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RESUMEN

Este estudio presenta una metodologia interdisaipéi que mediante la aplicacion de
conceptos mineros, eléctricos, econdmicos y amddesitentrega la proyeccion de las

emisiones de carbono del SING y de los costosdlecoson bajo diversos escenarios.

Las emisiones de carbono asociadas al consumai@éde la Industria Minera del
Cobre conectada al SING se estiman para el peB080-2012. Se estiman ademas los

costos de reduccion de emisiones para distint@nasos.

La estimacion de las emisiones de carbono se hada demanda eléctrica de la
Industria Minera del Cobre, la cual se estima a&impae proyecciones de la produccion
de cobre de cada mina y de coeficientes de consunitario de electricidad de los
procesos de una mina promedio conectada al SIN§& lyasa también en un modelo

operacional y ambiental del conjunto de centrattsades y proyectadas del SING.

Los escenarios evaluados corresponden a la in@migor de energias renovables a la
matriz energética, el uso de tecnologias avanzammaslas futuras centrales a

carbon/petcoke, y la operacion del sistema conienas restringidas.

Se espera un aumento en las emisiones de carbociades al consumo eléctrico de la
Industria Minera del Cobre de un 130% entre 20@D32. Un 66.1% de este aumento
se deber& al aumento de la produccion de cobre3B819% al mayor factor de emision
de la matriz energética de 2012. El uso de teciedomas avanzadas en las futuras
centrales puede traer ahorros al sistema adem@&ewieres emisiones. El reemplazo de
carbon por gas puede traer por si sélo una reduasdun 12% en las emisiones de
2012 a un costo menor a US$23 por tonelada der€idcida.

Palabras Claves: Emisiones de carbo@mstos de mitigacion de carbono; Mineria del

cobre; Chile
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ABSTRACT

This study presents an interdisciplinary methodpltgat, by using mining, electric,
economic and environmental concepts, projects #neon emissions in the SING and

allows the estimation of reduction costs for thesgssions.

Carbon emissions caused by the electricity consommtf the Chilean Copper Mining
Industry connected to the SING are estimated ferpgriod between 2000 and 2012. In
addition, costs of the reduction of these emissreasiction are estimated for different

scenarios.

The estimation of carbon emissions is based oilCtpper Mining Industry’s electricity
demand by using copper production projections fachemine, combined with the
coefficients of unitary electricity consumptionsaf average copper mine connected to
the SING. This estimation is also based on an ¢ipea and environmental model of

the current and planned power plants of the SING.

Evaluated scenarios include: the incorporatioreokwable energy into the energy mix;
the use of more advanced technologies on the fudoad/petcoke-fired power plants,

and the system’s operation with constrained cagrissions.

Carbon emissions caused by the electricity consieomputf the Copper Mining Industry
are expected to rise 130% between 2000 and 201P%66f this increase will be due to
the higher copper production, 33.9% due to thedrigimission factor of 2012’s energy
mix. The use of more advanced technologies in éupower plants would bring to the
system not only emissions reductions, but savirgfscdCoal by gas substitution can
achieve on its own a reduction of 12% of 2012’ss=ioins at a cost lower than US$ 23
per ton of CQ.

Keywords: Carbon emissions; Carbon mitigation co€@pper mining; Chile
Xiii



l. INTRODUCTION

Climate Change is expected to have a serious ingpagrowth and development (U.K.
HM Treasury, 2006), and there is convincing evidgeslsowing that most of the global

warming observed in the last 50 years has itsiighuman activities (IPCC, 2001b).

Climate Change presents both risks and opportsnitbelndustry (Carbon Disclosure
Project, 2006), and nowadays it has become a dotactre Industry on a fundamental
level (Carbon Disclosure Project, 2006). Thus itofsgreat interest to the Chilean
Copper Mining Industry, which accounts for the 6.2%Chile’s GDP in real terms
(COCHILCO, 2007a), to estimate their greenhouseegaissions and carbon mitigation

costs for the following years.

This study presents an interdisciplinary methodpltgat unifies mining, electric and
environmental aspects in order to present an estimaof the carbon emissions
attributed to the electricity consumption of thepper mines connected to North of
Chile’s electric gridSING Costs of reducing these carbon emissions areeslsmated
considering different modifications of the electgied. The timeframe of this analysis is
between the years 2000 and 2012.

Projections of carbon emissions in developing coesitfor the electric grid, and the
impact of different energy sources in those emissare topics that have been addressed
in studies by Mahlia (2002) for Malaysia; Limmeekbloai and Suksuntornsiri (2007) in
Thailand; Denafast al (2004) for the Baltic States; and Manizini, Iskasd Martinez
(2001) for Mexico. Mitigation costs of the carbomissions have been estimated for
Sweden’s petroleum industry by Holgrem and Steminlif(2008), and for Sweden’s
iron ore-bases steel making industry by Ribbenf&drén, and Sternhufvud (2008).



1.1. Mining Industry in the Climate Change Context

According to the fifth report of the Carbon Disalos Project (2007) —where
315 of the FT-500 companies with a combined assstse of US$41 trillion

were interviewed about the risks and opportunitiethe Climate Change—the
Mining Industry is a carbon intense industry. Itosls that, combined, the
Mining, Metal and Steel Industry account for 12% thle total reported
emissions. This report states that currently, taertrend in the Mining Industry
is the search for cleaner, less carbon-intensive,ore efficient technologies,

that can also become new business opportunititgetimdustry.

1.2. Chilean Copper Mining Industry and Greenhouse Gas Bissions

Chile emitted 70.5 Mt of CPOby the year 2000, accounting for 0.23% of world
total carbon emissions in that year (World Resaidestitute, 2007). Carbon

emissions by sector are shown in Figure I-1.

The carbon emissions of the Copper Mining Industrn2000 were 8.58Mt
(COCHILCO, 2007c), contributing 12.2% of Chile’sriban emissions in 2000.
The 30.5% of the Copper Mining Industry’s emissiamsre produced by the
burning of fossil fuels at the mines and, accordingthe Greenhouse Gas
Protocol (World Resources Institute & World Coundibr Sustainable
Development, 2004) are considered toSmepe lemissions because they occur
in the companies facilities. They account for 15.6%the emissions in the

Manufacturing & Construction Secteshown in Figure I-1.

1 Only Scope 1 & Scope 2 emissions considered



On the other hand, 69.5% of the emissions of thep€ob Mining Industry
reported by COCHILCO are produced by the burningpssil fuels at the power
plants that generate the electricity consumed [y rthnes. This means that
37.8% of the emissions of ChileEectricity & Heat Sectoshown in Figure I-1
came from the Copper Mining Industry. These type@direct emissions are

calledScope 2missions, and are the types of emissions thabeiddressed in

this study.
15,5 hiton 15,8 Mton
22 4%
Copper Mining Industry
.6 Mton
12.2% of total emissions
1,7 Mton
24%
4 7 Mton
&7 %
Electricity & Heat
0,2 hton
03% W MManufacturing & Construction
W Transportation
B Fugitive Emis=sions
COither Fuel Combustion
22.7% )
W Industrial Processes
B Land-Use Change & Farestry

Figure I-1: Carbon emissions in Chile in 2000, legt®r (World Resources Institute,
2007; COCHILCO, 2007c)

1.3. Importance of North of Chile’s Electric Grid

Northern Chile’s electric grid -SING—is the second largest electric grid in
Chile, producing 24.5% of the electricity generated2006 with an installed
capacity of about 3596 MW (CDEC SING, 2007b). Hietl generation in this



system is almost entirely thermal, due to the atrsesf mayor hydroelectric

resources in the North of Chile.

The carbon emissions estimation for the SING isvaht to the Copper Mining
Industry because the copper mines connected to $lystem produce
approximately 72% of the total of fine copper proeld in Chile (COCHILCO,
2007a). The copper mines connected to the SINGharen in Table I-1.

Table I-1: Copper mines connected to the SING*.

Mine Type of Product
Altonorte Blister
Cerro Colorado SX-EW Cathodes
Cerro Dominador Concentrates, SX-EW Cathodes
Codelco Norte Concent.rates, SX-EW Cathodes,
Blister, ER Cathodes
Collahuasi Concentrates, SX-EW Cathodes
El Abra SX-EW Cathodes
El Tesoro SX-EW Cathodes
Escondida Concentrates, SX-EW Cathodes
Esperanza Concentrate
Gaby SX-EW Cathodes
lvan/El Zar SX-EW Cathodes
La Cascada SX-EW Cathodes
Lomas Bayas SX-EW Cathodes
Mantos Blancos Concentrates, SX-EW Cathodes
Mantos de la Luna SX-EW Cathodes
Michilla/Lince SX-EW Cathodes
Quebrada Blanca SX-EW Cathodes
Sierra Gorda SX-EW Cathodes
Spence SX-EW Cathodes
Zaldivar Concentrates, SX-EW Cathodes

*SX-EW: solvent extraction and electrowinning; ERectrorefined.

At the time of this study, the SING was undergaanigt of changes in its operation
because of the natural gas crisis that startedOb¥ 2which was caused by the
reduction of Argentina’s natural gas (CNE, 2007H)is situation and its effects on

carbon emissions are discussed in the analysis.



1.4. Mitigation of Greenhouse Gas Emissions

The IPCC estimates future global carbon emissiowistheir reduction potential
within a wide set of scenarios. This representsutieertainties involved in such
a complex task (IPCC, 2007). As an example of th@ucing potential of
different actions that can be taken to mitigatdbcaremissions, an estimation for

one of the scenarios is shown in the following Fegu

90.000
MiniCAM
—_ $0:000:1 [ Conservation and
E—;ﬁ 70.000 4 Eneray Efficiency
= ['| Renewable Energy

18_. g [T Muclear
= 50:000 - [ Coal to Gas
£ 40.000 - Substitution
= mccs
‘2 30.000 -
=
w 20.000 4 Emissions to the

10.000 - atmosphere

T
2005 2020 2035 2050 2085 2080 2085

Figure I-2: Projected carbon emissions and mitigagotentials for the SRES B2
Scenario, by the MiniCAM Model (IPCC, 2007).

In this study, carbon emissions reduction costseveatculated for some of the
mitigation actions shown in Figure I-2. These atsiare:

() Renewable EnergyThe energy sources included are geothermal, wind
power, and solar photovoltaic.

b) Conservation and Energy Efficiencyhe technologies of the coal/petcoke
fired power plants that are projected to be builthe SING in the following



years were compared with more advanced technolagiesoal-fired power

plants, in terms of costs and carbon emissions.

C) Coal to Gas SubstitutionCarbon reduction costs were estimated for
changes in the operation of the SING by the yeaP2®hen LNG is expected to
be fully available in the electric grid. But acciongl to the developed model these

will not be required because of the cheaper geioeraf coal and petcoke.

Carbon reduction costs for Carbon Capture and &orgCCS) were not

estimated in this study because, according to naskors, its deployment is
expected to begin in the following decades, whebaaemissions become more
constrained and the technology is fully develogedC, 2007).

Nuclear Energy is not addressed in this study. ézhiMinister of Energy
Marcelo Tokman believes its implementation in Chdenot expected to occur
before 2020 (Electricidad Interamericana, 2007&)s Ts because of the small
size of the electric grid, the amount of studieguieed, and the acceptance of its
use by the public.



Il OBJECTIVES

The general objective of this study is to presenirderdisciplinary methodology that
applies concepts of mining engineering, electricgim@ering, economics and

environmental sciences, in order to provide an andor two specific objectives:

The first specific objective is to obtain an estiima of the annual carbon emissions
attributed to the electricity consumption of thep@er Mining Industry connected to the
SING, for the period between 2000 and 2012.

The second specific objective is to estimate thilearaemissions reduction costs in the

electric grid, considering the following alternats:

 The planned power plants that are expected to dhtersystem use more
advanced fossil fuel fired generation technologegluated technologies are:
combusting fluidized be(CFB) (both coal and petcoke fire@ulverized coal

supercritical andintegrated gasification combined cy¢l&CC) (coal-fired).

» Carbon emissions are reduced by changing the fuel Reduction costs were
estimated with the new planned power plants usingreatly planned
technologies, and also using the IGCC technologychvhas the highest carbon

reduction potential according to the results olgdin

* The inclusion of renewable energy sources intogtid: Evaluated technologies

are:geothermalwind powerandsolar photovoltaidPV).






ESTIMATION OF CARBON EMISSIONS BETWEEN 2000 AND
2012

3.1. Methodology overview

The annual carbon emissions of North of Chile’scteie grid, SING, were
estimated with an emission model that uses the atrajufossil fuels burned for
electricity generation. This required an estimatidrthe electricity demand for
the analyzed period, and a model of the systentiaer that included detailed
information on the available—and projected—powemnps of the electric grid.
Since the Copper Mining Industry accounts for athb@9% of theSINGs

electricity demand (COCHILCO, 2007c), it was neeegsto model the
electricity consumption of a copper mine, allowitize estimation of the
electricity demand of the Industry to be based upla available annual

production estimation (which was available fromsgtant’s estimations).

Electricity Electricity Optimized

demand of .| demandof | | powerplant| | Fossilfuels | CO,
Copper Mining | 7| theelectric| ~| operation "| consumption | | emissions
Industry grid

Figure 1ll-1: Methodology overview for carbon emdsss estimation.
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3.2. Electricity Demand of the Copper Mining Industry

Among the available information used in this stwhs the copper production of
the mines connected to the SING from 2000 until6208nd in addition, an
estimation of their production until 2012 (Gonzal@p07). These values are

shown in Table A-1 in the Annex A.

The methodology used to estimate the electricitgsamption of the copper
mines is based ouanitary electricity consumption coefficientsr the different
processes of an average copper mine connectedet&GHHG (COCHILCO,
2007b). These are measured in units of energy @asrof fine copper, and
represent the energy intensity for each of the ggees of the mine. Unitary
electricity consumption coefficients were estimatgd COCHILCO from the
year 2000 until 2006 and are shown in the followlizdple:.

Table IlI-1: Unitary electricity consumption coefients for the SING, in mega joules

per ton of fine copper (COCHILCO, 2007b).

Process Unité 2000 2001 2002 2003 2004 2005 20P6
Extraction -Open pit mine| MIMTF inmineral | 4749 4659 5044 5699 6040 885 6512
Extraction - Underground| \, \ire iy mineral| 11052 12483 13373 13945 1957 15351 16787
mine (average national)
Concentration MJ/MTF in 46550 50829 55702 62502 57552 60717 60955
concentrates ’ ’ : ’ ’ : )
Smelting MJ/MTEinanode | 36505  3664.2 38141 39352  4229.8237.0 43420
Refining MJ/MTE in cathodes 1131.4  1143.6 11302 11322 11550 1207.8 11339
LX/SX/EW MJ/ MTF in cathodeg 10141.1 9557.9 98532 10107.3 102943 9847.1 9887.1
Services MY/ MTFinproduct| 459.9  496.4 4467  367.6  367.3 429 417.0

The unitary electricity consumption coefficients ssime of the processes have
had important variations in the last years. Conegioh process increased its

unitary electricity consumption 31% between 20068 3006, mainly because of
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the mineral’s higher hardness (S. Pimentel, petscoramunication, November

19, 2007), which makes the ore harder to crush thedefore the process

becomes more energy-consuming. Mineral hardnessr@e mines accounting

for the 24% of Chile’s annual copper productiormign average of 6% between
2001-2006 (G. Lagos, personal communication, Jgia2008).

The unitary electricity consumption coefficient the Extraction process in open
pit mines increased 37% between 2000 and 2006.vEhnigtion can be attributed
to two different factors: longer transportationtdisces for the mineral, where
electricity-powered conveyor belts are used (S. dniel, personal

communication, November 19, 2007); and diminishovg@ grades in many
copper mines, as ore grade has decreased a wemlgeshe of 12% in a group
of mines that account for the 66% of Chile’s annoapper production (G.

Lagos, personal communication, January 4, 2008)iatfans on the electricity

consumption of the Extraction process in undergdoumnes was not further
analyzed as this type of mine accounts for less th of the total copper
production in the SING.

Smelting increased its unitary electricity consumpt1l9% between 2000 and
2006. This can be attributed to the higher sulghadid production (G. Lagos,
personal communication, January 4, 2008), as stilplagid production in the
Tarapaca Region and Antofagasta Region (both palveyethe SING) raised
45% between 2000 and 2006 (COCHILCO, 2007a).

A linear trend assumption was made for the unitagfficients for the period
2007-2012. Thus a linear regression was made fur eathe coefficients with
the data between 2000 and 2006, and the futuré@deats were estimated using

the resulting model.

2 Metric tons of fine is shortened as “MTF”
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The annual electricity consumption of a mine wasuwated as the sum of the
electricity consumption of the different procestes the mine has. Using these
unitary coefficients, the electricity demand of amenwith n processes for ye&r
can be estimated as:

n

E = ZUCi,k xR (1)

i=1
WhereUC;k is the unitary electricity consumption coefficiasftthe processin
yeark, in kWh/ton of fine coppe®;x is the mass of fine copper (in metric tons)
that comes as an output for the process yeark; and Ejx is the electricity
demand of ming in yeark. The coefficients used for a given mine varied

depending on the mine type (open pit or undergrpwardl the product type
(concentrate, cathodes, anions and/or electrolytic)

As shown in Table 1lI-1, unitary consumption coeiénts of Concentration and
LX/SX/EW processes are expressed in terms of térf;n@ copper in mineral
and not in terms of the final product. The reaswnrtliis is that there are losses of
fine copper in the Concentration and LX/SX/EW prsss. In order to use these
coefficients in Equation fiecovery factorsieed to be used to transform the mass
of fine copper contained in mineral into mass oeficopper contained in the

final product. This can be performed with the faliog Equation:
R =PM, xR 2

WhereP; is the annual mass of fine copper contained imthe’s final product
(in metric tons) that comes as an output for tleeg@sd; PM; is the annual mass
of fine copper contained in the mineral (in metoos) that comes as an output
for the process; andR is the recovery factor of the procasConcentration
process in the SING had an average recovery fatt®8.4% between 2000 and
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2006, and the average recovery factor for the LXESX process in the SING
was 75.6% during this period (S. Pimentel, perseoaimunication, September
14, 2007).

The annual electricity demand of the whole Coppenihy Industry was

estimated as the sum of the demand of all the mgmaslters and a refinery:

DEc, = ZZUCi,k * Pk 3)

j=1i=1

WhereDEC is the total electricity demand of the Copper Maindustry in the
yeark; UC;y is the unitary electricity consumption coefficiarftthe processin
yeark, in kWh/ton of fine copper (the same value forrgveine); P;;« is the
mass of fine copper of mirje contained in the mine’s final product (in metric
tons) that comes as an output for the proc@syeark. The estimation resulting
for the electricity demand of the Copper Mining ustty connected to the SING

is shown in the Figure I111-2.
3.3. Estimation of the Electricity Demand of the SING

The SING has two types of clientggulated clientandfree clients The clients
who pay a fixed price set by the authority on aulagbasis regulated clienty
are mostly companies that supply the electricitythi® general public. On the
other hand, there are the clients who negotiat@ twice directly with the
electricity generating companies through a privegatract free clienty. Free
clients predominately include mines and accountedte 90% of the demand
between the year 2000 and 2006 (CNE, 2007a).
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Annual electricity demand in the SING was estimatsd

DE, = DEr, + DEf, (4)

WhereDEy is the total electricity demand in the SING in geark; DEry is the
electricity demand of the regulated clients in twar k; and DEf is the

electricity demand of the free clients in the ylear

It was assumed that the annual electricity demancegulated clients would
continue to grow with the same average rate obdervéhe period 2000-2006,
which was 5.8% (CNE, 2007a). The resulting estiomatf the annual electricity

demand for this type of client can be seen in thaex A.2.

The copper mines were separated from the rest eoffrée clients, and their
electricity demand was calculated with Equatiora8.explained in Section 3.2.
For the rest of the free clients an annual groweig of 22.4% was assumed,
being the average between 2001 and 2006 (CNE, 200fa estimation of the
annual electricity demand for the rest of the tkents can be seen in the Annex

A.3. Thus annual electricity demand of the regulatiégents was calculated as:

DEr, = DErfc, + DEc, (5)

WhereDEry is the total electricity demand of the regulatbents in the SING in
the yeark; andDErfcy is the electricity demand of the “rest of the folients” in
the yeark; and DEg is the total electricity demand of the Copper Main
Industry in the yeak, estimated with Equation 3.

The electricity demand of the SING for the year®@®Q012 is shown in the
following Figure.
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Figure 1ll-2: Electricity demand in the SING betwe2000 and 2012.

3.4. Modeling the Operation of the Electric Grid

3.4.1 Model Description

Future carbon emissions of the SING were estimbjedalculating the amount
of consumption of different fuels by the system,ichhwas obtained with a
model of the operation of the electric grid.

To model the operation of the SING it was necessarynderstand how the
Chilean electric market works. A simplification tfie system’s behavior is

explained in the following quote:

“demand is assumed to be unresponsive to pricesehtfre role of the system
operator is to accommodate power supply to thedfidemand. Plants are
dispatched according to the merit order, i.e. they ranked according to their
marginal operating costs and dispatched in ascgndider until demand is
satisfied.”. (Fischeet al 2003, p.303-304).
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Because power plants are dispatched accordingdio tharginal cost in an
ascending order, the system operator has to soma@nization problem that
leads to the least expensive way of fulfilling tli#imand (Fischeet al, 2003).
For this study, a model has been implemented uSaolyer Premium on
Microsoft Excel to solve this standard linear miraation problem for an entire
year, with the use of information from all the powsants connected to the
SING. The model's output is the annual electriggigneration (in GWh) and
annual fuel consumption (in units of mass or volurfeg each power plant,
which was afterwards linked to a greenhouse gassessions model to estimate
the emissions. For a complete description of thrarpaters and assumptions of

this model refer to Annex B.

This model is a simplification of a more complexstgyn. Other processes such
as starting up and shutting down of the power glamt operation with minimum
levels, have not been modeled, assuming that ithgiact on the results is low.
This could have resulted in a sub-estimation of filned consumption in the

system, as fuel consumption rates are higher wiesetadditional process occur.

Table 11I-2: Data needed for the SING’s operatioodel.

Model Input Intermediate estimations Model Output

Power plant data

-Gross capacity

-Net capacity

-Availability factor

-Fuel type

-Specific fuel consumption
-Non-fuel variable costs

Variable costs Electricity generation

Fuel data

-Fuel prices

-Natural gas availability Fuel consumption

System's information

-Annual Electricity demand Load duration curve System'’s variable costs
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The operation of the SING was modeled for each yess obtained with the

optimization problem shown in Table 11I-3. Each yemas divided in three

representative ranges according to the base-loaatioln curve of the system
(see Section 3.4.6). The solutions of this probdm the annual generation of
each of the power plants of the SING, for the pehetween 2007 and 2012.

Table 11I-3. Optimization problem, solved for eamberation range, for each year.

n.m

Minimize TCzZZVCk,i x GGen,
i=1 k=1
Subject to: M GGen.
(l)Z—r]"'s MaxGGen ,i €[1,n]
k=1 PFk,i FA
LB DE
2 NGen, =
21:; ' (@-DL)
Where: NGen, = GGen,;x(1-0OG;) k€ [1,m], i €[1,n]
GGen;>0 k€[1,m], i €[1,n]
Variable |TC: variable costs of the operation |[dfGen . net generatio
names: the SING [US$]. for plant i when using

VC;: variable cost for plant i whe
using fuel k, on a gross generati
basis [US$/GWh].

GGen,: gross generation for plant|ifuel k [%0].

when using fuel k [GWHh]. oG own
DE: the total electricity demand of theonsumption of plant

nfuel k [GWh].
dPF ;:availability factor
of plant | when usin

operation range [GWh]

n: number of power plants

m;: number of fuels with which pow
plant i can operate.

FA.: fuel availability factor for fuel k

when using fuel k[%]

Ef%]

MaxGGern maximum
gross generation fo
plant i [GWh]

GGen;: gross
generation for plant
using fuel kK[GWh].

DL: distribution losses$

D

=




18

Constraint (1) addresses the fact that no powent gian generate more than its
maximum effective generation capacity. Constra@} iequires that the net

electricity generated by the system has to be etjudihe electricity demand,

considering the distribution losses, which arenested as a 4.1% (CDEC SING,
2007b). The electricity demand for each time rawge calculated according to
the system’s base-load duration curve (Sectior6B.4.

The SING’s operation model was successfully vaéiddty obtaining results for
past years (2001-2006) and comparing them withréhé operation information
for these years. This validation and the assumgtiakolved are explained in
Section 3.5.

The power plants included in the SING’s operatiaydei from 2007 to 2012 are
listed in Annex B.1. This information was obtainiedm a self-generated report
from CDEC SING (2007e). The new power plants planned fordygtem are
added to this list for the years that they opertiteir technical information is
available in Annex B.6. The assumptions and eqnatised on their modeling is

described in this Section.

3.4.2 Availability factors

Power plants don’t operate all the time using maximpower. This can be
represented by aravailability factor, which represents the percentage of
maximum generating capacity that the plants agtugdnerate for a certain
period of time (The Royal Academy of Engineerin@042). In this study,

availability factors were calculated as:

PF=(100% - MF)xOM,; (6)
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WherePF; is the availability factor of the power plan{%); maintenance factor
MF; is the percentage of the year on which power plain maintenance; and
operation margirOM; is the percentage of the maximum capacity on wtteh

plant i normally operates because of security reasond/¢degas, personal
communication, August 16, 2007). Availability factdfor all the power plants
are listed in Annex B.2.

The maintenance plan for all the power plants fer period 2007-2011 was
obtained from the repo@DEC SING C-0001/200fCDEC SING, 20079). In the

SINGs operation model, thenaintenance factoused for 2007-2012 for each
power plant was the averageintenance factoof the plant calculated from the
report for 2007-2011Maintenance factordor each power plant are shown in
Annex B.2.

The operation marginsvere obtained using different approaches depenaing
the type of power plant:

a) For coal-fired and gas-fired combined cycles thgeration
margins were obtained from a CDEC SING’s employee (J. \gase
personal communication, August 16, 2007).

b) For the two small hydroelectric power plants, masgiwere
estimated by comparing the plants real generatosn2000-2006 with

their maximum capacity.

C) For diesel and fuel oil motorsperation marginsvere estimated

by comparing thefirm power with their maximum power. This
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information was obtained from the repddDEC-SING C-0009/2007
(CDEC SING, 2007h).

Availability factors were also estimated for thejected power plants that will
start operating in the following years. They carfdaend in Annex B.6.

3.4.3 Modeling Natural Gas Availability

Natural gas availability was modeled with natural gas availability factor
calculated as:

EPs
NG=—" 7
EP 0

WhereEP is the gross annual electricity that could be gateel by the gas-fired
power plants in the system (in GWh) if there wasatural gas shortaggéPsis
the gross annual electricity that can be generayegas-fired power plants with

natural gas shortage; aNd is the natural gas availability factor.

The natural gas availability factor was estimatadtiie period 2004-2007, using
information from the CNE (2007b). Expected volunieyas was compared with
the volume that was actually received in the peand this ratio was assumed to
be equal to the natural gas availability factor,iochhwas confirmed by the
validation of the model, described in Section Bl&tural gas availability factors
in this period are shown in Annex B.3. For 2007aanual average value of 10%
availability was assumed, based on the developmwietite natural gas crisis at
the time of this study (Electricidad Interamerica2@07b).
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The natural gas-fired Salta Power Plant is locatedrgentine territory, and
began to initiate restrictions on its natural gappdy in 2007. Natural gas
availability for this power plant is modeled usirgg different natural gas
availability factor For 2007, it was assumed to be at 60% according t
information available from reports by the CDEC SIKZBO7i).

Assumptions on the natural gas availability in fystem for the period 2008-
2012 can be found in Section 3.7.

3.4.4 Effective Net Power

The effective net energy that a power plant canlyee on a certain year (i.e. the
amount of energy that a plant can produce consigemaintenance, operation

margins and fuel availability), was calculated vittle following equation:

NGeng¢ = PFix(100%-OCi)xFAxGGen¢ (8)

WhereNGeng is the effective net annual generation capacitthefpower plant

i; PF is the availability factor of power plants described in Section 3.4QC

is the own power consumption of power plgritA is the fuel availability factor
for power planti, which is different from 100% only for the gasefir power
plants, as described in B.3Gengis the amount of gross annual generation that
power planti could produce if it was operating the whole yeamaximum

power.

The individual power consumption values of the poplants on the SING were
obtained from a self-generated report from CDECG&I(2007e). These values
represent the percentage of the generated powérighaonsumed by the

installations of a power plant, and they were agsigonstant for all the years.
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Individual power consumption values and calculagéiéctive net generating

capacities (in power units) are shown in Annex B.4.

3.4.5 Power Plant Variable Costs

The variable costs of a power plant are the cdsts depend on the amount of
electricity generated, and are expressed in urfittd® mills’tkWH of gross
generation. They can be divided infieel variable costFVC) and non-fuel
variable costyNFVC). NFVC for each power plant of the SING welgtained
from a self-generated report by the CDEC SING (208iid are shown in Annex

B.5. FVC were calculated for each power plant as:
FVC, = f, xCR 9)

WhereFVC is the fuel variable cost of the power plant i (@ls/kWh); f; is the

price of one unit of mass or volume of the fuelt thawer plant i uses (US$/kg or
US$/n?); andCR is the fuel consumption rate of power plant ipiits of mass

or volume per unit of energy generated (kg/kWh ofkivh). Fuel consumption
rates were also obtained from a report by the CBEGS (2007f) and are shown
in Annex B.5. Both NFVC and fuel consumption rategues from 2006 were
assumed constant for the entire evaluation timefrafvVC on the other hand,
change for each year since assumptions have bed® onathe future fuel prices

(explained in Section 3.6).

%1 mill = 1/1000 dollar
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3.4.6 Base-load duration curve of the SING

Base-load duration curve of the system, i.e. thewnhof time that a certain
power level is generated during a year, was gemefabm a report by the CDEC
SING (2007d) with hour-by-hour information on thgst&em’s operation for

2006. This curve, shown in Figure 1lI-3, was divdda three representative time
ranges in order to simplify the optimization model.
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0 1000 2000 3000 4000 &000 BOO0 7OOO 8000 S000
Time [h]

Power [MW]

Range [h] Duration [h] | Average Power [MW] | Generation [GWh]
d-100 100 1709 3 1710

101-4500 4400 1569 4 R905 2

4501-8760 4260 1446 0 5159 8

Figure 111-3: Base-load duration curve of the SIN2006 (blue line), and simplified

curve (pink line).

This curve was assumed to be representative fahalyears of the analysis (H.
Rudnick, personal communication, August 7, 2004h order to use these
representative ranges for the rest of the yearer@vthe system’s demand is not
the same as in 2006), the electricity generatioluesgawere transformed to

percentages of the annual electricity generationd, the average power values
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were calculated dividing the generation by the tinaene. This unitary base-load

duration curve values are shown in Table IlI-4.

Table 111-4: SING’s unitary base-load duration ceinalues and operation ranges.

Range [h] Duration [h] Generation [% of total
annual generation]
0-100 100 1.3%
101-4500 4400 52.2%
4501-8760 4260 46.5%

3.5. Validation of the SING’s Operation Model

Before using the SING’s operation model to estimfateire behavior of the
system, a comparison was made between the reswérgpn emissions and
generation by fuel type when simulating with datanf 2001 to 2006, with the
real carbon emissions and real generation by e from those years. This was
a necessary step before estimating future emisgiomsler to check the model’s

accuracy.

The power plants of the system in the period useddlidation were the same as

in 2007, with some exceptions in their operation:

a) Norgener Thermoelectric did not have the choicegerate with
Fuel QOil in the period 2001-2006.

b) Small Diesel Zofri Power Plant that operates witdsdl was not

available in the years before 2007.
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C) Petcoke in Mejillones Thermoelectric was not usetbie 2003,
and it was not used in Tocopilla Thermoelectricooef2006.

d) The effects of the natural gas shortage that starte2004 are
modeled as described in B.3.

The real emissions of the system were obtainedoplyag the carbon emission
model described in Section 3.8 into the real opmnadata for the power plants in
the period between 2001 and 2006, which was availalself-generated reports
by the CDEC SING (2007c).

Real and simulated percentages of electricity gaimer by fuel type are
available in Annex D. Natural gas shows very simifalues for both cases,
including the years after 2004 when the shortaggest. This tells us that the

methodology used for its representation describeseiction 3.4.3 is appropriate.

Coal/petcoke generation covers the rest of theigeaeration and fulfills the

demand according to the simulation, having no diaseé fuel oil generation.

The reason why the model does not represent daeskfuel oil generation so
well is because they were used in this periodrmétas backup energy source to
cover hourly peaks that are not represented imiheel because of the base-load
curve simplifications (Section 3.4.6). This doed poevent these sources to
appear when cheaper fuels can not fulfill the endemand. Hydropower is
accurately represented; since they have no var@sts, their operation is very
predictable and is not a subject of this validation

Annex D shows a comparison between simulated aald(estimated) carbon

emissions. Simulated carbon emissions are verylasinid the real carbon
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emissions in the SING. This means that the SINGxeration model is
representing properly the behavior of the systerteims of carbon emissions,
and thus can be used to project these emissidhs ifollowing years.

3.6. Assumptions on Fuel Prices

Average annual fuel prices in the SING for the @eérbetween 2000 and 2007
were estimated, for each fuel, as the averageeoptite of the fuel in the first
day of every month for the years obtained from goreby the CDEC SING
(2007a). These first day of the month’s prices warerage values among the

different power plants. Fuel prices for these yaaesshown in Annex B.7.

For the period between 2008 and 2012, annualti@gof the fuel prices in the

SING were assumed to be the same as the annuatioasi of the projected fuel

prices for the US fuel market, estimated by the.WD8partment of Energy

(2007a). This assumption was considered reasobgida expert on fossil fuels,

Ph.D. Roberto Aguilera (personal communication, ésigl3, 2007). Petcoke

prices’s annual variations were not available, thnsual variations of crude

price were used. Henry Hub’s wellhead gas price agssimed to be equal to the
LNG price. Fuel prices and annual variations in tf&fuel market are shown in

Annex B.7.

3.7. 2007-2012 Scenario

In the following years there are some changes egget take place in the
SING, which are summarized below.
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(@) Three new coal/petcoke-fired power plants are ebgoeto start
operating between 2010 and 2012. Their technologieiscapacities
are summarized in Table I1lI-5. For more detailecchtecal

information on these power plants refer to Anne&. B.

Table 111-5: Projected power plants.

Gross :

Company Power plant Technology Power Starting

MW] year

Norgener Angamos pulverized coal - sub-critical 600 2010

Suez Energy International Andino combusting fluidized bed 400 2010
BHP Billiton & CODELCO Kelar pulverized coal - sub-critical 500 2011
Empresa Nacional de Geotermia | g| Tatio-La Torta geothermal 80 2011
Empresa Nacional de Geotermia Apacheta geothermal 40 2012

(b) Empresa Nacional de Geotermia, an association ketstte-owned
ENAP and ENEL, is projecting the construction obtgeothermal
power plants that would start operating in 2011c@kding to this
study, they are expected to cover up 4.7% of tkeegys demand by
2012.

(c) The natural gas crisis previously referred to ipested to worsen
until a LNG re-gasification facility (built by COOEO and Suez
energy International) begins operation in the pbiejillones at the
end of 2009. This facility is expected to increéise availability of
natural gas by 450 MW (Electricidad InteramericaB@07). The
natural gas availability in the SING’s power planexpressed as a
percentage of the installed natural gas generatapacity. It was
assumed that in 2008 the natural gas availabdgityor will be 5% for
Chilean territory, and 10% for the Salta Power Bland that in 2009

there will be no natural gas available in the SING.
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Figure 1ll-4: Natural gas availability, in percegéof installed generating capacity of
the systemnG: natural gas; LNG; liquefied natural gps

(d) The average annual fuel prices in the SING weralaa for the
period 2000-2007 in reports by the CDEC SING (200Ta project
fuel prices in the SING for the following years,pexted annual
variations for the US Fuels Market estimated in DXDEnnual
Energy Outlook 2007U.S. Department of Energy, 2007a) were used.
More details on these assumptions are availablgeittion 3.6, and

the estimated prices are available in Annex B.7.
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3.8. Emissions Estimation

According to the methodology for Eer 1 approach, described 2006 IPCC
Guidelines for National Greenhouse Gas InventorigBCC, 2006), the
emissions of a fossil fuel-fired power plant of extain greenhouse gas can be

estimated with Equation 10:

E(G‘ F):FEFXEF(G, F) (10)

WhereEg, r) is the mass of the g& emitted by the power plant in a period of
time; F is the fuel typeFEr is the amount of fueF combusted in the same
period of time, in energy units; afdFc r) is the emission factor of the fuélfor
the gasG, in mass of greenhouse gas per unit of enefidye emission factors of
the fuels are shown in Annex C.2, and because nahbuossions depend only of
the fuel type and not of the combustion technol@BZC, 2006), generic factors

for the Energy Industry were used.

CH, and NO emissions were transformed to £€quivalent by multiplying
them by theirGlobal Warming Potential (GWP) unit used to compare the
global warming contribution of a greenhouse gaspamed to the contribution of
CO; (IPCC, 2001c).

Eco=EcxGWPg (11)

WhereECQO; are carbon emissions, in mass of £CBG are emissions of g5,

in units of mass of gas; and GWRs is the global warming potential of
greenhousés, in units of mass of COper mass of ga§. The GWP value for
CH, is 23, and for BO is 296 (IPCC, 2001c). In this study, resulting 4Gifid
N2O emissions account for less than a 0.1% of tla ¢arbon emissions.
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The amount of fuel (in energy units) that a powanpconsumes over a period

of time was estimated as with the following Equatio

FEF=GGenxFCxLHVk (12)

WhereGGenis the gross generation of the power plant, inrggnhenits; FC is
the fuel consumption ratei.e. the amount of fuel, in mass or volume units,
consumed by the power plant when generating aafi@hergy;LHVE is the low
heating value of the fuel F, which is in units okegy per mass or volume. Low

heating values used in this study are availabkninex C.1.

The following figures show the average carbon eimis$actors of the power
plants of the SING. Coal/petcoke power plants ¢feamit the most carbon per

unit of energy generated.
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Figure IlI-5: Weighted average carbon emissiondiecdf SING’s power plants.
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Figure 111-6: Box plot of the carbon emission fast@f SING’s power plants.

The total greenhouse gas emissions of the whol&Sb¥ a single year can be
estimated as the sum of the annual emissions &f efathe power plants of the
system:

Esine = Z E (13)
i=1

WhereEging are the annual carbon emissions of the entire SEN@E; are the
annual carbon emissions of power plant i (both assnunits).

To estimate the carbon emissions generated by dppef Mining Industry, an
emission factor for the entire SING was obtaineddibyiding the total carbon
emissions (in tons of CCQequivalent) by the electricity demand of the sys{e
GWh). This factor represents the unitary carbonssions of the system per unit

of net energy produced, and was estimated for eyesay (see Figure 111-9 for the
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resulting annual emission factor of the system)e Tiidustry’s emissions were

then estimated as:

EC:DC'EFSH\]G (14)

WhereEc are the annual carbon emissions of the Coppernditmdustry (in
tons); Dc is the annual electricity demand of this Industcglculated with
Equation 3 (in GWh), an&EFgng is the emission factor of the SING (in
ton/GWh).

3.9. Results of the Operational-Environmental Model of he SING

One of the results of the operation model of tleeteic grid was the amount of
electricity generated by each of the power plantthe system. The power plants
were then grouped by energy source to obtain tinergéon profile by energy

source of the SING, shown in Figure IlI-7.
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Figure IlI-7: Electricity generation by energy soeand variable costs of the SING.
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Figure 111-8: Annual variable (operational) costdlre SING.

From 2000 until 2005 most of the electricity wamgmted with Argentine
natural gas (CDEC SING, 2007b); however in 2004 dhertage started (CNE,
2007b) and coal generation increased. From 20020t0, before the new
planned coal/petcoke-fired power plants start tlogieration, combined with a
shortage of natural gas, generation with dieselfaaboil is expected to rise and
account for up to 50% of the total generation b§20rhis will also increase the
variable costs of the system because generatiomg usiese fuels is more
expensive. After the new coal/petcoke-fired powkmis start operating, coal
will become the main energy source representing @fi%e total generation in
2012, and generation costs will lower.

According to these results, LNG will be used asemporary solution when
cheaper energy sources are not available, anchatilbe required once the new
power plants are built. The reason for this is tlacttricity generation with LNG
Is expected to be more expensive than with cogledcoke (see 3.7) , so the

LNG-fired power plants will not be dispatched bye tlsystem’s operator.
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Geothermal energy is expected to account for 4.2%ne total generation by
2012, and by adding hydropower, renewable enegikksepresent 4.5% of the
total generation.
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Figure 111-9: Carbon Emission factor of the SING.

The emission factor of the electric grid represémésunitary carbon emissions of
the system per unit of net energy generated, andbeaused to compare the
emission behavior of different years with differ¢ntal emissions. In Figure

[11-9 one can see that the carbon emission fast@xpected to increase after the
natural gas shortage. As shown in Figure IlI-5,| eval petcoke generation emit
around 144% more mass of carbon per unit of engegyerated than generation
with natural gas—the emission factor is expectedrise when the new

coal/petcoke-fired power plants start their opersi

Annual carbon emissions from the SING and frometleetricity consumption of
the Copper Mining Industry are show in Figure l0-I'he carbon emissions in
2012 are expected to be 273% of their value byydar 2000, while electricity

production is expected to be 220% more than in 200@ reason for this
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increase is the different fuel mix planned for 200&ich will give the system a
higher carbon emission factor.
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Figure 111-10: Annual carbon emissions in the SING.

The relationship between the carbon emissionsettpper mines and the total
emissions of the SING is the same as the relatipnisétween the electricity
consumption of both of the copper mines and thereergrid. This can be

explained by the linear relationship between carborissions and electricity
production shown in Equation 14.
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Figure IlI-11: Unitary carbon emissions due to #feity generation of a ton of fine

copper produced in the SING.

Figure 11I-11 shows the unitary carbon emissions pait of fine copper
produced, due to the consumption of electricitythiyy Copper Mining Industry
connected to the SING. The path that it followsesy similar to the one of the

system’s emission factor, shown in Figure 111-9.

Since assumptions were made for the projectionghef unitary electricity
consumption coefficients of the mine processesherperiod between 2007 and
2012 (shown in Table IlI-1 ), the electricity congotion and carbon emissions
of the Copper Mining Industry in 2012 were alsoireated for an alternative
case where the unitary electricity consumption focehts for this period are
assumed to be equal to their 2006 value. A comparnd these estimations is
shown in Table 111-6. The difference in the Coppining Industry’s electricity
demand and in its annual carbon emissions (botl2®dr2) is around a 13%,

while the difference in the emission factor is vy (0.7%).
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Table 111-6: Comparison of the electricity demamtiaarbon emissions of Copper
Mining Industry in 2012 using two different assurops for the future trend of the

unitary electricity consumption coefficients.

Assumption
glrg]viﬁ\rg 2006 difference
0,
(base case) values (%)

Copper Mining Industry's

Electricity Demand [Gwh] 13707 11982 -12.6%
Copper Mining Industry's Annual

Carbon Emissions [Mton CO3] 13.5 11.7 -13.2%
SING's Carbon Emission Factor

[ton CO,/GWh] 985.5 978.8 -0.7%
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CARBON EMISSIONS REDUCTION COSTS

4.1. Methodology overview

Carbon mitigation costs for the carbon emissionsthe electric grid were
estimated using different alternatives. These rétidres have massive carbon

reduction potential from a world-wide perspectilRGC, 2001a):

a) The introduction of renewable technologies into d¢hectric grid.
Included technologies are: geothermal flash, wiralvgr, and solar
photovoltaic (PV).

b) Implementation of efficient, more advanced fossdlffired power
plants in the SING, viewed as the theoretical regta@ent of the planned
power plants by more advanced coal-fired powertplafhe generation
technologies evaluated are: combusting fluidized @@FB) (both coal
and petcoke fired), pulverized coal (PC) supenaiti and coal-fired

integrated gasification combined cycle (IGCC).

C) Reduction of emissions by changing the fuel mix.isTtvas
achieved by constraining the carbon emissions m gkistem when
performing the SING’s operation simulation. Thisteahative was
evaluated for both the SING’s expected base cas2Oi?, and for a
theoretical case where the PC technology of thengld power plants is
replaced by the IGCC technology (which has the dsghreduction

potential according to the results obtained).
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For all of the alternatives, carbon emissions rédaaosts were estimated using
2012 as the base year. The energy profile of tlesr ys expected to be
maintained in the SING as the energy demand wille#i covered with the
planned power plants (installed generating capasigxpected to overcome the
demand in 49% by 2012).

The methodology used for the three alternativegery similar. The first step
was to characterize each technology by calculatsngarbon emission factor and
its levelised cost of the electricif(y.CE), so they can be compared in an annual
basis. This was not done for the alternative cgnetlthe comparisons were done
with the operating costs of the system. After thihg differences in carbon
emissions were estimated for each new technologypeaoced to a base case, and
finally, the carbon mitigation costs were calcutaty dividing the difference in
cost, by the difference in carbon emissions (Hobngand Sternhufvud, 2008;
Ribbendhed, Thorén & Sternhufvud, 2008). Finallycanparison was made
between carbon reductions, annual costs and caoes associated with each
of the evaluated alternatives in order to obtainoasler of magnitude of the

savings that could be obtained by selling the aareductions into the market.

Technologies characterization: - :

-LCE (a, b) _| Differencein | = Carbon
-Operating costs (c) v carbon > emissions
-Emission factors (a,b and c) emissions reduction costs

Figure IV-1: Methodology overview for carbon em@ss$ reduction costs.
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4.2. Technologies Characterization

4.2.1 Levelised Cost of Electricity

Levelised cost of electricity (LCE) is defined as annualized, unitary cost of
generating electricity (U.K. Energy Research Cen2@07). LCE is used to
compare the electricity generating costs for ddfeértechnologies (International

Energy Agency & Nuclear Energy Agency, 2005).

According to U.K. Energy Research Centre (2007A)elised cost of electricity

(LCE) for a power plant can be estimated as:

AC
NGer

LCE=

(15)

WhereLCE is the levelised cost of electricity (US$ per kWN)Genin the net
generation of the power plant in a year (kWh); a&are the annualized costs of
the power plant (in US$), including investment, efix and variable costs.

Annualized costs are calculated as:
AC =Al+FC +VC (16)
WhereAl is the annualized investment of the power pl&tare the annual

fixed costs, an®/C are the annual variable costs. The annualizedstmeant Al,

is calculated as:

] (<)
Al = NGencx INV ( (1”)_1J (17)
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WhereINV is the unitary investment required to build andrtsbperating the
power plant (in US$/net KWNIGencis the annual net generating capacity of the
power plant (kW);N is the lifetime of the power plant in years; and rthe

discount rate. A discount rate of 10% is used is skudy.

Annual fixed costsfFC, are calculated by multiplying the unitary fixedsts of

the technology type times the annual generatidheplant.
Annual variable costd/C, are calculated with Equation 18:

_ 8760x NGenx|[VC,, +VC,]
1-0C

VvC

(18)

WhereOC is the own electricity consumption rate of the powlant;VCyr are
the non-fuel variable costs (US$/kWh); aN@: are the fuel variable costs
(US$/kWh), calculated with Equation 9 (Section B8)4.

Annual net generatio™Gen can be estimated as:

NGen=NGencxPF (29)

WherePF is the availability factor of the power plant. Bgmbining Equations 9
with Equations 15-19, LEC can be estimated as:

1
1-0C

rx(i+r)"

fer) o1 x[VC,, + f xCR]

INVX{ }+FC+8760>< PF x

LCE =
876(x PF

(20)
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LCE were estimated for the following technologipalverized coal sub-critical,
pulverised coal supercritical, combusting fluidizééd (CFB) for coal and
petcoke, coal-fired integrated gasification combdimgcle (IGCC), wind power,
geothermal flash, and solar photovoltaic. The agafivalues used in the

estimation of the LCE for each technology are tisteAnnex E.

In order to compare the different technologies azbmmon year-basis, money
units were transformed to 2006 USD with tleer consumer price ind€ffficer

& Williamson, 2007). These values are also avadablAnnex E.

The prices of coal and petcoke were projected hith same methodology

described in Section 3.6 until 2030 (there are mahér estimations on fuel

prices annual variations). LCE were calculatedZ0L2 as the base year, thus
average expected fuel prices between 2012 and #6898 used akin Equation

9. These prices are available in Annex E.

Table E-2 shows the estimated LCE for the differelgctricity generation
technologies.
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Figure 1V-2: Estimated LCE for different electriciggeneration technologies

CFB: combusting fluidized bed; PC: pulverized cd@8CC: integrated gasification combined cycle; LNiguefied natural gas;
PV: photovoltaic
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4.2.2 Carbon Emission Factors

Carbon emission factors of the fossil fuel-firedMgo plants are shown in Figure
IV-3. As described in 3.8, carbon emission facttgpend on the type of fuel and
on the efficiency of the power plant. The IGCC ysfar the less carbon emitting
technology, with an efficiency of 45.4% used inststudy (US. Department of
Energy,1998). Technical information of the generatitechnology types is

available in Annex E. Renewable energies considerdtis study do not emit

greenhouse gases during their operations becaegedm’t burn fossil fuels.
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Figure IV-3: Emission factors of fossil fuel-firgbwer plants

CFB: combusting fluidized bed; PC: pulverized cd@{C: integrated gasification combined cycle

4.3. Carbon Emissions Reduction Costs for Renewable Sotes

The inclusion of renewable technologies into thé gwould replace some
electricity generation from the current fossil ffiebd power plants (Keith,

2004). This means that they would also replace ararbmissions, as their
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emission factor is cero. The unitary carbon emissimitigation costs for a
certain installed capacity of renewable technolegieere estimated with the

following Equation:

LCEx NGen - SAV
E,-E

RCost = (22)

Where LCE; is the levelised cost of electricity of the reneleabechnology
(US$/kWh); Eo are the annual carbon emissions of the electiit(gpn/kwWh) in
the base case (without additional renewable tecgnes); E; are the carbon
emissions of the electric grid (ton/kWh) with astedled capacity of renewable
technologies;SAV are the system’s annual savings because of th@ades
fossil fuel generation; an@Cost are the unitary costs of reducing carbon in the
system (US$/ton) with an installed capacity tofrenewable sourceRCost
changes per every unit of renewable power thasyseem already has, &Cost

is a function of the installed capacity of reneveabhergy and can be expressed

with a curve.

The reduction costs curves were obtained by cdloglaRCost for annual
generations up to 1000 GWh for each of the constleenewable sources. This

was achieved with the following procedure, eve@Wh added into the system:

a) All the power plants were listed according to thariable costs in
a descending order. A renewable energy sourceetitats the system is
expected to replace the generation of the mostreskpe power plants
according to the SING’s operating scheme of miningz/ariable costs in

the system.

b) For a certain installed capacity of renewable epetige carbon

emission factor of the SING (as described in Sac3®).
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C) Carbon emissions reduction costs were estimateld Bauation
21.

As shown in Annex F, carbon emission reduction esrvresemble horizontal

lines, thus average values were used in the asalysi

Table IV-1: Carbon emissions reduction costs foewable sources in the base case of

2012.
Carbon emissions
Technology reduction costs
[US$/ton CO 7]
Geothermal Flash -16.4
Wind Power 79.5
Solar Photovoltaic 695.3

4.4, Carbon Emissions Reduction Costs for Advanced Fos$$tuel-Fired

Power Plants

As shown in Table IlI-5, three new coal/petcoke poplants are expected to be
built on the SING. Two of them are expected to pskerized coal sub-critical
boiler technology and one of them is expected t@el@mbusting fluidized bed
(CFB) technology. From a carbon-reduction pointvagw, it is interesting to
compare the effects on carbon emissions by thentdabies planned for the new
power plants, with more advanced and cleaner fossiifired technologies such
as IGCC and pulverized coal supercritical. Thushaa emissions reduction
costs were calculated for these more advanced aémdias, considering in this
case “reduction” as the difference between the €ons of the planned and
more advanced technologies; and “costs” as therdifice between the LCE of

the planned and more advanced technologies. Tl pview is relevant since
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the energy profile of 2012 is expected to be maethin the following years in
the SING as shown in 4.1.

The unitary carbon reduction costs for the advaneeldnologies were estimated
with the following Equation.

LCE,; —LCE;
EFOT - EFAT

RCost= (22)

Where LCEar is the levelised cost of the electricity (in US#k) of the more
advanced technology ahdCEqris the levelised cost of electricity of the planned
technology.EFor and EFat are the carbon emission factors (ton/kwh) of the
planned and more advanced technology respectiyetynfore information on
emission factors refer to Section 3.8Costare the unitary carbon emissions
reduction costs (in US$/ton) of the technologicapiovement of the planned
power plant. Carbon reduction costs for the evallia@ternatives are shown in
Table IV-2.

4.5. Operation of the SING with Constrained Carbon Emisgons

By 2012, with the new power plants operating and HNG regasification
facility installed in Mejillones, the installed gemating capacity is expected to
overcome the electricity demand of the SING by 49%cording to the demand
estimation and assumptions made on this study)was shown in Figure 1l1-7,
the NG-fired power plants will not be required af11 because the new
coal/petcoke-fired power plants will fulfill most ¢he demand with a cheaper
price. Thus, by 2012, the SING is expected to hidnee ability to reduce its
carbon emissions by the inclusion of some genaratith LNG into the system.
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As shown in Figure IlI-5, the average emissiondactf a NG-fired power plant

is 41% of the one of a coal-fired power plant.

Carbon emissions reduction costs of the SING wbtaied for certain emission
reduction percentages of the whole system. This aghseved by inserting an
additional restriction into the SING’s operation aeb (see Section 3.4.1 for a
description of the model) that constraints theltetaissions of the system, and
forces it to be a certain percentage of the base.c@ihus, the following
restriction was added to the optimization model:

E=E,.x(1-r) (23)
WhereE are the new carbon emissions in the time fram&ne of carbonEpase
are annual carbon emissions in the time frame,owitlthe emissions constraint,
in tons of carbon; and is the emissions reduction ratio. Results weraiobd

for emissions reductions up to a 32% (r=0.32),esithe system can not fulfill the

electricity demand for emissions constraints beyibiad value.

For each emissions reduction percentage, carbagatiitn costs were calculated

as:

_TVC-TVC, .
Lf

RCost (24)

base

Where RCost are the unitary carbon reduction c@s$8$/ton); TVGase are the
total annual variable costs of the SING without &sitins restriction (in US$),
and TVC is the total variable cost in the SING with enoss restriction (in
US$). TVCis always be greater tha/Gase because both are calculated when

the system minimizes its variable costs DUC has an additional restriction.
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For the expected base case of the SING in 2012 eftimation was performed
for carbon emission reductions up to 32%, whicheeindp to be the system’s
reduction potential (beyond that percentage theliesl capacity was not able to
fulfill the system’s electricity demand). The resuy behavior of the system
under the emissions constraints and the carborgatitn costs are shown in
Figure 1V-5.

This optimization problem was also solved for aeralative scenario where the
two planned power plants that are expected to Ume pulverized coal
technology, use the IGCC coal-fired technology,cliias shown in Table IV-2)
has the highest carbon reduction potential (7.8%4he three planned power
plants were to use it. The system was not optimipedhe three power plants
using the IGCC because the technology replacenoerihé Andino power plant
IS more expensive in a unitary basis than changjiegsystem’s fuel mix for
carbon emissions reduction. Because of this reakertechnology improvement
for the Andino power plant is evaluated after thestesm is optimized for

minimizing emissions.

When optimizing the system in this scenario, a @arbeduction of 30% was
achieved by fuel mix replacement. Combining théboarreduction due to the
more efficient technology with the fuel mix changdse estimated carbon
reduction potential of the 2012 SING is 37.8%.
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4.6. Carbon prices

After the estimation of the costs and reductioncaron emissions for each of
the alternatives, the potential incomes from théessaof these emissions
reductions under de Clean Development MechanisnMORere estimated a set
of carbon prices. These prices are 18, 20, and 2¥%.Historic CER (“Certified
Emission Reduction”) prices are shown in the folloyvFigure:

EUA and CER DEC 2008 last 12 months
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Figure IV-4: CER prices since January 2007 (Poeth©n, 2008). Prices in US$ per ton
of COp,.
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4.7. Resulting Reduction Costs for Carbon Emissions

4.6.1 Comparison between Current and More Advanced FossHuel

Generating Technologies

Table V-2 shows a comparison of LCE, carbon reiducpotentials on the
system’s base emissions, and carbon reduction tmstee different evaluated
alternatives. The first interesting result is tlaetfthat replacing the planned
pulverized coal sub-critical power plants by anyh# other technologies has not
only a carbon reduction potential because of tosver emission factors (Figure
IV-3), but a cost saving potential in the electgigiroduction, especially for the
case of the CFB technology, which is planned taused in the Andino power
plant. The main reason for this is the great aficy difference between the PC
sub-critical technology and the rest, as can ba seAnnex F, which overcomes
the greater investment costs for these technologieder the evaluation
conditions considered (10% discount rate). For Amelino power plant the
situation is different and there are no cost savwgh the replacement of this
technology by a more advanced one. The annual cosavings for each of the

evaluated replacements are shown in Table IV-3.

From a carbon reduction potential point of view,CIG technology has the
biggest potential with a 7.8% carbon reductiorhie 8ING's emissions in 2012 if

the three new power plants were to use this tecgyol
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Table IV-2: Comparison between the expected teduyies$ to be used in the SING, and

alternative more advanced fossil fuel-fired teclgas*.

Currently planned technologies

pulverized fuel subc CFB petcoke-fired
carbon .
. additional cost | emissions additional cost C‘?‘rb.‘)” Emlssu_)ns
Alternative of electricit: reduction of electricity emissions reduction
technologies Y reduction costs | potential in the
[US c/kWh] costs [US c/kWh] [USS$/ton] SING [%]
[US$/ton] °
CFB (petcoke-
fired) -0.928 -98.84 3.7%
CFB (coal-fired) -0.251 -21.04 0.677 268.5 5.1%
pulverized coal
supercritical -0.174 -11.38 0.754 128.6 7.0%
IGCC -0.076 -4.57 0.852 116.7 7.8%

* CFB: combusting fluidized bed; PC: pulverized ¢d@ICC: integrated gasification combined cycle

Table IV-3: Annual costs and savings of the repiaeet of currently planned power

plants with more advanced technologies*.

Power plant
Andino Angamos Kelar
08 crB (petco"?'ﬁred) ) -$ 38 034 644 -$ 31 695 536
% I CFB (coal-fired) $ 20 880 344 -$10 272 139 -$ 8560116
g S pulverized coal
= § supercritical $ 23 255 611 -$7113983 -$5928 319
- IGCC $ 26 256 508 -$ 3123 990 -$ 2 603 325

* CFB: combusting fluidized bed; PC: pulverized ¢d@ICC: integrated gasification combined cycle
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4.6.2 Carbon Emissions Reduction Costs for Fuel Mix Changs

The energy source profile of the SING’s base cas2012, when imposing
carbon emissions reductions into the optimizatioodeh, is shown in Figure
IV-5. When reducing up to 12% of the total carbomssions of the system, coal
generation is replaced by the use of LNG until file capacity of this fuel is

used. For larger reductions, coal generation idace by diesel generation.
When 28% of reduction is achieved, petcoke begnsetreplaced by the diesel
and the fuel oil. A 32% reduction is the maximurduetion that the system can

achieve while fulfilling the electricity demand.

The carbon emissions reduction curve shown in Eidgdf5 has two clear trends:
before, and after the LNG is up to its maximum afiag capacity. For emission
reductions up to 12% the carbon reduction costssieyow 23 US$/ton with an
average value of $12.8 US$/ton. For greater redndgévels it grows with a
higher slope up to 100 US$/ton because diesel ggaeris much more

expensive.

According to the results of the SING’s operationdeloshown in Section 3.9, the
expected annual variable (operational) costs ofSNG in 2012 is expected to
be 460 million US dollar. This means substitutir@plcby gas at full capacity
would require these annual costs to be increased086 (Figure IV-6). The
substitution of coal by gas has much higher ada#i@nnual costs, thus it is less

likely to be considered by the Industry.

If the Angamos and Kelar planned power plants angste the IGCC technology,
the resulting fuel mix for the system’s operationder constrained carbon
emissions is the one shown in Figure IV-7—where tnafsthe electricity is

generated by coal. The behavior of the systemnnilasi to the one of the base
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case, with coal replaced by gas for up to a 12%@freduction produced by the
emissions constraint (18.6% of total emissionsy] after that diesel replaces
coal. IGCC power plants have a lower emission faittan the ones that use PC
subcritical technology, so coal by diesel substtutoccurs with a lower slope
than in the base case, and the reduction costsiginer. Total carbon reduction
in this case starts with 6.6% (achieved by usirgl@&CC technology in both the

Angamos and Kelar power plants), and reaches 3G6&s optimizing the

system.
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Figure 1V-5: SING’s operation, and carbon emisgieduction costs for 2012, using

currently planned technologies on the new powentplébase case).
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Additional Annual Variable Costs
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Figure IV-6: SING’s additional annual variable costhen imposing carbon emissions

restrictions using currently planned technologiedte new power plants (base case).



56

2 90% a0 2
E 80%, 4 &0 E—“
ld
2 ;E: Coalto Gas || ;E .:E @
E E ol zubstitution : substitution ‘ an E E
'ﬁé 40% - ' P 4 40 E%
T 0% - 1 130 E%
S oo ! 10 g9
S 10% : 110 £
é 0% _ o o
PEREELECEEREEEE
— — — — — (] [ ] (] (] (] " "
Carbon Emissions Reduction Percentage
Hidropower I Geothermal
Coal . Fetooke
LMG Diesel
. Fuel Ol Carbon Reduction Costs

Figure IV-7: SING’s operation and carbon emissieduction costs for 2012, using the

integrated gasification combined cycle (IGCC) ingdmos and Kelar power plants.

4.6.3 Comparison of Unitary Carbon Emissions Reductions Gsts

A summary chart of the average carbon emissiongctexh costs for the system
in 2012 is shown in Table 1V-2. The use of more atbed fossil fuel-fired
generation technologies in future power plants pced negative carbon
mitigation costs as their higher efficiencies mdkeir electricity generation
cheaper than the base case that considers theubssized coal sub-critical
technology. Among these technologies, petcoke-fiefeB accounts for the
biggest negative carbon mitigation costs, even ghoil is the more carbon

emitting option (see Figure 1V-3 for the emissi@aetbrs of these technologies).
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Average carbon mitigation costs for substitutiamircoal to LNG are the lowest
non-negative carbon reduction costs. Among renesvadthnologies, carbon
emissions reduction costs for geothermal powemagative, which means that
by using it the system can save money. The reabdnisy is that the thermal

generation displaced by the geothermal generatroduses savings that are
higher than the costs that this type of energyesgmts. The costs for solar

photovoltaic are the most expensive due to theindr LCE.

Carbon emissions reduction costs are shown asatidgigcurves in Figure 1V-9.
One can see the carbon reduction potential of eatie evaluated alternatives.
Carbon reduction potential for the renewable tetigies is not known because
their electricity generating potential in the SIN@d not yet been estimated at
the time of this study. Among the advanced fosssl burning technologies, the
largest reduction potential can be achieved byl@@C technology, with 7.8%
reduction in the SING’s carbon emissions if no rfiodtions on the system’s
fuel mix are made for emissions reduction. Petdokee CFB, which accounts
for the lowest unitary carbon reduction costs, bas a low 3.7% reduction
potential.

By combining the IGCC technology on the planned @oplants, with changes
in the fuel mix a 37.8% carbon emissions reductan be achieved, but the
additional annual costs of this alternative woued 3210 million US$, 118% of
expected annual operational costs in the systeus, ttiis alternative is not likely

to be considered by the Industry.
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Table IV-4: Annual costs and savings of the repiaeet of currently planned power

plants with more advanced technologies

amwal | S| missions | AU | coriey
_Alte_zrnatwes for_ Affected Power Plants Emlsspns Reduction Reduction 09§t5 Reduction

Emissions Reduction Reduction . . [Million

[Mton] Percentage in Perce_ntage in US$] Costs

the SING [%] Chile [%] [US$/ton]
Coal to Gas All the system 114 6% 0.8% 14.0 123
Substitution
Coal to Gas All the system 2.28 12% 1.6% 51.1 224
Substitution
Coal to Gas & Diesel All the system 6.09 320 4.2% 6115 100.4
Substitution
CFB (petcoke-fired) Angamos & Kelar 0.70 3.7% 0.5% -69.7 -99.1
CFB (coal-fired) Angamos & Kelar 0.90 4.7% 0.6% -18.8 -21.0
CFB (coal-fired) Andino, Angamos & Kelar 0.97 5.1% 0.7% 2.0 21
PC supercritical Angamos & Kelar 1.15 6% 0.8% -13.0 -11.4
PC supercritical Andino, Angamos & Kelar 1.33 7% 0.9% 10.2 7.7
IGCC Angamos & Kelar 1.25 6.6% 0.9% -5.7 -4.6
IGCC Andino, Angamos & Kelar 1.48 7.8% 1.0% 20.5 13.8
IGCC and Coal to Gas All the system (Angamos & o 0
Substitution Kelar use IGCC tech.) 354 18.6% 2.4% 453 12.8
All the system (Andino

IGCC and Coal to Gas - o 9
& Diesel Substitution Angamos &t;:ehle)lr use IGCC 7.19 37.8% 4.9% 541.1 75.2

CFB: combusting fluidized bed

; PC: pulverized cd@CC: integrated gasification combined cycle

Table IV-4 shows annual carbon emissions reductamtscosts associated with

each of the evaluated alternatives. If the ratiwben carbon emissions in the

SING and total Chile’s emissions in 2000 is assutoelde the same as in 2012

(9.9%), a gross estimation of Chile’s emissionghis year can be obtained,

which is 192.7 Mtons of carbon per year. Thus, caneduction percentages are

also presented in terms of Chile’s expected anennmdsions.

As explained in the previous section, the use ofemadvanced fossil fuel

generation technologies can produce savings isyatem with reductions of up

to 1% of Chile’s estimated carbon emissions 201#s€ savings were estimated
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to be near 70 million US$ a year if petcoke-fireBBOs used, with 0.4% carbon
reduction potential in Chile’s emissions; and betwé-13 million US$ a year if
PC supercritical or IGCC technologies were to bedyusvith near 1% reduction

potential on Chile’s emissions.

Coal to gas substitution, which can be achieveld®p using the LNG facilities
to be built in Mejillones, can achieve up to 1.6%reduction in Chile’s carbon
emissions, with a marginal cost that varies dependn the reduction level with
an average of 12.8 US$ per ton of carbon reducdddap of 22.4 US$.

4.6.5 Potential Carbon Reduction Income

Potential annual income if carbon reductions ate ase CER shown in Table
IV-5, for different carbon price values and for lkeax the evaluated alternatives.
One interesting result is that the upgrading of ttivee new power plants into
advanced coal-fired technologies gets annual insomgher than the costs for
the CER prices considered, thus it could becomesinbss opportunity to the
companies in the SING. Something similar happensth® coal to gas

substitution, where the annual costs are drambtideivered if the carbon

reductions are sold.
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Table IV-5: Annual carbon income and net costs wéedhing carbon reductions under

the CDM.

carbon price carbon price carbon price
18 US$/ton 20 US$/ton 22 US$/ton
ATE Annual Annual Annual Annual Annual Annual
Emissions Affected Emissions Costs Carbon Net Carbon Net Carbon Net
Reduction P A, Reduction [Million Income Costs Income Costs Income Costs
Alternative [Mton] USS] [Million [Million [Million [Million [Million [Million
US$] US$] US$] US$] US$] US$)
Coal to Gas All the system 114 14.0 205 6.5 22.8 -8.8 25.1 111
Substitution
Coal to Gas All the system 2.28 51.1 411 10.0 45.7 5.4 50.2 08
Substitution
CFB (petcoke- | Angamos &
fired) Kelar 0.70 -69.7 12.7 -82.4 141 -83.8 155 -85.2
CFB (coal-fired) ﬁgg;ms & 0.90 -18.8 16.1 -34.9 17.9 -36.7 19.7 385
Andino,
CFB (coal-fired) | Angamos & 0.97 2.0 17.5 -15.4 19.4 -17.4 21.3 -19.3
Kelar
PC supercritical | f19aMOS & 115 -13.0 20.6 337 22.9 -36.0 95.2 -38.3
Andino,
PC supercritical | Angamos & 1.33 10.2 24.0 -13.8 26.6 -16.4 29.3 -19.1
Kelar
IGCC il 1.25 5.7 22,6 283 25.1 308 27.6 23.3
Andino,
IGCC Angamos & 1.48 20.5 26.7 -6.2 29.7 -9.2 32.6 -12.1
Kelar
IGCC and Coal (AAIInth:n?gztzm
to Gas g 3.54 45.3 63.7 -18.4 70.8 -25.4 77.9 -32.5
Substitution HEEG UBe
IGCC tech.)

CDM: Clean Development Mechanism.
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4.6.6 Future Research

Further research should be carried out in ordemtlyze the system’s behavior
with a deeper perspective, and to understand tleertanties involved. One
subject of a future study could be a sensitivitplgsis of some of the many
parameters and inputs that were used, such asaties dhen the new power
plants enter the system, the fuel prices, the ahiyas availability, the power
plant’'s maximum capacities, and the emission factdhis would give useful
information about the dependency of the obtainesllte for the different

parameters.

This study uses a simplified model to represenpieration of the SING, which
does not include some processes and variabletadliatan impact on the results,
such as the simulation of starting up and shuttiogn processes in the power
plants, where the fuel consumption of the powentslas higher than the average
values used in this study to estimate the annldonsumption. The magnitude
of the impact of these processes in the resultslghze further studied with more

complex models.

Another are that should be studied is the poteafithhe SING for the installation
of renewable sources, because without this infaonathese technologies can
be studied only from an unitary point of view. Fgeothermal energy,
exploration costs and uncertainties should be deduin its cost by doing, for

example, a sensitivity analysis on its LCE.

Other scenarios could be modeled with the methagyodd this study, such as an
interconnection between the SING and the SIC, om&rconnection with the
Bolivian electric system. This would require to sbea the electricity demand

and some power plant information.
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V. CONCLUSIONS

An unified methodology is presented in this studhere concepts from different
disciplines are used to provide answers from a ¢exngystem such as the SING. By
joining mining, electricity, economic and environmi& concepts, carbon emissions
were estimated for the timeframe analyzed, andatemtu costs for this emissions were
estimated under different scenarios.

Annual carbon emissions of the SING caused by thetrecity consumption of the
Copper Mining Industry are expected to rise 130%vben 2000 and 2012. 66.1% of
this increase is due to the higher copper prodnctmd 33.9% is accountable to the
greater carbon-emitting energy mix expected for220&hich will have an emission
factor 23.8% higher than the emission factor of@®00

Among evaluated carbon reduction measures, themtthethe single highest emission
reduction potential is coal to gas substitutiorthva potential of reducing 2.3 millions of
tons of carbon per year by 2012, representing 12#e0SING’s emissions and 1.6% of
Chile’s expected emissions on that year, at an @nowst of 51 million US$, which
would represent an increase of 10% in the systeamrsial variable costs. Coal by gas
substitution has also social co-benefits, such mssons reduction of particulate
material, nitrogen oxides and sulfur dioxide (UEwironmental Protection Agency,
1995). This measure could be almost entirely fiednoy CER at market prices for this
certifications above 20 US$ per ton of carbon.

If coal and petcoke are to become the main enesgycss in the electric grid for the
following years, the cheapest way to reduce theng@tl carbon emissions of the system
is to use advanced generating technologies in #ve power plants, as all of them

produce very low or even negative costs when rapdatechnologies planned at present.
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The petcoke-fired CFB technology can produce tigtidst savings to the system, with
an estimate of 69.7 million US$ a year, and an ahoarbon reduction potential of 0.7
millions of tons, which represents 3.7% of carbeduction in the SING and 0.4% of
Chile’s expected emissions by 2012. The use of IGEC technology can achieve
annual savings of 5.7 million US$ a year by 2012hwa carbon reduction of 1.25 tons
per year, representing 6.6% of the system’s emissamd 1% of Chile’s emissions.

The evaluated alternative with the highest carbminssion reduction is the combination
of coal to gas substitution with the use of the @ his alternative has a potential of
reducing 3.5 millions of tons of carbon per year2\ 2, which is 18.6% of the SING’s
emissions and 1.8% of Chile’'s expected emission@t?. The annual cost of this
measure is 45 million US$, certainly lower than tost of coal to gas substitution by
itself, because of the annual savings generatethdywse of the more efficient IGCC
technology. This option has some hidden costs thosgch as the fact that currently
there are no power plants in Chile using the IGEEhmology, so being the first-of-a-

kind may require extra research and specializeor ladork

Besides their carbon reduction potential, the Usenare advanced technologies in the
power plants could become a business opportunitygdCopper Mining Industry by the
selling of the carbon reductions into the CER mgrgenerating annual incomes above
25 million US$ for CER prices above 20 US$ perab€O..

Coal to diesel substitution can reduce up to 12%®fSING’s emissions, but the annual
cost of this alternative is about 130% of the SIsl@hnual variable costs, which are
expected to be 459 million US$ by 2012, thus thiam should not be considered by
the Copper Mining Industry unless no other fuelety@are available. Supply security of
electricity could be affected if broad diesel gexi@n is incorporated on a permanent
basis because logistic problems have been addressedhis fuel (Electricidad
Interamericana, 2007c).



66

Further reduction in carbon emissions could beeadd with geothermal energy at an
annual saving to the system of US$16.4 per tonadban, and with wind power at an
average cost of US$79.5 per ton of carbidme carbon reduction potential in the SING

of these technologies should be estimated in figtudies.

Further studies should also include a sensitivitalgsis for some of the included
variables in order to quantify their impact on tlesults. Further research should be
carried out to model some additional operationpkats of the SING that were left out
of this study, that produce a sub-estimation inbgar emissions of an unknown

magnitude.
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A. SPECIFICATIONS ON

ELECTRICITY DEMAND OF THE SING

A.1. Copper Production in the SING between 2000 and 2012

The copper production projections until 2012 usethis study were made by the
consultant Gonzalez (2007), and are shown in Ta#@ble among with his
estimations of the copper production between 20608 2006 for the copper

mines, smelters and the refinery connected to IN&S

Table A-1: Copper production until 2006 and pragats until 2012, in thousands of

THE

ESTIMATION

metric tons of fine copper (Gonzélez, 2007)

Product type
SXEw Cathode | Concentrates Blister Electrolytic
2000 1226 1714 637 673
2001 1394 1592 637 708
2002 1460 1520 617 676
2003 1489 1711 633 656
2004 1475 2075 655 598
2005 1404 2084 748 576
2006 1517 2041 722 520
2007 1804 2096 755 580
2008 1985 2175 822 650
2009 2037 2091 881 700
2010 1927 2037 982 700
2011 1904 1916 975 750
2012 1785 2333 1223 800

OF
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A.2. Estimation the Electricity Demand of Regulated Cliats

To estimate the electricity demand of the regulatieehts (for a description of
the types of clients in the SING refer to 3.3) &arage annual growth rate of the
demand was estimated for the years 2000-2006.armaal growth rate was then
assumed to be constant in the following years. Jdst demand of the regulated
clients is shown in the following Table:

Table A-2: Growth rate of the annual electricityrdend of SING’segulated clients

(CNE, 2007).

Year ElectricEi(tsyV\l?heimand Annuarra(t_:;éowth
2000 899 5.1%
2001 945 6.8%
2002 1009 3.8%
2003 1047 2.8%
2004 1076 7.7%
2005 1159 8.4%
2006 1256

Average rate 5.8%

A.3. Estimation the Electricity Demand ofFree Clients

The estimation of the electricity demand of thee clientswas divided into the
estimation of the electricity demand of the Coplgning Industry connected to
the SING, as previously mentioned; and the estonatif the electricity demand
for the rest of thefree clients which was estimated following the same
methodology as above for tlmegulated clientsThe only difference is that the
average growth rate was calculated from 2001 an@®@0, because the growth

rate in that year is clearly above the trend. Previdemand for the “rest of the
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free clients” was obtained subtracting the demérttied Copper Mining Industry
from the demand for the total of the free cliemtgailable from a publication by
the CNE (2007a).

Table A-3: Growth rate of the annual electricityrdad of SING’s “rest of thiee

clients.

Year ElectricEi(gyV\I;)t]eimand Annuar;(t_:;erowth
2000 126 164.5%
2001 333 12.2%
2002 373 15.5%
2003 431 28.5%
2004 554 20.7%
2005 669 35.3%
2006 905

Average rate 22.4%
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B.1.

THE OPERATION MODEL OF THE SING

Table B-1: Power plants of the SING (CDEC SING, 260

Power Plants Included in the Model

76

. Max. Gross

Company Power Plant Unit Fuel type Power [MW]
Celta Tarapaca Thermoelectric | TGTAR Diesel 23.8
CTTAR Coal 158.0
Edelnor Chapiquifia CHAP Hidropower 10.2
Arica Diesel GMAR Diesel 8.4
M1AR Diesel 3.0
M2AR Diesel 2.9
Iquique Diesel SuUIQ Diesel 4.2
MIIQ Diesel 2.9
MAIQ Diesel (24%) + Fuel Oil (76%) 5.9
TGIQ Diesel 23.8
MSIQ Diesel (23%) + Fuel Oil (77%) 6.2
Antofagasta Diesel MAAN Diesel 11.9
GMAN Diesel 16.8
Mejillones Thermoelectric | CTM1 Coal OR Coal (70%) + Petcoke (30%) 165.9
CTM2 Coal OR Coal (70%) + Petcoke (30%) 175.0
CTM3 Natural Gas OR Diesel 250.8
Mantos Blancos Diesel | MIMB Diesel (28%) + Fuel Oil (72%) 28.6
Cavancha CAVA Hidropower 2.6
Electroandina | Tocopilla Thermoelectric | U10 Fuel Oil Nro. 6 37.5
Uil Fuel Oil Nro. 6 37.5
u12 Coal 85.3
U13 Coal 85.5
ui4 Coal OR Coal (85%) + Petcoke (15%) 128.3
uis Coal OR Coal (85%) + Petcoke (15%) 130.3
Ul16 Natural Gas 400.0
TG1 Diesel 24.7
TG2 Diesel 24.9
TG3 Natural Gas OR Diesel 37.5
AES Gener Combined Cycle Salta CC SALTA | Natural Gas OR Diesel 642.8
Norgener Norgener Thermoelectric | NTO1 Coal OR Fuel Oil Nro. 6 136.3
NTO2 Coal OR Fuel Oil Nro. 6 141.0
Zofri Diesel ZOFRI_1-6 | Diesel 0.9
ZOFRI_2-5 | Diesel 5.2
Gasatacama | Combined Cycle Atacama | CC1 Natural Gas OR Diesel 395.9
Generacion CC2 Natural Gas OR Diesel 384.7
Enaex Diesel DEUTZ Diesel 0.7
CUMMINS Diesel 2.0
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B.2. Availability Factors

Table B-2: Availability factors for the power plamf the SING. Maintenance factors
and operation margins obtained from different sesi(¢CDEC SING, 2007g, 2007h; J.
Venegas, personal communication, August 16, 2007).

. Maintenance Operation Availability

Power Plant Unit Fuel type E—— Margin E——
Tarapaca Thermoelectric | TGTAR | Diesel 48.3% 51.7%
CTTAR | Coal 8.5% 7.0% 84.5%
Chapiquifia CHAP | Hidropower 41.0% 59.0%
Arica Diesel GMAR | Diesel 41.0% 59.0%
M1AR | Diesel 59.0% 41.0%
M2AR | Diesel 56.9% 43.1%
Iquique Diesel SuUIQ Diesel 44.0% 56.0%
MIIQ Diesel 53.5% 46.5%

Diesel (24%) + Fuel Oil
MAIQ | (76%) 45.4% 54.6%
TGIQ [ Diesel 43.6% 56.4%

Diesel (23%) + Fuel Oil
MSIQ | (77%) 79.4% 20.6%
Antofagasta Diesel MAAN | Diesel 53.0% 47.0%
GMAN | Diesel 15.1% 41.8% 43.1%
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Table B 2: Availability factors for the power plantf the SING. Maintenance factors
and operation margins obtained from different sesi(CDEC SING, 2007g, 2007h; J.

Venegas, personal communication, August 16, 2007).

8 Maintenance Operation Availabilit
Power Plant Unit Fuel type S l?/largin S y
Mejillones Thermoelectric | CTM1 Coal 15.1% 7.0% 77.9%
Coal (70%) + Petcoke
CTM1 (30%) 15.1% 7.0% 77.9%
CTM2 Coal 15.1% 7.0% 77.9%
Coal (70%) + Petcoke
CTM2 (30%) 15.1% 7.0% 77.9%
CTM3 Diesel 5.5% 12.3% 82.2%
CTM3 Natural Gas 5.5% 12.3% 82.2%
Diesel (28%) + Fuel
Mantos Blancos Diesel | MIMB Oil (72%) 55.0% 45.0%
Cavancha CAVA Hidropower 43.0% 57.0%
Tocopilla Thermoelectric | U10 Fuel Qil Nro. 6 5.5% 7.0% 87.5%
Ull Fuel Qil Nro. 6 5.5% 7.0% 87.5%
u12 Coal 1.9% 7.0% 91.1%
uU13 Coal 6.8% 7.0% 86.2%
ul14 Coal 11.0% 7.0% 82.0%
Coal (85%) + Petcoke
ul14 (15%) 11.0% 7.0% 82.0%
U15 Coal 4.7% 7.0% 88.3%
Coal (85%) + Petcoke
U15 (15%) 4.7% 7.0% 88.3%
uU16 Natural Gas 9.6% 20.0% 70.4%
TG1 Diesel 2.7% 55.7% 41.5%
TG2 Diesel 2.7% 57.4% 39.9%
TG3 Diesel 6.8% 40.1% 53.1%
TG3 Natural Gas 6.8% 59.9% 33.3%
Combined Cycle Salta CC SALTA | Diesel 1.4% 53.0% 45.6%
CC SALTA | Natural Gas 1.4% 53.0% 45.6%
Norgener Thermoelectric | NTO1 Coal 13.7% 7.0% 79.3%
NTO1 Fuel Oil Nro. 6 13.7% 7.0% 79.3%
NTO2 Coal 13.7% 7.0% 79.3%
NTO2 Fuel Oil Nro. 6 13.7% 7.0% 79.3%
o ZOFRI_1-
Zofri Diesel 6 Diesel 45.0% 55.0%
ZOFRI_2-
5 Diesel 45.0% 55.0%
Combined Cycle Atacama | CC1 Diesel 19.0% 81.0%
CC1 Natural Gas 19.0% 81.0%
Ccc2 Diesel 11.5% 15.0% 73.5%
CcC2 Natural Gas 11.5% 15.0% 73.5%
Enaex Diesel DEUTZ Diesel 12.7% 87.3%
CUMMINS | Diesel 60.7% 39.3%




B.3.

Table B-3: Natural gas restrictions until Augus02@CNE, 2007b)

Natural Gas Availability

Expected
Year Period NG Restricted . NG Availability
Volume Volume [Mm 7] [%]
[Mm’]
2004 Jan-Apr N/A 0.0 100%
May-Aug 296.7 64.3 78%
Sep-Dec 489.5 41.0 92%
Annual 786.2 105.2 87%
2005 Jan-Apr 567.1 143.3 75%
May-Aug 424.0 77.1 82%
Sep-Dec 380.7 66.0 83%
Annual 1371.7 286.4 79%
2006 Jan-Apr 520.2 147.4 72%
May-Aug 527.2 318.5 40%
Sep-Dec 258.0 56.1 78%
Annual 1305.4 522.0 60%
2007 Jan-Apr 307.1 88.7 71%
May-Aug 310.6 280.7 10%

Table B-4: Natural gas availability for Salta Powant in 2007 (CDEC SING, 2007i)

Natural Gas
Month Availability

January 100%
February 100%
March 99%

April 99.5%
May 82%

June 69.3%

July 10.2%
August 1.7%
September 34%
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B.4. Effective Net Power

Table B-5: Effective net generating capacitiegp@mver units and without gas shortage),

and own consumption values of the power plants (C3ENG, 2007e).

= Plant Unit el Own' Effective Net
ower Plan ni uel type consu[%)non Power [MW]

Tarapaca TGTAR Diesel 0.4% 12.2
Thermoelectric CTTAR Coal 6.0% 125.51
Chapiquifia CHAP Hidropower 0.6% 6.0
Arica Diesel GMAR Diesel 0.5% 4.9
M1AR Diesel 2.7% 1.2
M2AR Diesel 2.7% 1.2
Iquique Diesel SuUIQ Diesel 3.3% 2.3
MIIQ Diesel 3.8% 1.3
MAIQ Diesel (24%) + Fuel Oil (76%) 5.1% 3.1
TGIQ Diesel 0.8% 13.3
MSIQ Diesel (23%) + Fuel Oil (77%) 4.8% 1.2
Antofagasta Diesel MAAN Diesel 4.9% 5.3
GMAN Diesel 0.8% 7.2
Mejillones CTM1 Coal 6.6% 120.7
Thermoelectric CTM1 Coal (70%) + Petcoke (30%) 6.6% 120.7
CTM2 Coal 6.3% 127.8
CTM2 Coal (70%) + Petcoke (30%) 6.3% 127.8
CTM3 Diesel 3.0% 200.0
CTM3 Natural Gas 3.0% 200.0
Mantos Blancos Diesel MIMB Diesel (28%) + Fuel Oil (72%) 2.5% 12.6
Cavancha CAVA Hidropower 0.4% 15
Tocopilla ul10 Fuel Oil Nro. 6 4.0% 315
Thermoelectric Ul1 Fuel Oil Nro. 6 4.0% 315
uUl12 Coal 6.7% 725
U13 Coal 6.7% 68.7
u14 Coal 6.4% 98.5
u14 Coal (85%) + Petcoke (15%) 6.4% 98.5
Ul5 Coal 6.4% 107.7
uU15 Coal (85%) + Petcoke (15%) 6.4% 107.7
uUl6 Natural Gas 1.8% 276.7
TG1 Diesel 0.4% 10.2
TG2 Diesel 0.4% 9.9
TG3 Diesel 0.8% 19.7
TG3 Natural Gas 0.8% 12.4
Combined Cycle Salta CC SALTA Diesel 1.6% 288.7
CC SALTA Natural Gas 1.6% 288.7
Norgener NTO1 Coal 6.5% 101.1
Thermoelectric NTO1 Fuel Oil Nro. 6 6.5% 101.1
NTO2 Coal 6.5% 104.6
NTO2 Fuel Oil Nro. 6 6.5% 104.6
Zofri Diesel ZOFRI_1-6 Diesel 0.0% 0.5
ZOFRI_2-5 Diesel 0.0% 2.8

Combined Cycle
Atacama CC1 Diesel 3.3% 313.1
CC1 Natural Gas 1.6% 3155
Ccc2 Diesel 2.3% 287.2
cc2 Natural Gas 1.6% 278.2
Enaex Diesel DEUTZ Diesel 0.5% 0.6
CUMMINS Diesel 0.5% 0.8




B.5.

Power Plants Variable Costs
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Table B-6: Non-fuel variable costs (NFVC) and fuatiable costs (FVC) of the power plants of the GIN

Power plant Unit Fuel type consErl#:)Ition Units .N e F\./C 2007 F\./C 2008 F\./C 2009 F\./C 2010 F\./C i F\./C 2oz
. mills/kWh | mills/kWh | mills’kWh | mills’kWh | mills’kWh | mills/lkWh | mills/lkWh
Tarapaca TGTAR Diesel 0.33 | kg/kWh 0.41 225.53 217.71 200.87 185.08 170.44 158.59
Thermoelectric | CTTAR Coal 0.45 | kg/kwh 1.40 27.00 27.20 27.13 27.22 26.60 26.13
Chapiquifia | CHAP Hydropower 0.00 0 0 0 0 0 0 0
Arica Diesel | GMAR Diesel 0.25 | kg/kWh 9.20 169.21 163.35 150.72 138.86 127.88 118.99
M1AR Diesel 0.26 | kg/kwh 9.20 173.13 167.13 154.20 142.08 130.84 121.74
M2AR Diesel 0.26 | kg/kWh 9.20 172.59 166.61 153.72 141.63 130.43 121.36
Iquique Diesel | SUIQ Diesel 0.28 | kg/kWh 9.90 187.04 180.56 166.59 153.49 141.35 131.52
MIIQ Diesel 0.26 | kg/kWh 9.90 173.06 167.07 154.14 142.02 130.79 121.70

Diesel (24%) +
MAIQ Fuel Oil (76%) 0.26 | kg/kWh 7.90 99.66 99.03 93.48 87.25 81.52 76.89
TGIQ Diesel 0.32 | kg/kWh 1.70 218.51 210.93 194.62 179.31 165.13 153.65

Diesel (23%) +
MSIQ Fuel Oil (77%) 0.23 | kg/kWh 4.70 94.13 93.72 88.61 82.77 77.42 73.08
Antofagasta | MAAN Diesel 0.27 | kg/kwh 9.30 185.55 179.12 165.27 152.27 140.23 130.48
Diesel GMAN Diesel 0.24 | kg/kWh 10.40 165.36 159.63 147.29 135.71 124.97 116.28
Mejillones CTM1 Coal 0.43 | kg/kWh 2.08 26.33 26.52 26.46 26.54 25.95 25.48

q Coal (70%) +
Thermoelectric | ~ry11 | petcoke (30%) 0.43 | kg/kWh 2.08 27.68 27.46 26.95 26.54 25.70 25.02
CTM2 Coal 0.42 | kg/kWh 2.56 25.15 25.33 25.27 25.35 24.78 24.34

Coal (70%) +
CTM2 Petcoke (30%) 0.42 | kg/kWh 2.56 26.44 26.23 25.74 25.34 24.54 23.90
CTM3 Diesel 0.22 | kg/kWh 1.40 145.58 140.54 129.67 119.47 110.02 102.37
CTM3 Natural Gas 0.21 | m3/kWh 1.40 26.06 25.84 23.78 22.63 20.99 20.38

Mantos Diesel (28%) +
Blancos Diesel | MIMB Fuel Qil (72%) 0.24 | kg/kWh 9.00 99.73 98.95 93.30 87.02 81.25 76.58
Cavancha CAVA Hydropower 0 0 0 0 0 0 0 0
Tocopilla U10 Fuel Oil Nr. 6 0.29 | kg/kwh 1.19 94.44 95.76 91.79 86.39 81.47 77.49
Thermoelectric | U11 Fuel Oil Nr. 6 0.29 | kg/kWh 1.19 94.44 95.76 91.79 86.39 81.47 77.49
uU12 Coal 0.51 | kg/kWh 297 30.96 31.18 31.11 31.20 30.50 29.95
uU13 Coal 0.49 | kg/kWh 297 29.59 29.80 29.73 29.82 29.15 28.63
u14 Coal 0.47 | kg/kWh 2.00 28.65 28.86 28.79 28.88 28.23 27.72

Coal (85%) +
u14 Petcoke (15%) 0.46 | kg/kWh 3.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table B-6: Non-fuel variable costs (NFVC) and fuatiable costs (FVC) of the powerplants of the Si{¢@Gntinuation).

Fuel

Power plant Unit Fuel type consumption Units .NFVC F\./C 2Ll F\./C 2008 F\./C 2009 F\./C 2010 F\./C 2011 F\./C iz
e mills/lkWh | mills/lkWh | mills’kWh | mills’kWh | mills’kWh | mills/lkWh | mills/lkWh

Tocopilla uU15 Coal 0.46 kg/kWh 2.00 27.94 28.15 28.08 28.17 27.53 27.04

Thermoelectric Coal (85%) +
uU15 Petcoke (15%) 0.45 kg/kwWh 5.00 0.00 0.00 0.00 0.00 0.00 0.00
uUl6 Natural Gas 0.19 m3/kWh 0.80 23.68 23.48 21.61 20.57 19.08 18.52

GNL

Ul6 regasificado 0.19 m3/kWh 0.80 0.00 0.00 45.76 43.56 40.40 39.23
TG1 Diesel 0.33 m3/kWh 0.99 225.74 217.92 201.07 185.26 170.60 158.74
TG2 Diesel 0.33 m3/kWh 0.99 225.74 217.92 201.07 185.26 170.60 158.74
TG3 Diesel 0.26 m3/kWh 0.99 178.10 171.93 158.63 146.16 134.60 125.24
TG3 Natural Gas 0.34 m3/kWh 0.99 42.45 42.10 38.73 36.87 34.20 33.20
Combined Cycle | CC SALTA Diesel 0.15 kg/kwh 1.60 102.00 98.47 90.85 83.71 77.09 71.73
Salta CC SALTA Natural Gas 0.19 m3/kWh 4.60 13.38 13.27 12.21 11.62 10.78 10.46
Norgener NTO1 Coal 0.40 kg/kwWh 1.66 24.27 24.44 24.38 24.46 23.91 23.48
Thermoelectric NTO1 Fuel Oil Nr. 6 0.22 kg/kWh 9.60 70.54 71.53 68.57 64.53 60.86 57.88
NTO2 Coal 0.40 kg/kwWh 1.63 24.04 24.21 24.15 24.23 23.68 23.26
NTO2 Fuel Qil Nr. 6 0.22 kg/kWh 9.40 70.54 71.53 68.57 64.53 60.86 57.88
Zofri Diesel ZOFRI_1-6 Diesel 0.29 kg/kwWh 5.00 193.79 187.08 172.61 159.03 146.46 136.27
ZOFRI_2-5 Diesel 0.29 kg/kWh 2.00 193.79 187.08 172.61 159.03 146.46 136.27
Combined Cycle CC1 Diesel 0.18 kg/kWh 2.95 121.38 117.17 108.11 99.61 91.73 85.35
Atacama CC1 Natural Gas 0.21 m3/kWh 2.32 26.43 26.21 24.12 22.96 21.30 20.68
Cc2 Diesel 0.18 kg/kWh 2.95 121.38 117.17 108.11 99.61 91.73 85.35
CC2 Natural Gas 0.21 m3/kWh 2.32 26.43 26.21 24.12 22.96 21.30 20.68
Enaex Diesel DEUTZ Diesel 0.33 kg/kWh 15.00 222.83 215.11 198.47 182.86 168.40 156.69
CUMMINS Diesel 0.3 kg/kWh 14.00 202.57 195.55 180.43 166.24 153.09 142.45
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Table B-6: Non-fuel variable costs (NFVC) and fuatiable costs (FVC) of the power plants of the Sl{¢ontinuation).

Fuel

. ) . NFVC FVC 2007 | FVC 2008 | FVC 2009 | FVC 2010 | FVC 2011 | FVC 2012

a8 Ll AU Es consumption | UNIS | milsikwh | mills/kwh | millsikwh | mills/kwh | mills/kwh | mills/kwh | mills/kwh
Angamos CTANG1 Coal 0.40 kg/kWh 2.08 24.31 23.76 23.34
Thermoelectric CTANG2 Coal 0.40 kg/kWh 2.08 23.76 23.34
CTANG3 Coal 0.40 kg/kwWh 2.08 23.76 23.34
CTANG4 Coal 0.40 kg/kWh 2.08 23.34
Andino CTA1 Coal 0.38 kg/kWh 2.88 23.03 22.51 22.11
Thermoelectric CTAl Petcoke 0.28 kg/kWh 2.88 16.88 15.99 15.24
CTA2 Coal 0.38 kg/kWh 2.88 22.51 22.11
CTA2 Petcoke 0.28 kg/kWh 2.88 15.99 15.24
El Tatio-La Torta | Tatiol Geothermal 0 0 0 0
Geothermal Tatio2 Geothermal 0 0 0 0
Kelar CTKEL1 Coal 0.40 kg/kWh 2.08 23.34 23.34
Thermoelectric CTKEL2 Coal 0.40 kg/kWh 2.08 23.34

Apacheta

Geothermal Apachetal Geothermal 0 0
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B.6. New Power Plants Technical Information

Table B-7: Technical information on Kelar Thermatte (New Coal Generacion S.A.,

2006).

New Coal Generacion S.A.
Company (CODELCO & BHP)
Technology Pulverized coal - Sub-critical
Fuel type Coal/Petcoke mix
Gross power per unit [MW] 250
Own consumption per unit [MW] 28.4
Efficiency (HHV) 35%-36%
Number of units 2

Table B-8: Estimated and assumed parameters far Rélermoelectric.

Coal consumption [kg/kWh] 0.4 estimated
Annual maintenance 5% | assumed
Operation margin 7% | assumed
Availability factor 88% | estimated
NEVC [US mills/kwh] 208 Ii?)?/\lljgr]%dlérf?me value from Mejillones
Carbon Emission Factor [ton CO,/GWh] | 1018.9 | estimated

Table B-9: Technical information on Angamos Thertaotic (Norgener S.A., 2006).

Company Norgener S.A.
Technology Pulverized coal - Sub-critical
Fuel type Coal

Gross power per unit [MW] 150

Number of units 4
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Table B-10: Estimated and assumed parameters fgains Thermoelectric.

Own consumption per unit [MW] 17.04 (11.4%) |assumed
Efficiency HHV 36% assumed
Coal consumption [kg/kWh] 0.4 estimated
Annual maintenance 5% assumed
Operation margin 7% assumed
Availability factor 88% estimated
NFVC [US mills/kWh] 2.08 :‘Aséﬁlrgﬁgé same value from
Carbon Emission Factor [ton CO,/GWh] 1018.9 estimated

Table B-11: Technical information on Andino Therremtric (Suez Energy Andino
S.A., 2006).

Technology Combusting Fluidized Bed (CFB)
Fuel type Coal / Petcoke

Gross power per unit [MW] 200

Own consumption per unit [MW] 16

Efficiency (HHV) 38%

Number of units 2

Table B-12: Estimated and assumed parameters foinAmMhermoelectric.

Coal consumption [kg/kWh] 0.38 | estimated
Petcoke consumption [kg/kWh] 0.28 | estimated
Annual maintenance 5% |assumed
Operation margin 7% | assumed
Availability factor 88% | estimated

Assumed. Based on DOE's

NFVC [US mills/kWh] 2.88 | value (1999) shown in Table
E-1

Coal operating - Carbon Emission Factor

[ton CO,/GWh] 855 | estimated

Petcoke operating - Carbon Emission Factor

[ton CO2/GWh] 950 | estimated
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B.6.1 Geothermal Power Plants: El Tatio-La Torta and Apadieta

Table B-13: Technical information on the geotherp@her plants (Empresa Nacional
de Geotermia, 2007).

Technology Geothermal - Flash
El Tatio-La Torta Gross

power[MW] 80
Apacheta Gross power [MW] 40

Table B-14: Estimated and assumed parameters éhe@nal power plants.

Own consumption [% of 50¢ based on a report from Department of Electricity -
gross gen] 0 Universidad de Chile (2003)

- based on a report from Department of Electricity -

0,
Availability factor 95% Universidad de Chile (2003)
Variable costs [US 0 based on a report from Department of Electricity -
c/kwWh] Universidad de Chile (2003)
B.7. Fuel Prices

Table B-15: Fuel prices and annual variations freference scenariof Annual Energy
Outlook 2007 (U.S. Department of Energy, 2007a).

Year

2007
2008

2009
2010
2011
2012

Coal Natural Gas Diesel Fuel Oil Crude

Price Annual Price Annual Price Annual Price Annual Price Annual
[US$/Mbtu] | variation | [US$/Mbtu] | variation | [US c/gal] | variation | [US c/gal] | variation | [US$/barrel] | variation

1.7 7.2 197.8 107.7 59.5

1.7 0.7% 7.2 -0.8% 191.0 -3.5% 109.2 1.4% 57.2 -3.8%

1.7 -0.2% 6.6 -8.0% 176.2 -7.7% 104.7 -4.1% 54.2 -5.3%

1.7 0.3% 6.3 -4.8% 162.3 -7.9% 98.5 -5.9% 51.2 -5.6%

1.7 -2.3% 5.8 -7.3% 149.5 -7.9% 92.9 -5.7% 48.5 -5.3%

1.6 -1.8% 5.7 -2.9% 139.1 -7.0% 88.4 -4.9% 46.2 -4.7%




Table B-16: Fuel prices used in the electric grmperation model.
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Natural Gas | Natural Gas | Fuel Oil Nr.

Diesel (Chile) (Salta) 6 Coal Petcoke LNG

[US$/m3] [US$/m3] [US$/m3] [US$/m3] US$/ton] [US$/ ton] |[US$/m3]
2000 153.7 0.036 0.035 104.5 27.2
2001 189.6 0.044 0.046 120.0 34.9
2002 176.3 0.048 0.048 147.6 34.6
2003 251.7 0.046 0.045 167.9 36.2
2004 320.5 0.052 0.052 176.8 56.0 194
2005 464.2 0.065 0.069 251.1 64.7 21.7
2006 535.3 0.097 0.075 316.3 58.7 36.7
2007 567.2 0.127 0.069 304.6 60.5 70.8
2008 547.5 0.068 308.9 61.0 68.1
2009 505.2 0.063 296.1 60.8 64.6 0.245
2010 465.5 278.7 61.0 61.0 0.233
2011 428.7 262.8 59.6 57.7 0.216
2012 398.8 250.0 58.6 55.0 0.210
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C. CARBON EMISSIONS MODEL

C.1. Low and High Heating Values

Table C-1: Low and high heating values (LHV & HHM§ed in this study (CNE, 2006;
CDEC SING, 2007b; IPCC, 2006)

Fuel type Units HHV [GJ/ton]  [LHV [GJ/ton]
Coal GJ/ton 25.1 23.8
Natural Gas GJ/m3 0.0391 0.0352
Petroleum Coke | GJ/ton 34.2 32.5
Diesel GJ/ton 45.6 43.3
Fuel Oil GJ/ton 43.9 41.7

HHV for natural gas, diesel and fuel oil were obt&iom the CNE’s national
energy balance (2006); coal's HHV of 6000 kcal/kgswobtained from the
CDEC SING (2007b); and petcoke’s LHV was obtainezht an IPCC report
(2006).

LHV were assumed a 95% of HHV for all of the fuglgh the exception of
natural gas, for which LHV was assumed to be an 80%e HHYV. All of this,
based on International Energy Agency’s conversigaivalents (International
Energy Agency , 2004).



C.2. Emission Factors of the Fuels

Table C-2: Greenhouse gas emission factors of {llRRC, 2006).
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Fulpe | SO2ETIen | O Emison | 8.0 Emin act
Coal 94.6 1 15
Natural Gas 56.1 1 0.1
Petroleum Coke 97.5 3 0.6
Diesel 74.1 3 0.6
Fuel Oil 77.4 3 0.6

C.3. Emission Factors of the Power Plants

Table C-3: Estimated carbon emission factors opth&er plants.

. Efficiency Carbon emission
Power Plant Unit Fuel type (HHV) factor [ton CO ,/Gwh]
Tarapaca TGTAR Diesel 23.6% 1080.4
Thermoelectric CTTAR Coal 32.2% 1075.7
Chapiquifia CHAP Hydropower 0.0
Arica Diesel GMAR Diesel 31.5% 811.1
M1AR Diesel 30.8% 848.5
M2AR Diesel 30.9% 846.5
lquique Diesel SuUIQ Diesel 28.5% 923.0
MIIQ Diesel 30.8% 857.8
MAIQ Diesel (24%) + Fuel Oil (76%) 7.4% 876.2
TGIQ Diesel 24.4% 1050.8
MSIQ Diesel (23%) + Fuel Oil (77%) 8.0% 774.2
Antofagasta MAAN Diesel 28.7% 930.6
Diesel GMAN Diesel 32.2% 795.0
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Table C-3: Estimated carbon emission factors opth&er plants (continuation).

. Efficienc Carbon emission

Power Plant Unit Fuel type (HHV)y factor [ton CO »/Gwh]
Mejillones CTM1 Coal 33.0% 1056.2
Thermoelectric CTM1 Coal (70%) + Petcoke (30%) 23.1% 1181.1
CTM2 Coal 34.5% 1005.1
CTM2 Coal (70%) + Petcoke (30%) 24.2% 1123.9
CTM3 Diesel 36.6% 715.9
CTM3 Natural Gas 44.7% 419.2
Mantos Blancos Diesel | MIMB Diesel (28%) + Fuel Oil (72%) 9.3% 786.1
Cavancha CAVA Hydropower 0.0
Tocopilla U10 Fuel Qil Nr. 6 28.0% 988.9
Thermoelectric U1l Fuel Qil Nr. 6 28.0% 988.9
u12 Coal 28.0% 1242.6
u13 Coal 29.3% 1187.6
ul4 Coal 30.3% 1146.3
ul14 Coal (85%) + Petcoke (15%) 29.5% 1181.6
Tocopilla Ui5 Coal 31.1% 1118.0
Thermoelectric Ui5 Coal (85%) + Petcoke (15%) 30.5% 1144.7
Ul6 Natural Gas 49.2% 376.2
Ul16 GNL regasificado 23.6% 1081692.5
TG1 Diesel 23.6% 1081.6
TG2 Diesel 29.9% 856.4
TG3 Diesel 27.5% 667.8
TG3 Natural Gas 27.5% 667.8
Combined Cycle CC SALTA Diesel 52.3% 494.3
Salta CC SALTA Natural Gas 47.5% 389.5
Norgener NTO1 Coal 35.8% 971.9
Thermoelectric NTO1 Fuel Oil Nr. 6 37.4% 758.5
NTO2 Coal 36.1% 962.7
NTO2 Fuel Oil Nr. 6 37.4% 758.5

Zofri Diesel ZOFRIL_1- )
6 Diesel 27.5% 924.5

ZOFRI_2-

5 Diesel 27.5% 924.5
Combined Cycle CC1 Diesel 43.9% 598.7
Atacama CC1 Natural Gas 44.1% 419.3
CcCc2 Diesel 43.9% 592.8
CC2 Natural Gas 44.1% 419.3
Enaex Diesel DEUTZ Diesel 23.9% 1068.3
CUMMINS Diesel 26.3% 971.2
Angamos CTANG1 Coal 36.0% 1018.9
Thermoelectric CTANG2 Coal 36.0% 1018.9
CTANG3 Coal 36.0% 1018.9
CTANG4 Coal 36.0% 1018.9
Andino CTAl Coal 38.0% 924.1
Thermoelectric CTAl Petcoke 38.0% 950.1
CTA2 Coal 38.0% 924.1
CTA2 Petcoke 38.0% 950.1
El Tatio-La Torta Tatiol Geothermal 0.0
Geothermal Tatio2 Geothermal 0.0
Kelar CTKEL1 Coal 36.0% 1019.0
Thermoelectric CTKEL2 Coal 36.0% 1019.0
Apacheta Geothermal | Apachetal Geothermal 0.0
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D. VALIDATION OF THE SING’S OPERATION MODEL

Table D-1: Comparison of real and simulated fuehegation by source type in the
SING.

REAL SIMULATED
Coal + Natural Fuel Coal + Natural Fuel
Year | Petcoke | Diesel Gas Oil Hydropower Petcoke | Diesel Gas Oil Hydropower
2001 | 29.1% 0.4% 69.4% 0.4% 0.7% 31.5% 0.0% 67.9% 0.0% 0.7%
2002 | 36.7% 0.2% 62.4% 0.1% 0.6% 31.5% 0.0% 67.9% 0.0% 0.6%
2003 | 26.7% 0.1% 72.5% 0.1% 0.6% 26.3% 0.0% 73.1% 0.0% 0.6%
2004 | 37.3% 0.2% 61.5% 0.4% 0.5% 38.1% 0.0% 61.3% 0.0% 0.5%
2005 | 35.9% 0.1% 63.5% 0.1% 0.5% 36.1% 0.0% 63.4% 0.0% 0.6%
2006 | 49.9% 0.7% 48.4% 0.5% 0.5% 50.0% 0.0% 49.5% 0.0% 0.5%

Table D-2: Comparison of real (estimated) and sateal carbon emissions in the SING.

REAL - estimated SIMULATED
Annual Carbon Emission Factor Annual Carbon Emission Factor Simulation

Year | Emissions [Mton] [ton/GWHh] Emissions [Mton] [ton/GWh] Error

2001 5.69 605.8 5.60 596.8 -1.5%
2002 6.49 656.8 6.04 611.8 -6.8%
2003 6.46 591.0 6.03 551.8 -6.6%
2004 7.45 634.5 7.57 644.4 1.6%
2005 8.02 665.0 7.63 632.6 -4.9%
2006 9.19 732.5 9.22 735.2 0.4%
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E. DATA USED IN THE ESTIMATION OF LEVELISED COSTS OF
ELECTRICITY
Table E-1: Original values used in the estimatiblewelised costs of electricity’s
(LCE).
Availabi Annual ';‘l?;'
Technology | lity Investment Units fixed Units variable Units Dollar year  Lifetime Source
factor costs costs
PC Boiler - us 1999 U.S. Department of
" 88% 1129 US$/kW 22.8 USS$/kw 0.22 investment, 30 —
sub-critical c/kWh 2005 m&o Energy (1999)
. 1999
PF Boiler - | gqy 1173 US$/KW 2341 | US$KW | 0.35 us investment, 30 | Y-S Departmentof
supercritical c/kWh 2005 m&o Energy (1999)
us 1999 U.S. Department of
IGCC 88% 1229 US$/kw 35.6 US$/kwW 0.19 c/kWh investment, 30 Ehe'r F1999)
2005 m&o i
us 1999 U.S. Department of
CFB 88% 1001 US$/kwW 29.64 USS$/kw 0.28 c/kWh investment, 30 Er.'le.r F1999)
2005 mé&o a9y
Departamento de
Geothermal US$ (300 us Ingenieria Eléctrica
Flash 95% 349440000 gross MW) 10857406 US$ 0 c/kWh 2002 30 - Unversidad de
Chile (2003)
Windpower | 34% 2349714 | US$MW 1.76 us\%m 10 us\%m 2007 20 | Pavez (2008)
%
. us U.S. Department of
Solar PV 15% 5500 US$kW 0.15 m;trillfd 0 /kwh 1997 30 Energy (20062)

The efficiency value used in the LCE calculationtbé pulverized-coal sub-critical

technology was a 36%, as this represents the aweragl-fired power plant in the

SING. For the CFB technology an efficiency valuedisvas a 39%, as it is the expected

efficiency of the coal/petcoke-fired Andino poweramt. For

pulverized-coal

supercritical and IGCC the original report’'s valueere used: 39.9% and 45.4%

respectively. The same approach was used on thestastricity consumption values of

the technologies. Geothermal and wind power cosge viransformed to an unitary

basis.




Table E-3: Estimated levelised cost of electri¢itZE) for different technologies. All
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Table E-2: Estimated coal and petcoke prices bet#6&2 and 2030.

Coal Petcoke
US$/ton | [US$/ton]
2012 58.6 55.0
2013 58.0 53.6
2014 57.7 52.9
2015 57.3 53.1
2016 57.0 534
2017 56.9 53.8
2018 56.4 54.3
2019 56.5 54.8
2020 56.6 55.3
2021 56.9 56.1
2022 57.2 56.8
2023 57.3 57.6
2024 57.8 58.3
2025 58.3 59.0
2026 58.7 59.5
2027 59.1 60.0
2028 59.6 60.5
2029 59.9 61.0
2030 60.5 61.5
Average 57.90 56.66

values in 2006 USD.

Annual fixed Non-fuel Consumer
Technolo Fuel Investment costs variable Efficiency price index LCE [US
9y [USS$/KW] (USHRW] costs [US (HHV) factor c/kWh]
c/kwWh]
PC Boiler - 1.21 inv,
sub-critical coal 1484.7 23.48 0.2266 36.0% 1.03 0&m 5.21
PF Boiler- | ¢ 1542.8 24.11 0.3605 39.9% 1.21inv, 5.03
supercritical 1.03 0&m
IGCC coal 1631.1 36.67 0.1957 45.4% 1.21inv, 5.13
1.03 o&m
CFB coal 1331.0 30.53 0.2884 39.0% 1.21inv, 4.96
1.03 o&m
1.21 inv
o )
CFB petcoke 1331.0 30.53 0.2884 39.0% 1.03 0&M 4.28
Geothermal 1304.6 40.53 0 112 2.15
Flash
Wind power 2349 0 1 - 9.76
Solar PV 6930.0 34.65 0 1.26 58.58
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Table E-4: Comparison of LCE values for geotheremadrgy. In all the cases a 95%
availability factor and a 30 years lifetime werswased.

. Annual fixed . Money DoIIa_r Consumer price LCE [2006 US
Source Investment Units Units conversion -

costs year factor 4 index factor c/kwWh]
Departamento de Uss$
Ingenieria Eléctrica | 59440009 | (390 10857406 Uss | 2002 1 12 2.15
- Unversidad de gross
Chile (2003) MW)
Danish Energy 11 MEMW 32 MW | 2002 1.0483 12 1.65
Authority
(NZ) Avaliability and
Costs of Renewable
Sources of Energy 3200 NZ$/kW 93 NZ$/kw | 2002 0.526 1.2 3.06
for Generating
Electricity

* Dollar conversion factors were obtained from thénentool FXHistory (OANDA, 2007)
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F. CARBON MITIGATION CURVES FOR RENEWABLE ENERGY
SOURCES

Annual Generation [GWh]
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Figure F-1: Carbon emissions reduction costs cuiMaienewable technologies
(PV: photovoltaic)



97

ABBREVIATIONS AND ACRONYMS

CDEC Centro de Despacho Economico de Carga
CDM Clean Development Mechanism

CER Certified Emission Reduction

CFB Combusting fluidized bed

CNE Comisién Nacional de Energia
COCHILCO Comision Chilena del Cobre

ER Electro-refined

FvC Fuel variable costs

GDP Gross domestic product

GWP Global Warming Potential

HHV High heating value

HM Her Majesty

IGCC Integrated gasification combined cycle
IPCC Intergovernmental Panel for Climate Change
LCE Levelised cost of electricity

LHV Low heating value

LNG Liquefied Natural Gas

MTF Mega-tons of fine

MW Mega-watt

NFVC Non-fuel variable costs

NG Natural Gas

PC Pulverized coal

PF Pulverized fuel

PV Photovoltaic

SING Sistema Interconectado del Norte Grande

SX-EW Solvent extraction/electrowinning



