s lignite reserves are appratety 12.3 billion tons and share
of lignite in electricity production is 13.3 peraefTKIl, 2009; Eurocoal, 2006).
Therefore, environmental impact of lignite has majoportance in Green House
Gas (GHG) emissions of Turkey.

" General Directorate of Turkish Coal Enterprisesrkiyie Komir letmeleri (TKI) Kurumu, in
Turkish) is a state-owned enterprise that goveaad mining and marketing to provide Turkey with

coal products according to the national energycpoli
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Figure 1.1 Electricity production in Turkey (TKIDQ9)

In February 2009, Turkey became signatory to thet&yProtocol, and therefore,
needed to come up with policies for cleaner develu supported by external
sources of finance. Implementing new technologegeting reduction of emissions
will be obligatory in the future as Turkey's prinyaenergy source is coal.
Implementation of an approach with that aim suchigsCycle Assessment (LCA)

is significant in mining industry and other sectoks coal is produced in Turkey, it
has major importance for energy and mining seasrghe primary energy source

due to the amount of lignite reserves.

Mining is a high majority industry supplying raw tedal and energy to various
sectors. Thus, emissions generated by the minithgsiny have a critical share and
major importance in Turkey's GHG emissions. Minjswf Environment and

Forestry stated in the First National CommunicatonClimate Change that 76.7
percent share of total GHG is originated from tinergy sector as it is seen in

Figure 1.2.
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Figure 1.2 GHG emission of Turkey by sectors (MERR10)

Environmental load of energy sector could be detegthby utilizing LCA. LCA

can be defined as a methodology that comprisesvéi@ation of the environmental
effects produced during a product’s entire lifeleyérom its origin as raw material
until its end, usually as a waste (Sonnemetnal, 2004). LCA is a powerful tool to

assist economic analysis in decision making inkang of production process.

1.2 Statement of the Problem

Coal is an essential resource for Turkey and valtbrtainly extracted in the future
with an increasing production along with developimerevery industry. As this is
inevitable, determination of major environmentardens and their utilization in
decision making becomes more important. Coal minia a major role in

Turkey’'s primary energy generation where environtaledata could be utilized as
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a supportive decision making criterion. Equipmesrhparison is a decision making
process where environmental load generated fromggneonsumption could be

utilized.

Emissions in energy industry, especially in minregched a critical stance due to
the increasing production, and hence, common atibm of high capacity
equipment. Material handling has a major role faning as it is an essential stage
of the basic production cycle. Produced ore andbmréden material is handled
either by haulage or hoisting equipment with coesaBlle fuel consumption.
Therefore, researches about environmental impdatsaterial handling systems in
a quantitative manner will aid cleaner coal productOff-highway trucks and belt
conveyors are the most commonly utilized transpiortasystems in surface coal
mines which are represented in Figure 1.3.

Figure 1.3 Off-highway truck and belt conveyor (MT2011)

Regulations and internationally accepted standaitisforce mining industry to
employ environmental load as a supportive criteanadecision making and

equipment selection. Therefore, methodologies sischCA will be utilized more
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commonly in the mining industry. Environmental bemdof material handling
systems is still not utilized as data in any kinddecision making process in
Turkey. Conventional equipment selection is basegmductivity and economic
figures. Sustainable mining could be supported tilization of environmental data

throughout mine management decisions.

In order to see and improve the current situatiomiming in Turkey, indicators of
sustainable development should be determined. iBabta development indicators
measure the progress made in sustainable growtld@relopment. By this way, it
IS possible to determine the sustainability perfomgoe of ongoing mining
operations and their share in the sustainable dpmednt targets of Turkey.
Sustainable mining in Turkey can only be achievgdiding methodologies such as
LCA in determination of sustainability indicatorsaing with material handling

where fossil fuels and electricity are used intesisi

1.3 Objectives and Scope of the Study

The main objective of this research study is to jgara belt conveyors and trucks
for haulage in an open pit coal mine using LCA witspect to their GHG

emissions. Elements of this objective can be listd

I. Gathering data about haulage systems from an apeog) mine,

il. Constructing life cycle inventory from the acquiravironmental data,

ii. Analyzing both material haulage systems in an opincoal mine
according to their environmental burdens,

\2 Conducting uncertainty assessment, and

V. Suggesting improvement in stages where emissi@nerical.

Although haulage of material in mining industry sas pollution in soil, water, and

air, scope of this study is narrowed down to aifypion that will be considered by
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GHG emissions. Major impact categories that areudised as a result of the
comparison study are climate change and acidifinatBoundaries of the systems
under consideration are covering manufacture aiidaiton, whereas end of life
processes, such as incineration and recycling a@uded from the LCA

comparison due to data gaps in these fields.

1.4 Research Methodology

In this study, the environmental effects of offfigay mining trucks and belt
conveyors in an open pit coal mine are studied gudi€A. Upstream and
downstream processes for both material handlingesys were determined and
environmental data was gathered from Eco-inverdldete integrated in SIMAPRO
software (Pre, 2011) as there is no publicly abé#la&mission database specifically
prepared for mining industry in Turkey. Data was dified according to
information gathered from engine manufacturer, gowental institutions, and
TCE.

Environmental load of both material handling sysemere determined and
compared. A common technically equivalent basisdédermined in order to
compare both systems that are modeled as manufagtand utilization in
SIMAPRO software. Off-highway mining trucks and tbebnveyors are compared
according to all possible categories; however, mayppact is evaluated according
to acidification and climate change because magrcerns of mining industry
originate from the energy consumption. Since thengry data source was derived
from the modification of Eco-invent database, alag uncertainty in the data was
assessed by uncertainty assessment using Monte Gamulation. A life cycle
assessment software, SIMAPRO (Pre, 2011) was usetthé comparison and the
uncertainty assessment of the comparison in selectpact categories. In addition
to this, uncertainty assessments of GHG emissiare @&lso conducted by Monte
Carlo Simulation tool in SIMAPRO.



1.5 QOuitline of the Thesis

This thesis is composed of five chapters. In thst thapter, general information
was presented about the thesis and problem. Int@&h@p concept of LCA and
literature review about LCA applications in variaondustrial fields were presented.
In Chapter 3, comparison of off-highway mining kscand belt conveyors was
presented in detail following main stages of LCA.Chapter 4, the results of the
comparison were summarized. In the last part, @&mapt conclusions and

recommendations were given.



CHAPTER 2

LITERATURE REVIEW

LCA is a tool that can be used to evaluate the renmental performance of
products and services and it focuses on the dlifeéreycle, from the extraction of
resources and processing of raw material to reoycllhere are four main stages
that are followed in LCA studies. First, main olijees are stated and functional
unit, basis of the LCA analysis, is defined in deta goal and scope definition.
Besides, system boundary between the functional ami the environment is
identified in this stage. Data for processes antenads utilized for representation
of the product or system is collected and organimethventory analysis stage.
Then, results of the LCA study are presented acegre chosen impact categories
in impact assessment stage. Finally, a reportepgred in accordance with ISO
14040 standard to present results to target aueseme this chapter, an introduction
to LCA methodology and an extensive literature eeviabout LCA applications is
presented. The literature review about LCA is feclsot only specifically to the
mining industry but also on other application ardag to the fact that the basic
approach to the problem is the same regardlessdoftry. After critical overview

of LCA in Turkey is given, rationale of this reselaistudy is stated.

2.1 Definition of Life Cycle Assessment (LCA)

LCA of a product or system comprises the evaluatibthe environmental effects
produced during its entire life-cycle, from its@n as a raw material until its end,
usually as a waste as defined by Sonnenatrah. (2004). The 1ISO 14040 standard
defines an LCA as a compilation and evaluationhef inputs and outputs and the



potential environmental impacts of a product systenough its life cycle (ISO
14040, 2006). LCA identifies and quantifies releaseo air, water, and soil during
extraction and consumption of resources (Curran ¥odng, 1996). Potential
impact contribution of these resources’ extractaomd consumption, as well as
environmental releases causing several importgeistpf environmental impacts, is

assessed and evaluated.

LCA has a unigue multidisciplinary character thawvers technical and social
aspects. Environmental mechanisms indicating tHectefof an emission are
inevitably hard to analyze as it is challengingstmulate a condition that has a
relatively long time extension such as climate geanLCA studies can also be
considered to collaborate with social sciences wgestive choices have to be

made, such as weighting.

LCA is based on the International Standard EN 11040, documentation and
technical guidelines. ISO is a non-governmentaboizationthat forms a bridge

between the public and private sectors. On the ltared, many of its member
institutes are part of the governmental structdréneir countries or are mandated
by their government. On the other hand, other mesibave their roots uniquely in
the private sector, having been set up by natiguetnerships of industry

associations. ISO enables a consensus to be reanrsmutions that meet both the

requirements of business and the broader needsafiety.

A major source of basic information about LCA i t8ociety for Environmental
Toxicology and Chemistry (SETAC) founded in 1979naltidisciplinary society
of professionals with industrial, public and scigatrepresentatives. One of
SETAC’s goals is the development of LCA methodolagyd criteria so that

publications of this institution could be plannediatudied.



According to the international standard ISO 14Q4DA consist of four main stages
as illustrated in Figure 2.1. As it is stated inOISL4040, LCA studies are

recommended to follow this guideline.

Life Cycle Assessment]

Goal and Scope
Definition

U

Inventory Analysis

4

Impact Assessment

112

Interpretation

Figure 2.1 LCA Framework

First stage of LCA is goal and scope definition venéhe problem is defined in
detail. Then, background data about processes atdrials in the scope of the
study are utilized to generate an inventory. Analys conducted according to
selected impact categories and finally results mesented in the interpretation

stage.

2.1.1 Goal and Scope Definition in LCA

The goal and scope definition part defines theireduspecifications and identifies
the problem to be handled in detail. Subject ofghely, functional unit, which is a
quantitative reference, is defined. Functional deiinition has a key importance in
LCA as an initial part of these four major stagesniding a basis especially in case

of comparison studies. Unit functions are definedlétail prior to data collection
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and boundary definition. In order to efficiently napare technically equivalent

equipment, products or production techniques, fanat unit has to be predefined.

In order to narrow down the subject, a boundarybeh the functional unit and the
environment should be determined. Relative MassdsnEconomic (RMEE)
method can be considered as an adaptable approaciinerals industry and is
based on threshold values (Raynadtisl, 2000). It is used to compare inputs to the
system. If this ratio of input to functional ungt less than a selected cut-off then the
input will be excluded from the analysis and alitysrocesses, upstream of that

input, will be left outside the system boundary.

Drawing the line between functional unit and enmiment points out the limits of
the system under consideration. In order to makénpinary assumptions for input
and output to the environment, a flowchart indiogitall unit processes should be
prepared. Environmental burden caused by thesepuodtesses is obtained from
data collected or gathered from databases sodhaired details could be clarified

in the goal and scope definition stage.

2.1.2 Inventory Analysis in LCA

Life Cycle Inventory (LCI) is considered as a stagevhich all the environmental
loads or environmental effects generated by a mtodu activity during its life
cycle are identified and evaluated. During the mwey analysis, all the data of unit
processes are collected in relation to the funatiomnit. Although publicly
accessible databases, such as World Bank, Turkedist®al Institute (TSl)and
International Energy Agency (IEAgre sufficient to cover many of the industrial
processes, there are cases that readily availableobtained data is not
representative. This is a commonly encounterederge in the mining industry. In
order to tackle this problem, the missing data aflected and then classified
according to its propriety to the case, thus, stsidn mining industries require

foreground data.
11



Data collection is considered as a critical staggeeially in cases where publicly
accessible databases are not present. Turkey haational database for emissions
or environmental effects which considers miningusstdy in detail. Data reviews
revealed the fact that available data-sets couldtheed to represent Turkey on
country basis, however this may cause uncertaiitismaller scale studies. As it is
represented in Figure 2.2 and Figure 2.3, dataegadhfrom the World Bank about
Turkey’s electricity generation, methane ({JHand nitrogen oxide (N{pemissions
there is no distinct classification for industriedlds such as mining. Utilization of

such data is not preferred due to the inherentrtaiogy.

OElectricity production (kwh) ®Electricity production from coal sources (kWh)
2.5E+11 -

2E+11

1.5E+11

1E+11 -

Electricity Production (kWh)

5E+10 -

. 1

1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 2003 207
Years

Figure 2.2 Annual electricity production of Turkayd share of coal (World Bank,
2006)

Electricity production has an increasing trend fra863 to 2007 in Turkey. This
can be explained by the developing industry andesmsing energy requirement.
Share of coal in the electricity production is alisd as increasing until 1990s.
After 1990, although renewable energy alternatisested to take share in the
electricity grid, coal still sustained its critiaalle in electricity production.
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OEnergy related methane emissions (% of total)

OEnergy related nitrous oxide emissions (% of total)

% of total of G
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Years

Figure 2.3 Energy related methane and nitrogeneoardissions (World Bank,
2006)

Energy related Cld emissions increased from 1995 to 2000, whereas, NO
emissions decline starting from 1995. Petroleumitdroducts were not preferred
for electricity production due to the increasingizdtion of natural gas and other
energy resources. Thus, N@missions originated from fossil fuel burning powe
stations decreased. Constant rate of, €iissions from 2000 to 2005 also indicate

that coal maintained its major role in energy gatien.

Quality of gathered data affects representativenEs£A studies and consistency
of results. For instance, there are methodologieggtimation of emissions such as
Intergovernmental Panel on Climate Change (IPCREG methodology is based
on emission estimation based on fuel consumptioich &stimations might cause
uncertainty or data gaps in modeling of productspacesses in LCA studies.
Estimation of environmental data is commonly udéitiz in description of
environmental profiles of countries. As it is pnetssl in Figure 2.4, TSI prepared
an inventory categorized into energy, industriadgesses, agricultural activities,
and waste pointing out the major share of energyuikey’s emissions.
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Figure 2.4 Sectoral GHG emissions of Turkey (TSD®)

Energy industry comprises majority of GHG emissiamsTurkey. Emissions of
industrial processes are observed as lower whempaad to energy industry. This
might be caused by misrepresentation of GHG emissfor industrial processes

where metadata about the scope of industrial psesesas missing.

GHG emissions are dominated by £483 it is seen in Figure 2.5. It is also observed
that general trend of emissions in years is ditirdirected by CQ (Figure 2.5).
CH, emissions have a constant trend without reachimgpeak values between
1990 and 2008. Correlation between Jfnissions and total GHG emissions can
be seen from the similar trend (Figure 2.5). THsoandicates the dominating
impact of CQ on total GHG emissions. The inclining tendencyaHG emissions
can be explained by energy requirement of Turkegvdlbpment in all industrial
fields extended the range of energy consumptionrataded GHG emissions such
as nitrous oxide (pD), NQ,, carbon monoxide (CO), and non-methane volatile

organic compounds (NMVOC).
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Figure 2.5 GHG emissions of Turkey (TSI, 2008)

Emissions from 1990 to 2008 are represented asomitbns of CQ equivalent.
Utilization of data published by TSI in LCA studiegy not be possible due to lack
of detail in metadata and potential of misleadiaguits. In addition to C£{ and
CH,, other emissions such as® NQ,, CO, and NMVOC from various industrial
sources from 1990 to 1999 are represented in Appena(@Table A1-6).

IEA is another institution that published data Tarrkey’s emissions (IEA, 2010).
Energy consumption and fuel combustion related, @@ission of Turkish coal
industry are summarized in Table 2.1. As it is estatTurkey initiated its IEA
reporting in 2008, thus, data about energy consiem@nd CQ emissions from

fuel combustion is recorded for a single year ekéapelectricity consumption.
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Table 2.1 Energy consumption and fuel combustitated CQ emission of
Turkish coal industry (IEA, 2010)

Energy Consumption (ktoe)

Flow Coal mines
Country Turkey

2000 2001 2002 2003 2004 2005 2006 2007 2008
Coking coal - - - - - -- - —- 194
Other bituminous coal - - - - - - - - 1.9
Lignite/brown coal S -- - -- - - ~- 317
Electricity 46.6 39.3 384 384 39.0 405 419 465 47.1
Total 46.6 39.3 384 384 39.0 405 419 46.5 100.1

CO, Emissions from Fuel Combustion (kt CQ)

Flow Coal mines
Country Turkey

2000 2001 2002 2003 2004 2005 2006 2007 2008
Coking coal - - - - -- -- -- —- 717
Other bituminous coal - - - - - - - - 75
Lignite/brown coal - - -- - -- -- - ~ 1317
Total - -- -- -- - - - -- 210.9

Besides these publicly available databases, therether databases integrated to
various commercial programs that can be used in.LO®e of these databases is
Eco-invent database integrated to SIMAPRO (Prelppdogram.

Eco-invent Database:Publicly available data is not preferred for LCAidies by
means of data quality, and thus, complete dataasetsnore commonly used. Eco-
invent is a comprehensive database embedded irSiMAPRO software (Pre,
2011) with detailed data for various industrial ggsses. All impact categories
defined in ISO 14044 are covered within the databasupstream and downstream
processes. Naming of elementary flows in Eco-invenguided by the SETAC
working group “Data availability and data qualitfde Beaufort-Langeveldt al.,
2003; Hischieret al.,2001). New substance names are recommended aggaodin
the related Chemical Abstract Service (CAS) numbexsm formulas and
International Union of Pure and Applied ChemisttyAC) names. Unit processes

are defined by their name, unit, and categoriesiagnarized in Table 2.2.
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Table 2.2 Categories and sub-categories in EcaainWischknechet al, 2007)

Category  Subcategory Definition

Assigned in general to

Resource extraction, forestry, agriculture,
Emissions in areas without hydro energy, wind power, coal, and
settlements or protected areas in nuclear power plants, municipal landfills,
direct surrounding wastewater treatment, long-distance
transports, shipping

low population
density

Emissions which take place in the
future, 100 years after the start o
the process.

low population

. Emissions from Uranium mill tailings.
density, long-tern

air lower stratospher
+ upper tropo- Emissions from air planes Air transport cruises.
sphere
Emissions near settlements or pi Industry, oil and gas power plants, manu-
high population  tected areas which affect directl facturing, households, municipal waste in-
density people or animals due to the loci  cineration, local traffic, construction
situation. Important for particles. processes.
o Only used if no specific information
unspecified available.
in air Resources in air, e.g. Argc Used for carbon uptake in biomass .
carbon dioxide gases produced by air separation.
biotic Biogenic Resource, e.g. wood
resource in ground Resource in SO.I| e.g. ores, but als
for landfill volume
land Land occupation and transformati
in water Resource in water, e.g.
magnesiumwate|
agricultural Em|S_S|on to S.O'l used for the‘ Agriculture
productionof agricultural produc
Emission to soil used for plant
production (forest, renewable rav
forestry materials) which do not enter the Forestry
soll human food chain,
. . Emission t(_) soil used for industry Industry, land farming of wastes, built-
industrial manufacturing, waste manageme up land.
andinfrastructure
. Only used if no specific information
unspecified available,
Ground water which will get in
ground- contact with the biosphere after
some time.
ground-, long- Emissions which take place in the
¢ ’ future, 100 years after the start o Long-term emissions from landfills
erm the process.
lake Lakes with sweet water
ocean Ocean, sea, and salty lakes. Offshore works, overseas ship transports.
water river Rivers Discharge of effluents from wastewa

treatment facilities.

Emissions which take place in the

river, long-term  future, 100 years after the start o

the process.

Long-term emissions; subcategory not

used in Eco-invent database

Salty ground water that does not Re-injection of formation water from oil-

fossil- get into contact with the and gas extraction; subcategory not used in
biosphere. Eco-invent database
unspecified Only used if no specific information

available.
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Inventory data is commonly generated as nation&regges and this prevents
representation of spatial differences in data. iBeent refer to abbreviations for
countries, continents, and international organtreti to define data for unit
processes. Although comprehensive data for unitgases is present, there are still
concepts where data gaps are present. For instauise emissions are not
available in Eco-invent as there is no standardiepadrting method yet. Likewise
water vapour, nitrogen, oxygen releases to air,amdbustion air are not recorded

as an input.

Emissions in the air category with dominant shareertain impact categories are
identified in detail. There is no distinction defthfor fossil and biogenic GOCO,
and CH in the database. Biogenic @@elated to renewable energy sources is
recorded separately. Gknd NMVOC emissions are accounted distinctly bseau
of their effect on climate change impact categ@ulphur oxides (SQ and NQ
emissions are reported as S&nhd NQ respectively. Information about sulphure
trioxide (SQ) or sulfate (S@), and nitric oxide (NO) emission shares in thaltot
amount emission is also given. In addition to aingoemissions, Eco-invent
database contains detailed pollutant information Waater and soil, such as
biological oxygen demand for five days (BOD5) farlwon compounds in water or

pollutants in agricultural areas in soil.

Besides pollutants and their effect on the enviremthenergy and resources are
commonly utilized in LCA studies. Eco-invent databaccounts energy produced
by different technologies by their equivalent shameconverted energy whereas the
extraction of metals and other minerals in oresec®rded as the amount of target
material that is contained in the ore. Data abesburces in Eco-invent database is
directly related to minerals industry and is taketo account in upstream and

downstream processes. Certain assumptions arerdeser for each ore for naming

purposes as it is seen in Table 2.3 with some ebenp
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Table 2.3 Examples for the naming of ore resourekeshentary flows
(Frischknechtt al, 2007)

Elementary Flow Meaning of the flow

Extraction of 1 kg magnesite
1kg Magnesite, 60 % in crude ore, in ground (MgCGO; or 286 g magnesium) in
1.67 kg crude ore.

Extraction of 1 kg aluminium in
4.17 kg bauxite, in 9.1 kg crude
ore.

1 kg Aluminium, 24 % in bauxite, 11 % in
crude ore, in ground

Extraction of Nickel from a Nickel-
1 kg Nickel, 1.13 % in sulfide, Ni 0.76 % and Copper mine with a Nickel (and
Cu 0.76 % in crude ore, in ground Copper) content of 0.76 % (each)
in the crude ore.

Another data category commonly discussed is landumeation and land
transformation. Although there is no complete datfor the land occupation and
land transformation data in any industrial fieldoEinvent defined major impact on
natural resources, natural environment, and maremadvironment. Main
differences between land occupation and land toamgftion are defined in the
database. Land occupation is identified by squaeéers times time (fa) as the
duration of required production is important. Latrdnsformation links a state
during an economic activity with a state beforerimy and after that activity.
Although Eco-invent database can be used for cdmemsve LCA studies, an
alternative data generation method, IPCC can asatibzed in case of studies only

considering airborne GHG emissions.

IPCC Methodology: The IPCC methods are developed to estimate gmattren

national inventories of anthropogenic GHG emissiand removals. The methods
are the primary technical guidelines for the natlomventories, for instance
Turkey. Turkey has become signatory to the Kyototdtol and initiated the

national emission reporting.
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Reports to represent national emissions are preéare published according to the
structure declared by IPCC in Figure 2.6 (Egglestvral, 2006). There is a
hierarchic organization supported by peer-revietvexperts. Reports are reviewed

and approved by the government prior to publication

IPCC approves .
outline — Expert Review
| | Final distribution
i i = and Government
Review of SPM
Governments, Authors prepare
organizations, 2" _ order i
nominate experts DRAFT
WG /IPCC
i i accepts /
approves Report
and SPN
Bureaus select gg\f’:ﬁﬁgﬂt i
Authors Review
Publication of
l i report
Autlr;to _rsoﬁgzgr)are Authors prepare | |
DRAET FINAL DRAFT

Figure 2.6 IPCC report methodology (Egglestbml, 2006)

The IPCC provides a common structure to categosimerces and sinks. This
common structure is essential to compare the ioviest and to avoid double
counting problems. The activities that are not ssgghgenic in origin or do not
result in a net source/sink of GHG emissions ateniionally excluded from the
inventories. Volcanic eruptions, carbon dioxidealst or release by oceans, natural
forest fires and human induced land use changesharectivities that are not
anthropogenic. The main reasons for excluding thesegities from inventories are
the insufficient scientific understandings and da¢a were not adequately available

to make calculations.
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Tiers represent level of methodological complexitiere are three tiers in IPCC
among which Tier-1 is stated as the basic appr@agblestoret al, 2006). Tier-2
and Tier-3 utilize decision trees besides estimatior key category identification.
Tier-3 is the most demanding method in terms of glexity and data requirements.
Main stages of estimating emission from fuel constuom by IPCC Tier-1

methodology is summarized in Figure 2.7 (Egglestioal, 2006).

Emission

Select emission
factor

1|

Convert to
common energy

1|}

Estimate fuel
consumption

1|

Convert to weight

Figure 2.7 IPCC methodology Tier-1 (Egglestdral, 2006)

An example of Tier-1 calculation is representedTable 2.4 (Can, 2006). The
amount of diesel oil (tons) is first converted tg of oil equivalent (toe) by
multiplying it with the relevant factor. Then, rdtsuare converted to energy units
before emission factors are used. In case of, @@re is an assumption stated by
the IPCC methodology that carbon oxidized fromdbmbustion of diesel oil is in
the range of 99 percent (Egglesten al, 2006). As a result, amount of €O
emission is obtained after applying a ratio of th@ecular weight of carbon (C) to
oxygen (O).
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Table 2.4 CQemission derived from diesel oil consumption (C2006)

Ton of Oll
Fuel Type Unit Fuel Equivalent TOE
Factor
A B C=A*B
Diesel Oil tones 119,122 1.02 121,504.58
Carbon
Energy ) o Carbon Convert to CO,
Energy (Tjoule) Emission o o
(Kcal) Oxidized emission (tones)
Factor (tC/TJ)

D=C*10’ E=D*4.184*10° F G J=E*F*G*44/12

1,215,045,783 5,083.75 20.2 0.99 3,727,71.17

Although there are three main tiers used for emissietermination, Turkey uses
Tier-1 based only on fuel consumption. Tier-2 andr-B require source specific
data, such as, results of chemical analysis oflflugds. United Nations Framework
Convention on Climate Change (UNFCCC) declared tttare should be
improvement in data quality for Turkey who startedprepare its inventory in
2006. Despite missing fields, Turkey is encourageditilize more sophisticated

Tier methods in the report.

2.1.3 Impact Assessment in LCA

Impact assessment phase makes the results fronintleatory analysis more
understandable and more manageable in relatioruteah health, availability of
resources, and natural environment. There areicedrtgact categories that are
commonly used according to the subject of the stadygh category has a relevant
common unit that has to be applied to the resaltsbtain the environmental profile

of the subject.
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Developed impact assessment methodologies are tadcepternationally and
utilized in every LCA study. It is preferred to eel a category that has been

published and is verified internationally.

Most commercial programs provide LCA practitionavgh selected categories
which can also be refined if necessary. Impactssssent is supported by goal and
scope definition that shapes the desired aggregéiel of the results depending
on the target audience. Presentation of resultthéotarget audience is mainly

formed by the selected categories in impact assagsstage.

Life cycle impact assessment is defined as the ehasthe LCA where
understanding and evaluating the magnitude andifisignce of the potential
environmental impacts of a product or system isedimThere is a distinct
identification about obligatory elements and opailoelements followed in the
impact assessment. Obligatory elements are staedi)aclassification and (ii)
characterization that have to be conducted in ek€# study. Optional elements
in the impact assessment stage are defined asorfalization, (ii) ranking, (iii)

grouping, and (iv) weighting.

Selection of impact categories is aided by thenitédn of endpoints as presented in
Figure 2.8. Endpoints are classified in terms ofimmmental concern, like human
health, extinction of species, and availabilitye$ources for future generation. It is
not directly recommended by ISO to use end-pomisGA studies, however, clear
description of links between the environmental ni@ahel the impact category aids
selection of impact categories. Defining the linkagtitatively is not obligatory,

however, it is commonly preferred to describe thlatron between mid-point and

end-point categories in detail.
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Figure 2.8 General overview of the structure ofrapact assessment (Pre, 2008)

The obligatory elements characterization and diaasion should be conducted in
the impact assessment. Characterization factordefneed after impact categories
are selected and LCI results are assigned to thlmepact categories to reflect
relative contribution of an LCI result to the indior result. For example, on a time
scale of 100 years the contribution of one kg,@Hglobal warming is 42 times as
high as the emission of one kg €@his means that if the characterization factor of
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CO; is one, the characterization factor of £id 42. Thus, the impact category
indicator result for Global Warming Potential (GWREan be calculated by
multiplying the LCI result with the characterizatidactor. Mid-point indicators,
which are closer to the emission (Figure 2.8) Watlier uncertainty, such as CML
92 are also allowed to be utilized in LCA studigsI8O. CML 92 is a mid-point
methodology developed by the Centre of Environnme8taence, University of
Leiden where indicators are chosen close to thessams (Frischknechet al,
2007). In the CML 92, IPCC equivalent factors ag¢éested as a basis for ozone
layer depletion and global warming impact categoriAcidification impact is
estimated by emitted number of” Horotons and is represented by kg ,SO
equivalent. Global warming potential is based orCKy equivalent emission.

Eco-indicator 99 is a more commonly utilized impeategory. In Eco-Indicator 99,
climate change is expressed in Disability Adjust#fé Years (DALY). This is a
unit used by the World Health Organization (WHOY aWorld Bank to evaluate
health statistics. Acidification is expressed ine tipercentage of decreased
biodiversity over an area during a certain peribgese indicators are calculated by
considering the complete environmental model widntain assumptions. Eco-
indicator is advantageous in interpretation as caidir categories might be
presented more easily to target audiences. Aftenpteting obligatory stages,

optional stages can be handled.

Optional stages that are described in ISO 14046datds are normalization,
ranking, grouping, and weighting. Normalizatioreiprocedure that determines the
contribution of an impact category to the environt&his is done by dividing the
impact category indicators by a normal value whltommonly selected as the
population of a country. Another common procedwdo determine the impact
category indicators for a region during a year divide this result by the number
of inhabitants in that area. Grouping and ranksigsed in LCA studies in order to
prevent weighting, which is not recommended in cangons of products or

systems. As weighting sets are based on expert, \obyectivity of comparisons
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might be affected in case weighting is applied.réfare, peer reviews are preferred
in LCA comparisons of products that are presentegublic audiences. Optimum
environmental relevance is reached by grouping mouseindicator categories into
one of the three end-point categories namely huneafth, ecosystem quality, and
resources in Eco-invent database. After groupimg last optional stage, weighting
is considered as controversial and difficult, beeaexpert view of a control group

is utilized intensely.

2.1.4 Interpretation of LCA Results

The interpretation phase aims to evaluate the teefam the inventory analysis or
impact assessment and compare them with the gabedftudy defined in the first
stage. Important results should be identified antt@mmes should be evaluated by
sensitivity analysis or consistency checks. Recontagon and critical review of
the subject should be included in the final redrthe results. ISO 14040 standard
defines how an LCA study should be presented tdaiget audience by supporting

results with proper data and procedures.

In LCA models, uncertainty could be caused by tneén causes: (i) data allocated
to upstream and downstream processes, (ii) indomecdlels, and (iii) incomplete
models. Common practice is to represent uncertdiytya range or a standard
deviation, which could be handled by Monte Carlm&ation. Eco-invent database
Is constructed by two main data attributes as sygiebcesses and unit processes.
Data uncertainty in unit processes is defined byprabability distribution

recommended by the data collector.

In short, model uncertainties are originated frosficdencies in representing a real
case. Environmental models have various designiplitsss which are decided by

the researcher. The researcher also determinestysta and data sources utilized
in these environmental models. The important ¢atéor the data to be used are

representativeness, allocation basis, and comfigtibvith products with long life
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ranges. If data gaps are inevitable then the pateimcertainty will be handled by

uncertainty analysis.

2.2 Historical Development of LCA

LCA studies started to be performed in early 198@&ce then significant
development and progress has been made by vamsesrchers who could be
called to be pioneers in the development of LCAn8®f these researchers studied
industrial cases from the energy point of view. &ead and Hancock (1982)
studied energy requirements and recycling in spgetiuction systems, tinplate
production in the UK in the early 1980’s pointingta@he future of management and
decision making in major industrial processes. &ieag detailed inventories of raw
material and energy utilized during manufacturingcgsses can be considered as a

predecessor of LCA.

Vigon and Jensen (1995) conducted surveys to daauthe range of variation in
data quality in LCA practices related to data sesrand databases. Finnveden and
Ostlund (1997) studied the applicability of usingery as a measure of resources
in the characterization of LCA. Exergy, defineduagful energy, was planned to be
used for system boundary designation. This dedinitwas considered to be
remarkable as an improvement in characterizatiamredt trend observed in LCA
studies is not based on entropy production or gxasgyan indicator of resource
consumption. New terms like exergy were defined @ler world such as
“Okobilanz” in Germany or “écobilan” in France, hewver, the sudden revival of
LCA in all industrial sectors earned itself a mgnecise and powerful meaning
with the analysis “from cradle-to-grave”. Certassamptions and exclusions, such
as production losses, are drawbacks of the stuhyyEden and Ostlund, 1997).
However, fuel requirements for producing differentterials from ore in the

ground might be a useful data-set to be utilizedtier research studies.
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Klopffer (1997) reviewed LCA while contributions &ETAC and shift of studies
applying LCA were summarized. LCA methodology wasigized from beginning
to current state pointing out the improvement iarge The author also stated that

introduction of new characterization categoriespsufed development of LCA.

After some life cycle inventories were introduced every branch of industry,
environmental burdens became an additional inpustudies about industrial
applications. Improvements in LCA concept wereiatéd by researchers as Assies
(1998) and Vigon and Jensen (1995). Assies (1988gdato improve LCA by

introducing risk terms to better harmonize methodspact assessment.

Certain acceptance in international means for LC#s wieveloped even though
there were still uncertainties about the quality adta used. Pefia (2002)
summarized the general activity of LCA in Chile anttoduced leading institutes
in environmental research. SIMAPRO software wasdusg a copper cathode
production case. Eco-indicator 99 was used as imassessment methodology
without any modification. For that study, unit pesses and emissions related to the
mining industry were not defined in detail, thusm®& additional data were used
throughout the analysis. Besides, predefined da&sbaere utilized in case relevant

measurements could not be taken on field.

Studies for national emission inventories inspiregearchers. Jolliett al. (2003)
developed a new impact assessment methodology (BAPA&002+). Different
impacts, such as marine environment and noise, wensidered to be newly
researched topics aided by available databasdsebguthors. Data availability and

data quality are stated as basic components tomsdered in LCA studies.

Improvement in the methodology of LCA and sub-categs, such as LCI,
continued by contributions from researchers. Clsétlal, (2003) studied Monte
Carlo Simulation for uncertainty assessment of &fo€electricity generation from

waste, Sonnemaret al. (2004) published a book called “Integrated Lifee@yand
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Risk Assessment for Industrial Processes”. Thidipation gives basic information
about LCA in accordance with ISO standards. Appilices of LCA are explained
by case studies from various fields.

Most countries started to build up their own lifcle inventory databases as it is
observed from the study of Xianzhemg al. (2006) who studied research and
development of Chinese LCA database and softwanat $tudy pointed out the
governmental support in China for the evaluation4@f kinds of metal and 58
nonmetal characterization factors. Data qualitydoy kind of collected data is an

issue to be handled with care during the LCI stage.

2.3 LCA Applications in Industrial Fields

LCA gained importance and became more popular wadlel after the preparation
of databases by governmental institutions in theAURB the UK, and in EU
countries. Turkey, as a geopolitically importantictvy for both Europe and Middle
East, also started to generate national envirorethentissions database in an effort
to represent the country. Elbir (1997) suggestethethod for preparation of
emission inventories in Turkey and provided soméefbmformation about
international projects, such as EUROTRAC/GENEMIE @ECD-MAP.

Ozeler (2002) contributed to the national datablagethe LCA application in

municipal solid waste treatment study. The funcaloanit of the study was the
amount of solid waste generated in the system @freancern. Using site specific
data and defining input/output for different sceosyrlowest contribution to GWP
was calculated for the anaerobic digestion procékbhough LCA is based on a
location independent concept, Lenzen and Wachsr(#004) studied the effect of

geographical variability.
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Since renewable energy sources such as biofual, gold wind, compared to crude
oil products has potential to reduce GHG emissi@isaryet al. (2006) conducted
a life cycle about the Canadian peat extraction rfon-fuel purposes, such as
horticulture. Clearyet al.,(2006)claimed that Kyoto’s requirements about future of
the environmental burden of Canada were statedr¢et a six percent reduction in
1990 levels between 2000 and 2008. Since peatotivinavas stated to be a minor
industry in former years, a reduction as statedKyoto Protocol seems to be
unreachable for this case (Cleay al, 2006). Mining industry in Turkey will
encounter similar problems due to the commitmentlana Kyoto Protocol. In
order to clarify the applicability of Kyoto requiments by means of emission
reduction, estimations and models will be utiliZed local cases prior to policy

enforcements.

LCA studies conducted for industrial sectors arenmmnly based on local data
which reduces the uncertainty and creates realisficesentations. Site specific
data, in case it is accessible, is advantageousepmesentation of industrial
applications. Cordellat al. (2008) studied LCA of an Italian lager beer antireel
their functional unit as one liter of beer and ttaetion of packaging allocated to it.
SIMAPRO software and Eco-indicator'99 method wesedithroughout the study.
After comparing kegs and glass bottles, the autleorscluded that kegs caused
lower environment load. It was possible to point that brewing process was not a
critical stage using data directly gathered frora brewery. Therefore, the beer
manufacturer might not be a crucial actor in therall impact quantification.
Determination of operations where it is obligatdor the company to make
improvements by LCA may similarly be utilized in ethmining industry.
Comparison of equipment in the mining industry i@nmon topic in which

environmental assets should be considered by timpaoy.

In contrast to local data utilization in LCA stusljeickeret al. (2010) investigated
the applicability of non-local LCI data for LCA dfiple superphosphate (TSP)

production in Brazil. The authors compared threfedint datasets: European,
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modified European, and Brazilian. Inaccurate resmitght be caused by nonlocal
LCI data originated from spatial differences betwdee location of data gathered
and location of the LCA study. As a result, theyést difference was observed for
transportation caused by the portion of renewabtergy used in Brazil.

Environmental impacts found using Brazilian dataeveonsiderably low compared
to European datasets as smaller number of inpudswthe scope of Brazilian data.
Results of the study utilizing Brazilian data peuxhtout that local or in-site data

might not always lead to accurate and realistickgmions.

Although renewable energy sources such as bioreilcansidered to have less
environmental impact, it is crucial to study tramgption stage of such renewable
energy sources by LCA. Kumar and Pootakham (20@@)pared pipeline versus
truck transport of bio-oil and emphasized thataltyh that biomass yield is low per
unit area its energy density is rather high. Théh@us built their model on an
assumption of 100 km pipeline transportation thtow insulated high density
polyethylene corrosion resistant material. A plaaving 400 dry tonnes per day
capacity was used for comparison and the functiondlwas defined as “per cubic
meter of bio-oil per kilometer of transport”. Asresult, the authors declared that
truck transport was better than pipeline transpdrén the electricity for pumping
was generated from coal. Source of power generatias stated to be the basic
impact source which also pointed out the importaocénvestigating clean coal

production.

2.4 LCA Application in Mining Industry

Although LCA is commonly utilized in various indusi fields, LCA in mining

industry attracted a little attention. Revieweddsts indicate the potential of LCA
as a supportive tool in decision making and managénm minerals industry.
Application of LCA in mining industry would suppocteaner production of non-

renewable energy sources.
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Landfield and Karra (2000) evaluated a crusheeims of energy consumption and
environmental impacts over the life cycle of thigugpment. Géralczyk and
Kulczycka (2004) studied the financial aspects GALin Polish mining industry as
an implementation of LCA in Europe. Non-measureaffects of LCA are stated
as improved image and decreased competition fongany. The authors clarified

the potentials of LCA as a tool that should be sugal with a financial analysis.

In order to compare technically equivalent projentgquipment, inventories about
material, energy inputs and emissions are prepf@redarious industrial fields.
Babbitt and Lindner (2005) considered coal for &leity production in Florida and
studied the inventory mainly in three stages:c@al mining, (ii) coal combustion,
and (iii) treatment of coal combustion productstedDfar each process was collected

from interviews with authorities, surveys with mgaes, and the literature.

Durucanet al. (2006) developed a mining life cycle model andestathat data
availability was a major concern in LCA as it mighe highly confidential for
mining companies. Representing mining operatiors laigh level of detail causes
problems as there are sub-activities occurring@astame time with insufficient data
for inputs and environmental burden. The database lvased on a flexible object-
relational code which allows modification and umdaf unit processes without
disturbing overall model structure. However, highldgnfidential information is
used during the development, such as a Bauxite mikingary; however, certain
data is not suitable for utilization in every prcje

Another country that prepared its domestic LCA das® and started to use this
sustainable approach in mining industry is Mexiaoworldwide leader in silver
production. Environmental management and life cyabproach in the Mexican
mining industry was studied by Suppetal. (2006). The authors indicated the role
of this approach by stating the systematic obsemvadf processes for potential
impacts; reduce in operating cost and improvememfficiency. Unavailability of

statistical information in terms of production, usdrial process for small- and
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medium-scale companies reveals the need of choasilagge-scale operation as
subject. Difficulties confronted during data cotiea for example publicly

available data was a common problem in all stuciegwed.

LCA can be considered as a decision making todtoown, together with expert
knowledge and economic analysis it can also b&etilas a supportive criterion.
Stewart and Petrie (2006) dealt with South Africand Australian mineral
industries in a comparative manner to point out imm@ortance of life cycle
inventories. The authors confronted certain diffies in data availability and
concluded that change-oriented LCA is a more vaduadol for decision making.
Comparison of Australian and South African goldustilies was based on input and
output to the processes; however, technologies asedlifferent from each other,
thus major difference occurs in sulphur emissiond steam power or hydrogen
consumption. Importance of applying the LCA metHody in a change-oriented
mode in decision making was again stated and maovkédhat it was essential to

prepare more generic models for mining industrhwliata availability problems.

Mining industry is equipment driven sector whereisi®n making especially in
this subject is commonly debated. Demietl al. (2007) implemented a LCA
comparison of mechanical and electrical drive teutkidentify stressor categories
and air emissions of mine trucks in a medium spatee in terms of GWP and acid
rain precursors (ARP). The functional unit was wnledi as transporting 10,000 tph
of coal from mine site to the processing plant gdime km haul road, 1.3 km of
which is in the form of ramps with eight percerdp. As a result of the study, the
mechanical drive truck was more environmentallerfdly in terms of GWP,
although the contribution of electric drive trudksthe ARP were greater than that
of mechanical drive trucks. For this reason, thth@ns also applied multi-criteria
decision analysis techniques to develop a decsigport tool for mine managers,

mine owners, and environmental policy makers.
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Use of LCA in the mining industry and research [dmges was studied by Lesage
et al. (2008) pointing out the two-fold relevance. Thehaus stated that mining
industry has a role providing the LCA community lwiprimary environmental
impacts of materials such as metals. Furthermomeinmindustry can use LCA in
order to evaluate environmental impacts of itsvéatis and identify their hotspots.
The authors also studied an abandoned copper minf@uebec, defining their
functional unit as the management of the total petidn (1994-2005) of tailings
from processing copper and zinc for the extractibm5,500,000 tons of ore. It was
stated that contrary to other impact assessmentaagt such as Environmental
Impact Assessment (EIA), LCA was developed as @&espand time-independent
environmental assessment methodology. This might cberect for global
categories, such as global warming or ozone deplgibtential but might cause

some erroneous results in regional categories, asiténduse.

Significant maintenance problems are encountergldeirmining industry according
to the high availability and reliability requirenteaf machinery and equipment.
Equipment comparison both in capital investmergestand during operation should
consider emissions. LCA approach is a practical teapdicate environmental load
of machinery used especially in production. Barkbni and Pretorius (2008)
conducted a survey on mining industry about thenteaance periods and the
concept of predictive maintenance where parts laaaged prior to fail. The cradle-
to-grave approach was employed throughout the studrack down all emissions
and environmental burdens of relevant machinerylcoled as the development of

reliable maintenance management.

There are recent studies of LCA in tailing managamReidet al. (2009) used
LCA for comparison of two possible scenarios: segdailings to the disposal area
where they are submerged or partly used as bacgfithaterial. The authors stated
that results of this study should certainly be swga with technical assessment of
closure options, however, this study pointed oatléttk of data for mining in LCA

software and databases.
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Critical reviews of LCA in the minerals and metasctor also point out the
necessity of LCA studies in the mining industry. liiébetty et al. (2009)

summarized major events in LCA history and statedcant discussion in mining
industry. Although SETAC initiated two working gnoesl in 1996 and 2002, no
widely accepted methodology for landuse categorprisent. The authors also
stated that spatial and temporal differentiatioruldagreatly improve reliability and
validity of LCA results. It was recommended thatremtime- and location-specific

data needs to be utilized.

As there are difficulties and uncertainty in usidgtabases to represent mining
industry, it is usually impossible to take direceasurements to estimate GHG
emission, especially GO On-site measurement of @@&om fuel combustion is
usually inapplicable because of its cost and lalmensity. Bogunovic and
Kecojevic (2009) stated that substitute methodsvedimg fuel or electricity
consumption to fixed carbon contents and then to, @@ission is a more
convenient way. Estimating GHG emissions and metlogies such as LCA are
potential centers of attention as carbon taxes wilforce mining industry to
become more environmental sensitive. As this metbfodmission calculation is

based on energy or fuel consumption, data avaiasl substantially overcome.

Estimated GHG emissions are potential guidelinedeiermine critical stages of
mining operations where improvement is requiredubiizing spatial and case
representative data. Lack of such data forces reses to make assumptions and
exceptions. Norgate and Haque (2010) carried ouA Istuidies for mining and
mineral processing of iron ore, bauxite and coppamncentrate. Due to lack of
publicly available data, mining and mineral protegsstages were not considered
in detail. SIMAPRO software was used to analyzedltdifferent cases. The authors
stated that the largest contribution to total GH@issions for mining and
processing of iron ore and bauxite were made bydihga and hauling.

Approximately 87 percent of total energy consumedmiaterials handling are
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accounted by diesel technologies and 50 percenthef GHG emissions are

originated by the loading and hauling.

Another study LCA in metal industry was conducted Eckelman (2010). The
author considered GHG life cycle assessment of dglubal nickel industry.
Eckelman (2010) determined the functional unit @s n of nickel or nickel alloy
and aimed to account for energy and GHG emisslaurtsnot using average values.
As a result, it was concluded that smelting anthiref stages consumed the most
energy and were responsible for the highest GHGsons. Some drawbacks of
the study were caused by the data that was nottegbder production, trade, and
energy. The only externally defined process with upstream input was fuel
production; however, there might be more environtia@gnconsiderable processes.
Assumptions such as no material loss during tramaon of nickel ore may also

be reasons for uncertainty in the model.

A critical review of LCA applications in the mininghdustry was conducted
Awuah-Offei and Adekpedjou (2011). The authors eeswd LCA studies and
recommended that further researches in this fietdilsl be conducted. LCA has a
potential to become commonly used in mining, esdlgcequipment selection and

this can only be aided by researches conductddsriiéld.

2.5 Critical Overview of LCA in Turkey

LCA can be considered as a niche research fieldifkey developing together with
researches and applications in various industri@ldg. Sozenet al. (2007)
forecasted GHGs in Turkey based on sectoral eneoggumption for Turkey.
According to Sozeret al, (2007), energy demand of Turkey has an increasing
trend; however, GHG emissions are considerably vibelbe average of EU
countries. The authors stated that majority of gngroduction is based on coal,

specifically lignite with a total share of 43 pemteand also Kyoto Protocol has
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major importance in limitation of GHG emissions gmainted out coal as one of the

primary subjects to be studied in Turkey for enmmental considerations.

Cakmakl (2007) studied LCA of building materiahat generate millions of tons of
GHG, toxic air emissions, water pollutants, andidsavastes that contribute to
negative environmental impacts. In this study, ANAE software was used to
evaluate three hotels in Ankara that were renovaaedording to the six

environmental impact indicators: primary energy sonption, solid waste, air

pollution index, water pollution index, GWP, and iglged resource use. As a
result, the author recommended certain productiesigners in order to lead more

environmental friendly selections.

Recommendations to the packaging industry were nbgdkicikgul and Doan
(2007) who evaluated LCA of poly ethylene tereplatea numerically with
material-energy-waste-environmental impact cird@llee authors utilized data from
World Bank Group for emissions of crude oil prodoictand they followed IPCC
reference documents for other production stagesicBamissions, such as O
CH,4, and SQ were planned to be derived from the fuel consuomptiefined in
IPCC guidelines, however, using a complete datanset preferred in order to

represent the case in a more accurate way.

Besides IPCC methodology for emissions, it is gdessible to derive these from
specific data reported in the subject area. ErtedhAkar (2008) studied a practical
fossil fuel based CQemission calculation methodology for industriahgEanies to
monitor and control their environmental burdense$tndustry was selected as
research area and data was obtained with IPCC chatigy. However, it was
suggested that plants should report their own S§pembnsumption data for more
accurate assessment studies. Calculation methadsjoguch as IPCC suggested

mostly average values which in turn have to be tedbip specific fields.
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Besides the limited number of researches, thesglismio LCA regulation in Turkey
for any industrial process or product. Turkey beeasignatory to the Kyoto
Protocol and is obliged to develop strategies fmission reduction and cleaner
production in every industry. LCA methodology wasreduced to the industry by
workshops and training programs for LCA softwarectsevents revealed the lack
of primary data for every material and processunk€y. Reviewed literature about
the origin of LCA and applications in mining indgsts summarized in Table 2.5.

Table 2.5 Summary of Literature Review about LCA

Year Researchers Locatign Used Data and DetaflsedResearch
2000| Landfield and Karra - Data about crushers, IdEA commercial crusher
2002 Pefa Chile Eco-invent, LCA of copper cathogbepction
Lenzen and , . .
2004 Wachsmann Brazil LCA of energy generation technologies,
2004 Goralczyk and Poland LCA of Polish mining industry
Kulczycka
Interviews with authorities, surveys conducted to
2005 Babbitt and Lindner - managers and the literature, LCA of electricity
generation from coal
2006 Durucaret al. Hungary LCI generation
2006 Suppeet al. Mexico Mexican LCI database generation
Africa . . .
2006 Stewart and Petrie and LCA comparison of Af_rlcan and Australian
. industries
Australia
. . 42 metal and 58 nonmetal characterization factors,
2006 Xianzhengt al. China Development of a national LCI database
Data from SETAC and literature in Canada, LCA
2007 Demirekt al. - comparison of diesel and electric drive mining
trucks
2008 Lesaget al. Canada Eco-invent, LCA of an abandoned mine
2009 Reicet al. Canada LCA comparison of tailing management
2009 Yellishetty - Data from literature, ReviewldEA history
2009 Bogunovic and i Fuel consumption data, Conversion of fuel
Kecojevic consumption to emissions
2010 Norgate and Hague Australia LCA comparison of iron ore, bauxite and copper
concentrate
2010 Eckelmann i Data about global plckel industry, LCA of nickel
industry
2010 Eickeret al. Brazil Comparison of different data-sets

Data about biofuel transportation, LCA

2010| Kumar and Pootakhat : o
comparison of trucks and pipelines
2011| Awuah-Offeiand - Review of LCA literature
Adekpedjou

3
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2.6 Rationale of This Research Study

This study introduces LCA to the Turkish mining ustty and evaluates

environmental profiles of material handling systemth excessive amount of fuel
consumption for an open pit coal mine. The maineftgvof this study is that it is

one of the first studies in applying LCA in the Kish mining industry where

considerable amount of emissions occur due to mhteandling. This study also

advances the current knowledge about environmgntalitical processes in

material handling systems and places recommendagibout both alternatives for
better decision making. The results of the studyexpected to provide a decision
support system for mining industry.

Importance of this study is supported by the paémf LCA methodology as a
decision support criterion integrated to mine mamagnt systems. Common
utilization of LCA in mining industry is of paramaoti importance, as primary
energy production depends on coal in Turkey. Minimaustry will implement LCA

and utilize environmental data in order to handiurfe considerations about

environmental effects and related obligations.
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CHAPTER 3

COMPARISON OF OFF-HIGHWAY TRUCKS AND BELT CONVEYORS
IN AN OPEN PIT COAL MINE USING LIFE CYCLE ASSESSMEN T

In this chapter, off-highway mining trucks and bedinveyors in an open pit coal
mine are compared in terms of acidification andnalie change using LCA. The
conceptual study was started with an extensiveatitee survey about LCA and its
applications in mining and other industries. Thahpublicly available data sources
about environmental effects were reviewed. Off-ligig mining trucks and belt
conveyors were disintegrated into their unit preessto determine relevant
upstream and downstream processes. The system da@asdor both material
handling systems were determined according to ttadlable data in SIMAPRO
(Pre, 2011) software which was utilized for modglifhe system was divided into
manufacture and utilization phases as separatenafies to point out effect of
energy consumption. The comparison results arerpigied according to
acidification and climate change impact categorigsese categories were selected
as major concerns of the mining industry. Finalljcertainty assessment was

conducted with SIMAPRO using Monte Carlo Simulatioal.

In this chapter, conceptual modeling in LCA comgani of off-highway trucks and
belt conveyors is presented in detail. Unit functiand system boundaries are
identified in goal and scope definition stage. @atld and modified data utilized in
LCI generation is specified in this chapter. Adchtion and climate change impact
categories are defined and information about therpnetation of the conceptual
LCA comparison is presented. Simulations are cotedum SIMAPRO software.
The uncertainty analysis carried out using MonteldC&imulation is presented in
this chapter.
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3.1 Conceptual Modelling of LCA Comparison of Off-highway Trucks and

Belt Conveyors

Conceptual modelling of LCA comparison of off-highyv trucks and belt
conveyors followed the methodology as summarizethéenflow diagram given in

Figure 3.1.
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Figure 3.1 Research Framework
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Literature survey about LCA applications in miningustry and review of publicly
available data proceeded with unit function deiomt Both material handling
systems were decomposed into their unit processedetermine upstream and
downstream processes. Prior to modeling in SIMAPRGundary between the
system and environment was selected. Results weatuated according to
acidification and climate change categories. M&@elo simulation was applied in
SIMAPRO for uncertainty assessment.

Review of publicly available data indicated thatrkay as a developing country
(OECD, 2009) generates its primary energy from ifosls. Gross Domestic

Product (GDP), economic growth rate and energy wopsion of Turkey is

foreseen to increase until fossil fuels will be disg. Increase in growth rate is
declared by the TSI as 12.7 percent in 2008, wiseregports were recorded as
$73.4 billion with an increase of 2.6 times compare 2000 (TSI, 2008). Energy
consumption is also rated as a key indicator ofeltgpment and 3.7 percent
increase stated by TSI proves the energy demarergins considered to be the

primary GHG emission source in Turkey.

Waste disposal and industrial activities are otvmary GHG emission sources.

Conversion of energy to electricity is the mains@aof the considerable amount of
GHG emissions in energy sector. LCA studies abaning industry as a part of the

energy sector require foreground data. Therefocegssible data sources were
reviewed in detail to overcome data availabilitglgem.

TKI is a major data source for coal mining actedtithat was utilized for primary
data generation in the conceptual modeling. Figu2shows the distribution of
equipment utilized in TKI's open pit mines and icates that trucks have major
importance in operation. Number of trucks utilizedpen pit operations is 478 that
is more than the total of other commonly used egeipt such as dozers, loaders,

graders, and excavators.
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Figure 3.2 Number of equipment in TKI operation8(J@)

Age of equipment utilized in open pit operationsildobe considered as critical. As
it is illustrated in Figure 3.3, 20-25 years agattcks are still commonly used in
governmental open pit operations in Turkey. Mayoait trucks with critical age are
utilized intensively in open pit operations for @@l handling.
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0-5 5-10 10-15 15-20 20-25 25-30 >30
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Figure 3.3 Age of trucks in TKI operations
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OECD countries aim to reduce their emissions imonat scale to a reference level
set to 1990 and are obliged to support other merotentries financially. Turkey
started to prepare annual emission reports usiaegrtathodology defined by the
IPCC, which was also used in the conceptual parevtew surface operations of
TKI. According to the IPCC, the most important greeuse gases are stated to be
carbon dioxide (Cg), methane (Chj), nitrous oxide (MNO), hydrofluoro carbons
(HFCs), perfluoro carbons (PFCs), and sulfurhexaoritle (SFk). Today's
atmosphere contains only 0.038% fL@owever, it is estimated that GOs
responsible for about 60% of the greenhouse efi¢itibuted to the increased

atmospheric concentrations of greenhouse gases.

IPCC methodology was used to estimate; @@dission of TKI open pit coal mines.
As seen in Figure 3.4, Ege Lignite Enterprise (EkIYhe most critical operation
among TKI coal mines also having the largest truinslentory. The details of data
are presented in Appendix-B (Table B.1).
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Figure 3.4 CQemission of TKI open pit mines
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Garp Lignite Enterprise (GLI) and Guney Ege Ligritieterprise (GELI) operations
emitted approximately 30,000 tons and 20,000 tdnS@ respectively according
to their fuel consumption in 2007. Emitted £€@mount could be considered as

directly proportional to the amount of productiordduel consumption of trucks.

The decrease in G@missions as it seen in Figure 3.5 can be aidegd the
conducted LCA comparison. Results of the compardarified if there is a more
environmentally sensitive way of haulage and if iaygment is required in certain

stages of the operation.
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Figure 3.5 CQemission of Ege Lignite Operation (ELI)

Decrease of emissions in ELI could be related &etjuipment renewal periods as
it can be observed in 2004. As a result of the epthal study, environmental load
of the truck haulage in TKI operations was deteadinOnly CQ emissions were
estimated in the conceptual LCA comparison of afllvay trucks and belt

conveyaors.
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3.1.1 Goal and Scope Definition of the Conceptual@A Model

Goals of the conceptual model are: (i) gatherinta dar off-highway trucks and
belt conveyors in an open pit coal mine, (i) comsting an inventory about
environmental effects, (iii) comparing both matehandling systems according to
their impact in acidification and climate change;) (conducting an uncertainty
assessment, and (v) suggesting improvement ircaristages. Scope of the study
covers all life cycle stages for both off-highwayaks and belt conveyors except

their recycling and waste management.

Unit Function Definition: In order to compare the mining trucks and belt
conveyors on a technically equivalent basis, a eptu@l production amount was
estimated from several open pit operation’s average20,000 tons/day. It was
computed that for an optimized shovel-truck syst&@,tons of coal with bulk
density of 0.89 tons/Mis loaded with a 15 Pncapacity shovel with a fill factor of
0.8. Coal handling will be performed on a five komdj, well-maintained road. The
haulage road is designed to be covered with grawel following properties
summarized in Table 3.1 are estimated from previswslies in the literature.
Coefficient of friction for dry and wet conditionwas taken as 0.6 and 0.4
respectively. (Karpuzt al, 2005) Grade resistance and rolling resistancthef

haulage road were used as five percent and threemaespectively.

Table 3.1 Haulage road properties

Parameter Value
Coefficient of friction (dry) 0.6
Coefficient of friction (wet) 0.4

Grade resistance 5%
Rolling resistance 3%
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Most of the equipment used in haulage operationdds This causes difficulties
data gathering. For this reason, an off-highwagkrdassified as medium impact
steel flat floor with properties presented in TaBl2 was selected as technical data

was readily available.

Table 3.2 Properties of selected off-highway truck

Property Value
Target Payload 46,236 kg
Struck Capacity 23.3™
Heap Capacity 31.3

CAT 772 off-highway truck was initially selected tiviregard to its capacity and
bulk density of the material. As it can be seefable 3.2, struck and heap capacity
of the truck is in accordance with the calculateaterial volume. Approximate bulk
volume of 20 tons of lignite is 30.8°mvhen similar trucks in TKI operations are

considered.

Another important aspect in estimating total regdimumber of trucks in an
operation is the cycle time consisting of truckdo@me, spot time at shovel,
haulage time, maneuvering - dumping time, and netinne. In case loaded truck is
considered to be travelling against eight percetat resistance and empty truck is
travelling against two percent resistance where fpercent favorable grade is
present, total cycle time is calculated as 24.5uteis1 Haulage and return time were
estimated from Figure 3.6, whereas load time, $po¢, and dumping time were
assumed based on literature and used for totaé dyole calculation for optimum

conditions.

The truck manufacturer prepared charts of all vekior travel time estimation. It
Is stated that the vehicle is operated under nocaradlitions by average rimpull and
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breaking performance (CAT, 2010). It is also intkchthat loading is performed by

a full bucket of a selected loading unit.
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Figure 3.6 Performance charts of CAT 772 (CAT, 2010

48



In order to compare off-highway trucks and belt\ayor systems on a technically
equivalent basis, modifications were made according a pre-determined
production. An average production was estimatednfroKl operations ELI,
Seyitdmer Lignite Enterprise (SLI), and GELI whenacks are used intensively as
20,000 tons/day.

Total required number of trucks was found usingdpation capacity, cycle time,
availability, and utilization. Availability and udization were estimated by
considering possible breakdowns and efficient dpegahours as in case for an

operation with the plan listed in Table 3.3.

Table 3.3 Mine Operating Schedule

Process Duration
Calender year operating hours (COH) 7920 hours
minus major repair (overhaul) hours (MOH) 28Rt
minus statutory holiday hours (SSH) 360 hours
minus severe weather delay hours (SWOH) 72shour
Scheduled Operating hours (SOH) 7200 hours
minus Preventive maintenance hours (PMH) 104 hours
minus Breakdown Maintenance hours 336 hours
Mechanically Available hours (MAH) 6760 hours
minus Operating delay hours (ODH) 1440 hours
Mechanically Utilized hours (MUH) 5320 hours

According to Egn. 3.1 and 3.2 (Karpetzal, 2005), availability and utilization
were calculated as 93.8 percent and 78.7 percepecavely.
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Availability (A) = 'VIAH/SOH = 676%20(: 938% (Egn 3. 1)

Utilization (U) = MUH{ | =53200 . = 7870 (Eqn 3. 2)

As a result, availability and utilization valuesreelassified as good job conditions
and good management. Consequently, total numbeemifired trucks for 20,000

tons/day capacity was found to be 23.

The belt conveyor to be used in the comparisonysivas selected by following the
handbook published by the Conveyor Equipment Matufars Association
(CEMA, 1997). Bulk density is the only key propermy the material in truck
selection; however, the other characteristics itavbe known for belt conveyor
design. Bulk density of lignite was considered &5@/n? (Gentry and Hustrulid,
1992). Angle of repose and angle of surchargeguiite were taken as 38° and 25°
respectively considering lignite as an average iftigavmaterial (CEMA, 1997).

Further classification of lignite was carried ostiacan be seen in Table 3.4.

Table 3.4 Material classification for lignite, D3@CEMA, 1997)

Coal (lignite, D36T)

Property Value
Lumpy, containing lumps over 1.5cm D
Average flowing 3
Abrasive
Mildly corrosive T

Recommended maximum inclination 022

Troughing angle 20

According to determined material properties foniig, belt speed was estimated as
3.56 m/s (700 fpm) as seen in Table 3.5. As a teaudingle belt conveyor system

with eight components is required for the produtteapacity of 20,000 tons/day.
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Total power required to convey material from fiven Hong haulage path was
calculated to be 1,320 horsepower for the wholé dmiveyor system by utilizing
power rating charts (CEMA, 1997).

Table 3.5 Recommended maximum belt speeds (CEM2Y)19

Material Being Conveyed Belt Speeds (fpm)  Belt Widit (inches)
500 18
Grain or other free-flowing, 700 24-30
nonabrasive material 800 36-42
1000 48-96
400 18

Coal, damp clay, soft ores,

overburden and earth, fine- 288 iggg
crushed stone 1000 79-95
Heavy, hard, sharp-edged ore, 288 24%-?38
coarse-crushed stone 600 Over 36
Foundry sand, prepared or damp;

shake out sand with smal_l cores, 350 Any Width
with or without small casting

(not hot enough to harm belting)

Prepared foundry sand and

similar damp (or dry abrasive) 250 Any Width

materials discharged from belt
by rubber-edged plows

200, except for

Nonabrasive materials
wood pulp, where

discharged from belt by means Any Width

of DloWs 300 to 400 is
P preferable
Feeder belts, flat or troughed, for
feeding fine, nonabrasive, or 50 to 100 Any Width

mildly abrasive materials from
hoppers and bins

Belt speed is determined by the material charatiesi Abrasive and heavy
material is conveyed with lower belt speed when garad to soft and fine crushed
material. Though, conditions how the material id fan the belt conveyor also
affects belt speed.
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After belt speed was determined, required belthvigas selected as 1.02 m (40 in.)
according to a capacity of 20,000 tons/day. In piteestimate cross-sectional
dimensions of the belt conveyor as seen in Figure @her parts were selected in

accordance with the width of the belt.

Surcharge angle

¢ — edge distance L

- — troughing
R angle
Ap

b- belt width

Figure 3.7 Cross-section of a belt conveyor (CENI9Q7)

In order to determine power requirement of the beftveyor system, idler type was
selected and actual load was calculated. Powerireshjdor the belt conveyor

system was calculated in detail utilizing powerimatcharts for empty belts,

vertical, and horizontal haulage given in Table,Jdble C.2, and Table C.3. As a
conclusion, total power required to convey matdriain 5 km long haulage path is
calculated as 1,320 HP for the belt conveyor systanorder to maintain efficient

material haulage and prevent any sagging in the behsioning devices were
designed to provide required tension throughoutsiystem. Theoretically, sagging
greater than three percent will cause materialag@| accordingly so that minimum
required tension is calculated as 435 kg.

Boundary Definiton of Conceptual LCA Comparison: System boundaries were
planned to be selected utilizing RMEE methodologgynoldset al, 2000) at the
beginning of the study. Due to lack of primary daEco-invent database was

utilized. Both material handling systems were deggnated into their unit processes
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as presented in Figure 3.8 and Figure 3.9 in ocmmleeview data availability and

system boundaries. After review of publicly avalatata sources, it was preferred
to use a complete data-set and make certain matidfics. Therefore, system
boundaries were implemented from the Eco-inventaltbege where detailed

background information was present.
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Disintegration of both material handling systemsdeé possible to consider total
life cycle of processes by summarizing backgrourdrmation. Besides, LCI stage
was based on these unit process maps.

3.1.2 Life Cycle Inventory (LCI) of the Developed ICA Model

Available data from governmental institutions anterature were reviewed,
however, it was concluded that scaling down dasagegpared for a country to a
single mining operation would increase uncertaibigta to represent upstream and
downstream processes of both material handlingesystwas selected from Eco-
invent database embedded in SIMAPRO and modifiedrding to the information

gathered from truck manufacturers and equipmerntlsrp.

Eco-indicator 99 version 2.08 was utilized as anpriy data source. Eco-invent
database was used with some modifications duedatain reasons. First, as many
researchers claimed Eco-invent database providegereeral outlook on the
importance of transportation in a product’'s lifeckey and environmental load
heavily depends on vehicle sizes especially fod ibansportation (Spielmann and
Scholz, 2005; Facanha and Horvath, 2006). Secdrmd]ack of archive data for
Turkey limit the study and it was considered thsing a whole data-set is more
reliable than using inaccurate and imprecise dataaf particular spatial region,

Turkey.

Operation of road vehicles is defined in Eco-invieypnta common unit namely, ton-
kilometer (tkm) defined as transport of one tonromee kilometer, or one kg over
1000 km, or any other combination that has the samoeuct of distance and
weight. As off-highway mining trucks are not debed definitely in Eco-invent
database, operation of a high capacity lorry waslifieal to reach a more realistic
model. Fuel consumption was adjusted so that thecteel process represents an

off-highway mining truck with higher fuel consumgti.
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Electricity consumption of the belt conveyor wasstfievaluated for Bulgaria,

Estonia, Romania, Poland and Slovenia as East Earopountries were considered
to have similar electricity generation to Turkeyowever, European Network of
Transmission System Operators for Electricity (Bajsrecord formerly known as
Union for the Co-ordination of Production and Traission of Electricity (UCTE)

was selected to represent Turkey. This averagepearodata is classified into sub
categories of country mixes and various voltagesthfere is no background data
for Turkey’s electricity generation, electricity maumption of belt conveyor was

represented by Entsoe as Turkey initiated its natiégn to this system in 2009.
3.1.3 Impact Assessment of the Developed LCA Model

Impact assessment for both material handling systewvere conducted using
SIMAPRO 7.3 software (Pre, 2011). Mining industsydnergy intensive so that
excessive diesel oil and electricity consumpticsuhs in emissions dominated by
CO, and SQ. Impact categories were selected as acidificatitimate change to
represent environmental load of material handlingthe mining industry. The
reason for choosing acidification and climate cleang the fact that these two
categories are more commonly used and discussexdherals industry. Therefore,
they might be used as basic environmental critdtieing equipment selection.
These categories can be considered as major cenedated to fuel and electricity
utilization in surface mining. Leading mining conmges initiated corporate
sustainability reports such as BHP Billiton (2046p Rio Tinto (2006) that support
reduction measures for GHG emissions and pointed tbe importance of

acidification and climate change impacts in th@iemtions.

Wide range of impacts on soil, groundwater, surfaeaéer, organisms, ecosystems,
and materials (buildings) by acidifying substaneess stated in the SIMAPRO
database manual (Goedkoepal, 2008). Acidification can be defined as damage
to ecosystem quality, as a result of emission mfifying substances to air. Damage

is expressed in Potentially Disappeared FractiddF)Px nt x year/kg emission.
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Major source for this category is operation stafyéhe trucks combusting diesel oil
and emitting ammonia (Nd, NOs;, NGy, SQ,, SO, and SQ. Climate change can
result in adverse effects upon ecosystem healthahthealth, and material welfare.
This impact category is related to emissions oégh®use gases, water vapor,CO
CH,4, NO,, ozone (@), and chlorofluorocarbons (CFC). Damage is exgesa

Disability Adjusted Life Years (DALY) per kg emissi, resulting from an increase
of diseases and death caused by the climate ch&rtber impact categories are

summarized in Table 3.6.

Table 3.6 Eco-Indicator impact categories

Description Unit
Carcinogenic emissions of carcinogenic Disability Adjusted Life Years (DALY) / kg
substances substances to air, water, and soil emission

resulting from summer smog,
Respiratory due to emissions of organic  Disability Adjusted Life Years (DALY) / kg
organics substances to air, causing emission
respiratory effects

< effects resulting from winter
?3 Respiratory smog caused by emissions of Disability Adjusted Life Years (DALY) / kg
T inorganics dust, sulphur,, and nitrogen emission
% oxides to air
= resulting from an increase of
=) . diseases and death caused by Disability Adjusted Life Years (DALY) / kg
- Climate change climate change, (CQCH,, N.O emission
emission).
lonising resulting from radioactive Disability Adjusted Life Years (DALY) / kg
radiation radiation emission

Ozone layer € toincreased UV radiation as .\ i adiysted Life Years (DALY) / kg
a result of emission of ozone

depletion . . emission
P depleting substances to air

Ecotoxicity result of emission of ecotoxic Potentially Affected Fraction
1 substances to air, water, and soil (PAF)*m*year/kg emission
O
g E‘ result of emission of acidifyin Potentially Disappeared Fraction
@ S | Acidification ; 9 (PDF)*m*year/kg emission. (SQ NO,
o substances to air
o NH3)
L - - - - -
Land-use result of either conversion of Potentially Disappeared Fraction
land or occupation of land (PDF)*m*year/n? or nfa
Surplus energy per kg mineral or
Minerals ore, as a result of decreasing ore MJ

grades

Surplus energy per extracted MJ,
Fossil fuels kg or nt fossil fuel, as a result of MJ
lower quality resources

Resources
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3.1.4 Interpretation of Conceptual LCA Comparison Modelling

Results of the conceptual model were representéizing the SIMAPRO
interfaces. Comparison of off-highway trucks andt lm®nveyors according to
climate change and acidification categories arsgred in Chapter 4. Results in
other impact categories are given in Appendix-D delaincertainties are evaluated
by uncertainty assessment in SIMAPRO by utilizingri® Carlo Simulation tool.
Recommendations and critical review of the comparigf off-highway trucks and

belt conveyors are given in Chapter 5.

3.2 Computational Simulation of Conceptual LCA Comgrison Study

The conceptual study was modelled and computedaerStMAPRO software. The
SIMAPRO software is a professional tool to modelducts and systems from a life
cycle perspective. SIMAPRO is fully integrated witie Eco-invent database and
has additional features such as parameters and eM@atrlo Simulation for
uncertainty assessment. Main application areascareon footprint calculation,
product design and eco-design, Environmental Pro@clarations (EPD), and

environmental reporting.

First stage of computational simulation was to aeiee the level of detail for off-
highway truck and belt conveyor models. In orderegoresent the dominant impact
of fuel and energy consumption, utilization of batlaterial handling systems were
modeled separately in their life cycles. There 8 specific data for the
manufacturing process of off-highway trucks or loelhveyors. Certain estimations
were made according to the information gathereoh feguipment manufacturers for
amount of material used during manufacturing. Assitpresented for the belt
conveyor in Figure 3.10, both material handlingtesys were modelled as life
cycles in SIMAPRO.
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Figure 3.10 Life cycle model of belt conveyor iViPRO

Off-highway trucks were modelled as an assemblysisting of steel parts, plastic
parts and tires. O. Mezreli from Borusan Makinan@i, May 10, 2010) suggested
that 85 percent of the gross machine weight coelccdnsidered as steel and 15
percent as plastic and tires manufactured fromhgyiat rubber. Steel and rubber
were selected as primary raw materials for thehaffway truck from Eco-invent
database. Selected steel data include backgrouadati@ut the transportation of
scrap metal, steel making, and casting. Synthetiwer process consists of crude
oil transportation, production, and vulcanizationpooduction profiles. Modelled
off-highway truck is presented in Appendix-E (Figlt.1) as a detailed network.

Belt conveyors were categorized into steel partsdbss, take up unit, support

framework, return end, drive units, and cleaning. s mount of steel required for

manufacturing of these parts were estimated froohrieal drawings of a belt
59



conveyor system in an open pit coal mine. Othemnpairt modelled was the belt
mainly composed of synthetic rubber. Detailed nekwof the modelled belt
conveyor is given in Appendix-E (Figure E.2).

Utilization of off-highway trucks and belt convegowere modelled separate from
their manufacture process in order to point out impact of diesel oil and
electricity consumption. Diesel oil consumption thle off-highway truck was
represented by a modified transportation procesghen Eco-invent database.
Modifications were based on calculated cycle tinmesilability, utilization, and
fuel consumption data from truck manufacturer. Eileity utilization of belt
conveyors was represented by an average data ofEUGIM the Eco-invent
database after process contributions of Easteropean countries were evaluated
according to their process contribution as represenn Appendix-F. It was
preferred to utilize UCTE data as an EU averageelastricity generation data
defined for Bulgaria, Estonia, Romania, Poland, Stalenia were also not similar
to Turkey. Electricity input was determined by tpewer rating of the belt

conveyaor.

3.3 Uncertainty Analysis for the Developed LCA

The inherent uncertainty in the conceptual modes vmasessed by uncertainty
assessment conducted in SIMAPRO by the Monte Gantwlation tool. It is based
on numerical integration and commonly utilized imolmability problems.
Definitions of Jacob Bernoulli are considered to the origin of Monte Carlo
Simulation (Dunn and Shultis, 2009). Simulatiorht@ques are preferred instead of

complex numerical integrations in problems withamalytical solution.

Uncertainty assessment of the conceptual studyofiehighway trucks and belt
conveyors was conducted in SIMAPRO. This analysias warried out for

acidification, climate change, and emissions of ,CQIO,, SQ, and CH.
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Uncertainty data as statistical distributions wagppred by specialists who
gathered the data-sets for Eco-invent databasatah of 68,501 processes were
utilized in the LCA comparison of the conceptualdst 72.1 percent of the utilized
data is defined with a lognormal distribution. Theason of the dominance of
lognormal distribution is that steel and other rhegkated data is commonly defined
by lognormal distribution. As Eco-invent was utdi as the primary data source, it
was not preferred to modify this data-set with udfined uncertainty distributions.
Monte Carlo Simulation was conducted with differstp criteria as 100, 1000,
2000, 5000, and 10,000 in order to determine tifiecent amount of steps to reach
stable condition. Different representations for meanedian, coefficient of
variation, standard deviation, and standard erfane@an are given in Appendix-G.
10,000 steps were considered to be sufficient lier system to reach a stable
condition. Total computation time of 10 hours waerd to complete the Monte

Carlo Simulation with a stop criterion of 10,00€s.
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapter, results of the LCA comparison @fhighway trucks and belt
conveyors are presented. Conceptual modeling inARPIRO is concluded and
comparison results in acidification and climate rd@ impact categories are
described in detail. Besides, process contributafngrocesses in acidification and
climate change categories for off-highway trucksl drelt conveyors are stated.
Uncertainty analysis is conducted by utilizing MenCarlo Simulation for

comparison results in acidification and climatergdiacategories.

4.1 Results of LCA Comparison for Acidification andClimate Change

Analysis conducted by SIMAPRO software cover alpaat categories defined in
Eco-Indicator database. Climate change and acadiific are selected as major
impact categories. Although manufacturing stage aadynificant impact on all of
the environmental parameters, utilization stage thashotspot for selected impact
categories. The results of this study revealed thedt conveyors had greater
environmental burden in climate change impact acategvhen compared to the
trucks. On the other hand, trucks have greateremwiental burden in acidification
impact category when compared to belt conveyorse ®htained results also
indicated that the highest impact on all selectegact categories are generated
from the utilization stage of the trucks operatgddiesel oil and utilization of belt

conveyor systems operated by electricity commontyglpced by coal.
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After modeling the off-highway trucks and belt cegors in SIMAPRO, major
environmental loads and process contributions efsystems were determined for
all impact categories and focused on acidificaiod climate change. Acidification
impacts of off-highway trucks and belt conveyorsravevaluated according to
ammonia, nitrate, nitrogen oxides, sulfate,,Sé&nhd SQ emissions. As it can be
seen in Figure 4.1, NG@missions were the major emission dominating acadion

category for both systems. The second and thiré 8€ and ammonia.
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B Off-highway truck 8639.78 3.78 1527887.80 147.51 46070.26 0.00
B Belt Conveyor 14275.52 49.60 604870.67 925.26 21248040 0.0C

Figure 4.1 LCA comparison off-highway truck vs.t@nveyor in terms of

acidification

NO, emission in the transportation phase of diese@is the primary actor in
acidification where trucks had more environmentzd compared to the belt
conveyors. Effect of NQemission on acidification for off-highway trucksasv
1,527,888 PDF fmyear whereas belt conveyors had an impact of GA4FDF
year. This means that potentially disappeared itnacdf over space and time of
various species is affected more intensively byhaghway trucks. Plants, animals,

and other species are potentially endangered pef &gission.
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Off-highway trucks had approximately 1.9 times mapidification impact on the
environment compared to the belt conveyors mainigirmated from the diesel ol
combustion in the utilization phase. Another maorission source in this category

for the trucks is the transportation of dieselfi@m refinery to the end user.

Process contributions for the belt conveyor in éicaion category are illustrated

in Figure 4.2.

57.08%

10.94%

7.60%
°  536% = 529%  5.24%

4.14%
Hard coal, Hard coal, Lignite, Heavy fuel Operation, Lignite, Lignite, Others
burned in burnedin burnedin oil, burned intransoceanic burned in  burned in
power power power power freight power power

plant/ES U plant/PL U plant/PLU plant/ITU ship/OCE U plant/DE U plant/CS U

Figure 4.2 Process contributions for belt conveyoacidification category

The major contributor of acidification was detergdnas hard coal burned in a
power plant in Estonia by 10.94 percent for the behveyors. Lignite and heavy
fuel oil utilized for electricity generation areher important contributors of the
acidification categoryA cut-off was used to filter contributions of 51%opesses
some of which are not meaningful to be considenmed @presented graphically.
Processes grouped under “Others” category with Isomadtributions add up to

57.08 percent, however are not considered as iaport
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Process contribution of off-highway trucks in afichition category is represented

in Figure 4.3.
78.04%
\\
5.88% \
1.89% 1.22%  1.01%  2.00%  1.50% \ 2.60%
e e k s
Diesel, burnediesel, burned Natural gas, Operation, Natural gas, Operation,  Operation, Others
in diesel- in building sour, burned intransoceanic sweet, burned lorry 20-28t, lorry >32t,
electric  machine/GLO production tanker/OCE U in production fleet EURO3/RER
generating U flare/MJ/GLO flare/MJ/GLO average/CH U U
set/GLO U U U

Figure 4.3 Process contributions for off-highwaycks in acidification category

Major contributor of acidification was determinesl @peration stage of the trucks
including diesel oil combustion and had a totalrehaf 78.04 percent. Besides
combustion, operation process includes maintenandeconstruction of the road
which cover life cycles of steel and bitumen uétizin road construction. Engine
technology was selected to be EURO-3 for the truaksit is still the most

commonly used one in surface mining operationsuirkdy.

In order to represent the comparison in a morengiste way, a threshold of one
percent was used for climate change category. ffineshold was only used for
graphical calculations were conducted without any cut-offecia

analyzing the systems cradle-to-grave. ,G&uivalent emissions are prominent
indicators for the climate change. As illustratedFigure 4.4, major emissions in

this category were CON,O, and CH.
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Figure 4.4 LCA comparison of off-highway truck It conveyor according to

climate change

CO, emissions were dominant in climate change catedoryboth material
handling systems. Belt conveyors had a higher itnpaclimate change with 12.69
DALY/kg emission as defined by the World Health @mgation. Off-highway
trucks had a climate change impact of 7.77 DALYé&kgission and 40 percent less
burden compared to belt conveyors in this categbing reason for belt conveyors
systems being less environmental friendly by medimméimate change is considered
to be the electricity consumption. The electriaitilized by belt conveyor systems
is generated from coal combustion process and lected from the Eco-invent
database as a mixture of European Union membettreesisvhere Germany has the
highest share followed by Estonia. Thus, major @arldioxide emission was

generated during the combustion of coal (ligniteha power plant.
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Process contributions of belt conveyors in clin@tange category are illustrated in

Figure 4.5.

50.40%

13.38%
9.47%
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Figure 4.5 Process contributions for belt conveyordimate change category

Lignite burned in a power plant in Germany is thajon contributor for belt
conveyors. As EU member countries have differectinielogies for primary energy
generation, environmental load of these countriierdrom each other. Another
reason for having this difference is the shareeofewable energy in the national
grid. As it observed in Italy’s electricity gridatural gas is the primary source in
electricity generation. Processes grouped undehéfdt category with small
contributions are not considered as important wt@mpared to major processes,
such as coal combustion for electricity generatigth higher impact, however, the

sum is 50.4 percent.

Off-highway trucks are represented in Figure 4.8riajor process contributors.
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Figure 4.6 Process contributions for off-highwaycks in climate change category

Operation phase was the major contributor in cler@dtange category compared to
the manufacturing process. Pig iron in the manufaay process of the off-

highway trucks’ steel parts had a contribution d42percent. Operation of the
truck was the main contributor with 64.85 percenthe climate change category.
This points out the considerable difference betwetization and manufacturing

assemblies in the modelled off-highway truck. Psses such as refinery gas
burned in furnace, natural gas vented, and polyetieyHDPE granulate at plant are
processes that constitute “Others” category togetlith 760 processes with small

contributions.

4.2 Uncertainty Assessment for the Developed LCA Miel

Uncertainty assessment was conducted by Monte C&noulation tool in
SIMAPRO software for the LCA comparison of off-hwghay trucks and belt

conveyors. Probability of the results for both bithway trucks and belt conveyors

was determined for both acidification and climabarmge impact categories. As a
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result of the simulation with 10,000 steps sumn&atim Table 4.1, both impact

categories were evaluated by Monte Carlo Simulation

Table 4.1 Descriptive statistics of uncertaintyegssnent

Impact category Mean Median SD Ccv St%:;rr'] of
Acidification -752,000 -657,000 580,000-77.2 % -0.00772
Climate change 5.22 5.35 3.04 58.3 % 0.00583

Off-highway trucks were identified to have gredtapact in acidification category
according to the results of the analysis.x&@d NQ were determined as major
contributors in the off-highway truck utilizationsgembly. Using the existing
uncertainty in the available data in Eco-inventaBlase, it was concluded that off-
highway trucks had greater impact than belt conkeyo acidification with 94.5

percent probability. Figure 4.7 represents the targy assessment of the LCA

comparison for acidification category.

Characterization Addification/ Eutrophication

0.07

0.065
0.06
0.055
0.05
0.045

2
o4
F-]

3
2,035
003

0.025
0.02
0.015

0.0t

0.005

0 / /
-385000 -3592000 -3328000 -3064000 -2800000 -2536000 -2272000 2008000 -1744000 -1480000 -1216000 952000 688000  -424000  -160000 16000 192000 368000

Uncertainty analysis of 8 p Belt Conveyor' (A) minus
23p 'Off-highway truck' (8),

Method: Eco-indicator 99 (H) V2.08 / Europe EI 99 H/A , confidence interval: 95 %

Figure 4.7 Uncertainty assessment of acidificatategory
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In Figure 4.7, off-highway trucks have dominanthkeater impact in acidification
category compared to belt conveyors. Differencea@tlification impacts of off-
highway trucks and belt conveyors was evaluatedpmiated out the off-highway
trucks represented by green color had greater f@eition impact with higher

probability.

Belt conveyors had greater impact on climate chatgjegory compared to off-
highway trucks. Uncertainty assessment of clim&i@nge category is represented

in Figure 4.8.
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Uncertainty analysis of 8 p Belt Conveyor' (A) minus
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Method: Eco-indicator 99 (H) V2,08 / Europe ET 99 H/A , confidence interval: 95 %

Figure 4.8 Uncertainty assessment of climate chaatggory

In Figure 4.8, belt conveyors, illustrated in redoc, had greater impact in climate
change category with a probability of 95.2 perc&ifference of climate change
effects of off-highway trucks and belt conveyorssweonsidered. Uncertainty
assessment was also carried out for,COH,;, NGy, and SQ@ emissions as

illustrated in detail in Appendix-G.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

This study implies that technological improvement fuel combustion and
electricity generation is crucial for the improvamh@f environmental profiles of
off-highway trucks and belt conveyors in the miningustry. In addition to this,
sulphure content of diesel oil indicated a critisalare of off-highway trucks in
acidification category which might be overcome Hilizing biofuel with lower
sulphure content. As electricity generation fromalcpower plants is the major
climate change sink, renewable alternatives sudolas, wind are recommended to
take portion in the national electricity grid. GCemt fuel combustion technology
should be improved for off-highway trucks, whereaffectiveness of electricity
generation from coal plants has to be reconsid&rettelt conveyors. Due to the
lack of a national database, Eco-invent database wead as the primary data
source of data throughout the study to compileveeie data for upstream and
downstream processes for both systems. Furtherestwdth more detailed and

reliable data should be advanced for more spat@idustry specific conclusions.

Contribution of this research study could be ex¢ehtb both mining sector and the
national emission inventory. As a result of thisdst, critical stages in haulage of
material in an open pit coal mine were stated totiization stages. Data acquired
and used in comparison will improve the qualitydata to represent our national
effort spent to reduce greenhouse gas emissions.

Lack of data in most of the indicators and disoig@tion in available data sources

were major issues in this research. This bottlenisctill an emerging issue for
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researchers studying environmental burdens in Wrkéis research study will

take its place among the literature about thisesttbp Turkey.

Using LCA as a comparison method in mining industlf make environmental
burden a supportive criteria to economic in decisiaking. Sustainable production
of coal is an ultimate goal that will be achievedydby considering environmental
load in all stages of production.

Environmental effects of off-highway trucks and tbebnveyors were studied
according to climate change and acidification categ. The main conclusions
derived from this study are:

1. LCA is a supportive decision making tool thatiicbbe effectively utilized in the
equipment selection process though it is not commanining industry.

2. Off-highway trucks had 1.9 times greater impactacidification category than

belt conveyors. 96 percent of the acidificatioreeffwas caused by N@missions.

3. Climate change impact of belt conveyors wastiinés greater than off-highway
trucks. CQ emissions from fossil fuel combustion led to 9%5cpat of the climate

change effect.

4. Hotspots of environmental load for belt conveyand off-highway trucks are the

utilization phases where electricity and diesebod consumed.

5. Eco-invent database was modified and utilized pemary data source as it was
preferred to use a complete data-set instead dichubccessible databases.

6. Uncertainty assessment was conducted by Monti® Gamulation with a stop

criterion of 10,000 stages.

72



The main recommendations for future studies instrae research domain are:.

1. Equipment comparison in the mining industry iglecision making process
where no environmental aspects are considered, vanwehis data should be
collected and used as a supportive criteria. RekBearabout the environmental

burden of coal mining have a major importance forkey.

2. Turkey being a socio-politically important coynboth for Europe and Asia
needs to develop its own database and tools falyistgn environmental burdens.
Governmental and private sector should be in coatipm to develop Turkey’s
national emission inventory so that researchersdcaccess primary data for their

research.

3. Transportation of the diesel oil might be doseng pipelines more intensely so

that emissions from highway transportation in gtegge could be eliminated.

4. Nitrogen oxide emissions could be reduced bylempnting biofuel also with
lower sulphure content for off-highway trucks. Tdevill be no additional cost for
this implementation as biofuel can be used in theks without any modification in
engine or oil filter. Environmental performance mbfuel and renewable energy
sources should be studied in detail by LCA priorutdization by off-highway
trucks.

5. Share of renewable energy sources such asaudawind in the electricity grid

should be increased in order to reduce environrhgrad of belt conveyors.

6. Clean coal technologies should be improved amgleémented more commonly,
thus, environmental burden of electricity generaioreduced. Emissions related to
utilization phase of belt conveyors would be reduds utilization of cleaner
electricity.
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7. Uncertainty assessment for acidification anchate change categories might not
reflect Turkey’s situation. Utilized data in anas/and uncertainty assessment was
selected as an average for EU member countries, thture studies should also
focus on sensitivity analysis. Multi-variate stdtis may be utilized in further

studies to evaluate results of LCA studies.
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APPENDIX A

GHG EMISSIONS OF TURKEY
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APPENDIX B

CO2 EMISSION ESTIMATION OF TKI OPERATIONS
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APPENDIX C

POWER RATING CHARTS OF BELT CONVEYOR

Horsepower to drive empty conveyor for each 100 fpm belt speed

19 Weight per tinear foot of beit / /
and m7|vanq .idler parts (tbs} % 19
e 77
Inches 50 100 150 200 / 74 / 18
e T e A
oz oz E A AVAN
W—| 2 7 2% At A 4.,
14 ::::2:3:: /,4///14
LR L L ais Avavan

36 117 143 181 18

- ST A//////\\ //// -
11 Multiply resuits from chart by {/// /// /'y // = 11
" B~ ///////// ol // »
g ////// i ////?9// Cal 9
8 //////f //////10’ / el
’ gé// // //f/ //1 L "
) o A
) ,/////j/// ,////j// /5.
T o e

3 //,//A/////////// /Ls/c/
e B  E )
| s e .
. o s il | 9 |
’—(__,.__f’:f_______.___—-——-————-— Pounds per linear foot 1

200 400 600 800 1000 1200 1400 1 6100 1 BIGO 2000

Horizontal centers, ft

Figure C.1 Horsepower required to drive empty cgnvéCEMA, 1997)
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Horsepower to elevate material fer foot lift

2.4

2.2

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

0

200 400 600 800 1000 1200 1400 1600 1800 2000 23

00

Tons per hour of material elevated

Figure C.2 Horsepower required to elevate mat€dBMA, 1997)
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2 Multiply results from chart —
by ———

1 —

0 L[]

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2400

Horsepower to convey material
horizontally per 100 tons per hour
D

Length of conveyor in feet

Figure C.3 Horsepower required conveying matemaizontally (CEMA, 1997)
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APPENDIX D

COMPARISON OF RESULTS ECO-INDICATOR IMPACT
CATEGORIES

25
20
> 15
<
@) 10
5
0 Particulates ﬁ
Cadmium a:';g 3;:‘ Cadmium | Arsenic | Cadmium,| Arsenic,
(Soil) ' (A}r) (Air) (Air) ion (Water)| ion (Water)
B Off-highway Truck 0.01 0.11 0.16 0.06 1.03 2.99
@ Belt Conveyor 0.06 0.16 0.17 0.21 3.11 18.28

Figure D.1 Comparison of off-highway trucks andtloeinveyors in carcinogens

category
10,000,000
8,000,000
> 6,000,000
£
L
a( 4,000,000
NN
2,000,000
Chromium | Copper, ion | Chromium Nickel (air) Nickel, ion
VI (soil) (water) (air) (water)
mOff-highway Truck 97157.46 249818.30 536636.12 997131.88 74386517
mBelt Conveyor 942530.60 1214027.24 2115373.01 2376457.85 7428796.9

Figure D.2 Comparison of off-highway trucks andtloeinveyors in ecotoxicity

category
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100,000,000

80,000,000 N \
0 \
2 60,000,000 \
>
N
) 40,000,000 S
= NN
20,000,000 3 4
O - - - - .
Gas, mine,
off-gas, Coal, h_a}rd, Oil, crude, Gas, natural,
process, unspecified, ; :
. in ground in ground
coal in ground
mining/m3
& Off-highway Truck 81816.51 260249.60 73553301.52 7792881.35
mBelt Conveyor 675222.90 2128950.29 12019544.51 29747839!7(

Figure D.3 Comparison of off-highway trucks andtloeinveyors in fossil fuels

category
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Figure D.4 Comparison of off-highway trucks andtloelnveyors in land-use

category
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Figure D.5 Comparison of off-highway trucks andt lbeinveyors in minerals
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Figure D.6 Comparison of off-highway trucks andtloeinveyors in ozone layer
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Figure D.7 Comparison of off-highway trucks andtlzeinveyors in radiation
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Figure D.8 Comparison of off-highway trucks andtloeinveyors in respiratory

inorganic category
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Figure D.9 Comparison of off-highway trucks andtloeinveyors in respiratory

organic
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APPENDIX E

SIMAPRO MODELS OF MATERIAL HANDLING SYSTEMS
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Figure E.1 SIMAPRO model of off-highway truck
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APPENDIX F

COMPARISON OF RESULTS ECO-INDICATOR IMPACT
CATEGORIES FOR EASTERN EUROPEAN COUNTRIES

2500000

2000000

1500000

1000000

500000

- E=a

0 -:- e
Nltr_ogen S_ulf_ur Ammonia Sulfate Nitrate
oxides dioxide
®Off-highway truck 1527887.80 46070.26 8639.78 147.51
®Belt Conveyor 673851.27| 259021.69 3715.01 1133.62

Figure F.1 LCA comparison off-highway truck vs.t@nveyor in terms of

acidification for Bulgaria
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Figure F.2 LCA comparison off-highway truck vs.thanveyor in terms of climate

change for Bulgaria
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Figure F.4 Process contributions for off-highwayck in acidification category for

Bulgaria
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Figure F.6 Process contributions for off-highwayckt in climate change category

for Bulgaria
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Figure F.7 LCA comparison off-highway truck vs.t@nveyor in terms of

acidification for Estonia
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Figure F.8 LCA comparison off-highway truck vs.thanveyor in terms of climate

change for Estonia
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Figure F.9 Process contributions for belt conveyoacidification category for

Estonia
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Figure F.10 Process contributions for off-highwauck in acidification category

for Estonia
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Figure F.11 Process contributions for belt conveyorclimate change category for
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Figure F.12 Process contributions for off-highwauck in climate change category

for Estonia
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Figure F.13 LCA comparison off-highway truck vsltlm®nveyor in terms of

acidification for Poland
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Figure F.16 Process contributions for off-highwauck in acidification category

for Poland
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Figure F.17 Process contributions for belt conveyorclimate change category for
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Figure F.18 Process contributions for off-highwaick in climate change category

for Poland
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Figure F.19 LCA comparison off-highway truck vsltlm®nveyor in terms of

acidification for Romania
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Figure F.20 LCA comparison off-highway truck vsltlm®nveyor in terms of

climate change for Romania
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Figure F.22 Process contributions for off-highwauck in acidification category

for Romania
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Figure F.24 Process contributions for off-highwauck in climate change category
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Figure F.25 LCA comparison off-highway truck vsltlm®nveyor in terms of
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Figure F.26 LCA comparison off-highway truck vsltlm®nveyor in terms of

climate change for Slovenia
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Figure F.28 Process contributions for off-highwauck in acidification category
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MONTE CARLO SIMULATION RESULTS

APPENDIX G
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Figure G.1 Mean vs. Number of simulations for clieneéhange
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Figure G.2 Mean vs. Number of simulations for dadtion
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Figure G.3 Median vs. Number of simulations fomdite change
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Figure G.4 Median vs. Number of simulations ford#aation
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Figure G.5 Standard deviation vs. Number of simorhet for climate change
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Figure G.6 Standard deviation vs. Number of simaitest for acidification
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Figure G.8 Coefficient of variation vs. Number ohslations for acidification
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Figure G.9 Standard Error of mean vs. Number otiations for climate change
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Figure G.11 Uncertainty assessment ob@@ission
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Figure G.12 Uncertainty assessment of,@hhission
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Figure G.13 Uncertainty assessment of NO emission

Figure G.14 Uncertainty assessment o 8@ission
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