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ABSTRACT

This paper presents an optimizaﬁon cost model that was developed to calcuiate the cost of
installing CO;, Capture technology in Malaysia main power plants. This so-called CO;
‘Capture technology is expected help to reduce the CO; emission from main power plants
until they meet a specified CO , emission target without compromising the national
electrical supply to the customers. There is also consideration to use new technology power
plants such as Integrated Gasification Combined Cycle (IGCC), Natural Gas Combined
Cycle (NGCC) and to use non-fossil energy like hydroelectric, wind and nuclear in order to
reduce the CO; emissions by 50% from current CO, emission level. There is still ongoing
research about using CO, capture technology in fossil-fuel power plant around the globe
but, Malaysia has a great potential to accept this new technology install in main power plant

based on government determination in national budget to fight global warming.
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CHAPTER 1: INTRODUCTION

1.1  Background of Study

Reducing the emission of greenhouse gases are the most challenging environmental issue
facing the advance industrial countries. Increasing concentration of greenhouse gases
including carbon dioxide, methane, nitrous oxide and sulfur oxide has increased the average
earth surface temperature over time. As a result of the global temperature rises, a lot of
unpredictable phenomena happen such as precipitation patterns, storm severity, and

abnormal rise in sea levels.

Top 20 Countries
2006 CO2 Emissions
Million Mewic Tens Carbon Dioxide
0.00 1,000.00 2.000.00 3,000.00 4,000.00 £)000.00 6,000.00 7.000.00
China =x China, 6,018
United States United States, 5,903
Russia Russia, 1,704
India 3 India, 1,293
Japan Japan, 1247
Germany A Garmany, 858
Canada sz Canada, 614
United Kingdom o= United Kingdom, 586
Korea, South [= = Korea, South, 515
Iran =t |ran, 471
faly == ifaly, 468
South Africa H South Aftica, 444
Mezxico 23 Mexico, 436
Saudi Arabia FEsEmE Saudi Arabia, 424
France France, 418
Australia === Australia, 417
Brazi = Brazil, 377
Spain [E Spain, 373
Ukraine === Ulaine, 329
Poland =2 Poland, 303

Figure 1: Carbon Dioxide Emissions Top 20 Main Contributors (Each Country's
Share of CO, Emissions, 2010)

The Kyoto Protocol is initiated on 11 December 1997 in Kyoto, Japan and become fully
law enforcement on 16 February. In November 2009, 187 states have signed and enforced
the protocol. Under this Protocol, 37 industrialized countries pledge themselves to a
reduction of four greenhouse gases (carbon dioxide, methane, nitrous oxide, sulfur
hexafluoride and two others (hydrofluorocarbons and perfluorocarbons) produced by them.

The enforcement of Kyoto Protocol does not reduce the greenhouse gases emission rate
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significantly because the main contributors of greenhouse gases emission, China and
United States do not give full commitment to the protocol. China is not one of country that
signs the protocol and while United States had signed the protocol but US government does
not enforce the protocol.

If we narrow down to South East Asian countries, we will found out that Malaysia is the
highest CO; contributor. This result is due to rapid transformation of Malaysia economy
from an agricultural economy to an industrialized one over the last three decades which
also put Malaysia on 26™ largest greenhouse emitter in the world. Rapid growing of heavy
industries causes the increase of electrical demand from power plants. Electricity is mainly
generated by Tenaga National Berhad (TNB) and Independent Power Producers (IPP).
Total electricity generated in Peninsular Malaysia is 17,623MW with TNB share at 48.1%
IPP, including IPP in Sabah, Sarawak, Sabah Electricity Sdn. Bhd. (SESB) and Syarikat
SESCO Berhad (SESO), owning 46.9% and private generation (Energy Commission
Annual Report, 2006)

®Gas wOthers =Oil mBiomass mDiesel =mHydro = Coal

2% 0%
0%
1%

Figure 2: Malaysia’s current installed generation capacity in percentage (Ministry of
Energy, Water and Communication, 2006)

Rapid growth in power generation capacity and increasing in global CO; emission in
Malaysta, there is need for the government to plan the electricity generation capacity
expansion to meet the electricity demand as well as to achieve an overall reduction in CO».
Therefore, this paper is aims to develop an optimization cost modeling to minimize the cost
of electricity generation and simuttanecusly fulfill the forecasted electricity demand a

specified CO, emission reduction targets using a mix of fossil fuel as well as renewable
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energy. Conventional electricity generation using fuels such as pulverized coal, natural gas
and hydroelectricity, new power generation technologies such as Pulverized Coal (PC),
Integrated Gasification Combined Cycle (IGCC), Natural Gas Combined Cycle (NGCC),

nuclear and wind were considered in the model
1.2 Problem Statement

Electricity generatidn is one of the main sources of carbon dioxide emission, particularly
coal-fired based power plants. This problem can be solved with capture and sequestration.
Retrofitting the existing combustion-fired plants with carbon capture could be promising
because we can continue burn fossil fuel without increasing CO, emissions. CCS can
reduce CO, emissions by 85 to 95% compared to the same processes without CCS but it is
a relatively costly emission reduction strategy because CCS required a large amount of
energy for regeneration. There are two main options for coal-fired power plants with CO;
capture: flue gas scrubbing with amine solvent and oxyfuel combustion (A. Elkamel ct al.,
2009). Amine scrubbing is generally considered to be proven option but it the most
expensive method due to energy input required for solvent regeneration. Common chemical
solvents are amine such as monoethanolamine (MEA), diethanolamine (DEA), ammonia,
and potassium carbonate. MEA is the common practise for flue gas applications because
the existing coal power plants have low CO; concentration 13-15% wet basis in the flue gas
and amine-based solvents have been viewed as the potential solution to this problem (Singh
D et al., 2003). For the IGCC (Integrated Gasification Combine Cycle), Selexol is a better
CO; capture solvent due to the high pressure synthesis gas. Chemical absorption imposes
an energy penalty of about 15% to 30% for natural gas and 30 to 60% for coal plants
(Herzog H et al., 1997). The CO; capture system is energy hunger because the energy
requirement is about 22% of gross plant capacity, mostly for sorbent regeneration (54%)
and CO; product compression (36%). Sorbent circulation and fan power account for the
remaining share (10%) of the total energy consumption of a CO; capture unit (Rubin ES et
al., 2004). For the most part, this project is focus on combustion-based power planis
(natural gas and coal), which are a major source of CO, emissions. The objective of this
project is to formulate and solve an optimization model with the following attributes

objective function of minimizing of total cost, continuous decision variables, discrete
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1.3  The Scope of Study

For the most part, this project is focus on combustion-based power plants (natural gas and

coal), which are a major source of CO» emissions.

1.4  Objectives

The objective of this project is to:
To formulate and solve an optimization model with the following attributes:
1) Objective function of minimizing of total cost
2) Continuous decision variables:
3) Discrete decision variables:
4) Constraints:
i. Energy balance/demand satisfaction

ii. Energy balance on capture process



CHAPTER 2: LITERATURE REVIEW

2.1 General Model Formulations

Several energy models for power generation technologies, such as Pulverized Coal (PC),
Integrated Gasification Combined Cycle (IGCC) and Natural Gas Combined Cycle
(NGCC) in the field of carbon capture and sequestration. For example, Rubin et al, for
instance developed the Integrated Environmental Control Model (IECM) to provide an
analytical tool to compare various environmental control options for fossil fuel power
plants. The model was developed in a modular fashion that allowed new technologies to be
easily incorporated into an overall framework. IECM can configure and evaluate a
particular environmental control system design which current environmental control
options include a variety of conventional and advanced systems for controlling SO, NOy,
and CO2, particulates and mercury emissions for both new and retrofit applications.
Number of studies is performed on how to make use of new power station technology. A.
Elkamel et al. (2009) considered replacing existing coal plants with new plants such as
NGCC, IGCC and PC and studied the impact of the incremental cost of CO, reduction on
the cost of electricity (COE) by implementing different technology options. Singh D et al.
(2003) for example develop model for regional energy supply systems. The model
calculates the energy demand and then suggests fuel switching, retrofiiting and installing
CO; capture technology to meet the required CO, emission targets at minimum cost. Rubin
ES et al. (2004) develop a mixed 0-1 Multiple Objective Linear Programming (MOLP)
model and applied it to the Greek electricity generation sector for identifying the number
and output of each type of boiler unit needed to meet expected electricity demand. The
objectives of MOLP are to minimize the annual cost of electricity and minimize the total
amount of SO, emissions and this model did put CO, mitigation into account A. Elkamel et
al. (2009) develop a linear programming model to evaluate the effectiveness of possible
CO, mitigation options for the electricity sector in Taiwan. The strategies that they use
included fuel alternatives, reduced peak load, energy conservation, improving power
generation efficiency, and CO; capture. The combination of reduced peak production and
increasing power plant efficiency with CO, conservation was an effective strategy to meet

significant CO, emission reductions.



2.2  Model Superstructure

New Non Fossil-fuel power Potential new IGCC, PC and NGCGC

Fossil-fuel power plant Non Fossii-fuel power plant plant wilh and without caplure

(s e e e e S L i i (e T R R e S S S D I B e L A T

S PN TN P
il PN
N RN

Figure 3: Superstructnre repfesenting a power generation fleet
(A. Elkamel et al., 2009)
A. Elkamel, H. Hashim, P. L. Douglas and E. Croiset introduce superstructure power

generation fleet in AICHE JOURNAL. This superstructure representing all possible

alternative fuel mix which can be very complex indeed. Figure 3 illustrate energy supply
Ci, NG;, D;, O;, and H; represents existing coal, natural gas, diesel, oil, and hydroelectric
power plants respectively. New technology power plants are represented by PC"™", IG"",
NG"", SO"", B{"" and N;"*" for pulverized coal, Integrated Gasification Combined Cycle
(IGCC), Natural Gas Combined Cycle (NGCC),solar, biomass énd nuclear respectively.
Three methods to mitigate CO, which are fuel balancing, fuel switching and use of
alternative energy as well as advanced technologies. This strategy involves increasing
electricity generation by non-fossil fuel plants. Therefore, fossil fuel plants will generate
less electricity and hence, less CO; emission. Fuel switching involves changing from
carbon-intensive fuels (coal) to less carbon-intensive fuel (natural gas). Existing generation
stations must be retrofitted in order to use alternative fuel. Energy produced by alternative
fuel (solar, wind) emits zero CO; and this will reduce CO; emission. The third methods of
CO, mitigation strategy is to increase the usage of renewable energy such as solar, wind
and hydroelectric.



Table 1: Actual eleciricity generation for existing power plant
(Economic Planning Unit, 2005)

Power Plant Generation Operating and Maintenance cost
MWh per year (RM per MWh)
Type Location Coal Natural gas
Coal Pelabuhan Klang 639,918 69-104 138-208
Janamanjung 1,254,870
Tanjung Bin 1,254,870
Pasir Gudang 646,926
Prat 1,073,100
Jimah 745,000
Natural Gas | Glugor 1,734,480 5.63
Pelabuhan Klang 1,734,480
Connaught Bridge 6,559,488
Serdang 3,740,520
Pasir Gudang 3,066,876
Paka 8,979,876
Hydroelectric | Kenyir 1,486,199 1.67
Temenggor 823,900
Bersia 231,000
Kenering 427,000
Chenderoh 154,700
Jor 280,700
Pergau 457,800
Who 429,800
Piah & Odak 315,000




Table 2: Capital Cost and Operating and Maintenance Cost for New Power Plant

(Urmee T et al., 2009)

Sources Capital cost Variable O&M | Fixed O&M Fuel cost
RM/MW cost cost (RM/tone)

(RM/MWh) (RM/MW)

Pulverized coal (PC) 5078400 9.184 76.032 272

Integrated Gasification 6787200 3.968 76.032 15.264

combine cycle

Natural gas combine cycle | 1974400 8.64 76.032 15.264

Nuclear 7725440 17.696 76.032 403.2

Data from Table 1 and Table 2 is used for the model formulation. Some of the data is

assumed because there is not much research being conducted by local to study the cost for

new technology power station such as Pulverized coal (PC), Integrated Gasification

combine cycle (IGCC), Natural gas combine cycle (NGCC) and new nonfossil-fuel energy

such as nuclear.

An extensive research to attain important data must be conducted in the future to improve

this cost modeling so that researcher can do deeper analysis to study the cost of installing

CO; capture in Malaysia power plant.




CHAPTER 3 METHODOLOGY AND MODEL FORMULATION
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Figure 4: Methodology Flowchart



3.1 Model Formulation

The objective of this model is to choose the best plant load distribution which consists of
existing and new power plant, mix of fuels, and CO; capture process to meet electricity
demand and still achieve CO, mitigation target. Two main continuous variables are
defined: Ej represent electricity generated/load distribution from the 7th fossil fuel boiler
using fuel j (j=1 for coal and j=2 for natural gas). E; represents electricity generated/load

distribution from jth existing non-fossil power plant and new technology power plant.

Four sets of binary variables:

1) Fuel switching coal to natural gas is represented by Xj;
_ {1 if ith plant is selected}

¥ |0 otherwise

2) The existence/non-existence of ith potential new boiler with and without capture is

represented by y;
__Jlifith plant is selected
Yo = 0 otherwise

3) Zy selection of kth capture process on ith existing coal-fired boiler
N {1 if ith capture process is put on]ine}

710 otherwise
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3.2 Objective Function

The objective of this model is to utilize a power generation fleet and to combine carbon
capture (CCS) on existing power plant and construct new power plants with or without
capture to achieve targeted CO, mitigation. The objective function represents the total
system cost that includes operating costs of electricity, retrofit costs for switching from coal
to natural gas, retrofit costs for carbon capture retrofit on existing power plants and
operational costs for new power plant.

The objective function can be written as:

Total Cost=» . ¥ C,E;+ Y C¥E + Y Y R, X,

ieF j ieNF ieF® J
opaaﬁonalcust?arexisﬁngp]mts reu'ot}f'tcost
new yrmax new ynew
+ 2 STE™y+ ), CVE]

icP™ [ i ey
capital and operational cos? for new additionat stations
< c
BN TS ) yorA
jef® k ieF° k )
capital and operational cost of carbon capture retrofit

Where Cj; is the electricity generation cost per MWh if jth fuel is used in ith fossil-fuel
boiler, C; (C;*") is the electricity generation cost per MWh for ith nonfossil-fuel power
plant; C°; is operational cost for kth CO; capture process (RM/MWh), E; (E;*") is the
electricity generated (MWh/year) from ith nonfossil-fuel boiler, Ej is the electricity
generated (MWh/year) from ith fossil-fuel boiler using jth fuel, Ey is electricity required
for kth CO; capture process (MWh/year in ith coal-fired boiler which running with jth fuel,
Ry is retrofitting cost for switching ith coal-fired boiler to jth fuel natural gas. SZ* is
annualized capital cost for kth capture process in RM/year; g is the fraction of CO,
capture. F is the set of fossil-fuel boilers including coal F° and natural gas F™. NF is the set

P™" is the set of new

of nonfossil-fuel power stations, nuclear, hydroelectric and wind.
technology power plant that include pulverized coal, PPC (PP“°®), integrated gas combined
cycle, P'SCC (P15 and natural gas combined cycle, PN°C (PNOCC®) with and without

capture.
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33 Cost of CO, Avoidance

($/kWh)__ —($/kWh)_
(1CO, /kWh) , -(tCO, /kWh)

emission

cost of CO, avoided ($/ton) =

CCs

The avoidance of CO2 is a measure for the contribution to climate protection and thus
reduces the greenhouse effect. CO2 is emitted during the generation of electrical power as a
result of burning fossil fuels (e.g. coal). Electricity which is generated using renewable

energy (sun, wind, water, biomass, geothermal energy) does not produce (additional) CO,
[11]

34 Constraints

Energy Balance/Demand Satisfaction

Total electricity injected to the grid come from nonfossil power plant, new technology
power plant and fossil-fuel power plant

[Z EV+Y E,”"‘"—i»ZZEU]—-ZZE,k = Demand
ieNF ieP™ ieF j i Kk

Additional energy is required for CO; capture processes and this energy can be supplied by
existing nonfossil power generation, new technology power plant and fossil-fuel power
plant.

E,.,,=[ > ZE,,C+Z;EW+G,C]

feP™ k

The total electricity generated for the whole fleet must be equal to the total demand.

[Z EM+ Y E,."‘”"JfZ;Z:E,}}—ZZk:}EHE =Dema¢d

ieNF P~ ieF j

12



Energy Balance on Capture Process

The energy required E; can be supplied from the grid, Gy from existing nonfossil power
plant and new power plants:

E<My YieP™ which can be simplified to

E, :ZZEy‘k
i

Capacity Constraint on Capture Process

E, <7, E™ Vie F,Vk

The parameter E™ represents the maximum energy required for capture technology. This

constraint make sure energy required is zero when no capture process is involve in the
model

Fuel Selection and Plant Shut-Down. For a fossil fuel boiler, the process is either operating
or shutdown. This constraint is represented by Xj; that represents the fuel selection or plant
shutdown:

2 X, <l VieF

J

Plant Capacity Constraints

Existing fossil fuet boilers

E, sMX, VieF,Vj
New power plants
E™ <E™Y, Yie P

Upper Bound on Operational Changes

Existing fossil fuel boilers:

E, <(1+7)E™ Vie F,Yj
Nonfossil power plants:
EM <(1+r)E>™™ Vie NF

13



New power plants

a,~CO,E, Vie P

Lower Bound on Operational Constraints

Existing fossil fuel boilers:

21X, Vie F,Vj
Nonfossil power plants:

£>1, Vie NF
New power plants

f>Ly, Vie NF

Emission Constraint/ CO; balance. CO; emissions from existing coal-fired boilers and new

boilers, ¢; (million tone/yr) are defined as:

Existing fossil fuel boilers

Q, :Z Congg VieF
J
New power plants
a,;=CO,E, Vie P™

14
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The new detail objective function base on the constraints can be written as:

Lmax

total cost =3 3 C, B+ D, DG B + X R, Xij
ielp jeJ ielny jed il pg AOP
1. operating cost for existing power plants retrofit cost for fuel switching
without capture
new Pmax new,cap Bmax,cap
+ Z G AOP Vi + Z G TAOP Vi
'GI F,new ieIF new,cap

J

capital ccst for new power plants without capture capital cost for new power plants with capture

+ Y OPM™E™.yi + Z QPpe-cap previcap
iEIF,new ieIF newcap

4 v

operating cost for new powerplants  operating cost for new power plants
without capture with capture

+ ZZZCCCSCOZ ik +ZZZCCC3 e(i,k)-CO2, v,

capltal cost for retrofit of existing power plants operatmg cost for retrofit of existing power p]ants
with capture witht capture

Pnewcap OPnew
pIg) (:02“"f Cco27*

IE]F’ncw’cap icly

v

COp avoidance cost

Sets and Indices

I set of all power plants i

Ir set of fossil-fuel-fired power plants i

J set of types of fuelsj

Irng set of fossil-fuel-fired power plants 7 using natural gas as fuel
I pew set of new fossil-fuel-fired power plants i

S set of potential sequestration locations s

15



Parameters

L™
AQP

s€n

Bmax

CO2;

£(i,k)

net electricity generation from a fossil-fuel-fired power plant i (MWh/yr)

annual operating time of fossil-fuel-fired power plant i (h/yr) (8760 h/yr)
parameter for performing sensitivity analysis on capital cost

net electricity generation from a new power plant i (MWh/yr)

CO2 emission from a fossil-fuel-fired power plant 7 (ton/yr)

fraction of CO2 captured

Continuous Decision Variable

Yirk

Ois

amount of electricity generated from a fossil-fuel-fired power plant ; with its
boiler(s) operating using fuel ; (MWh/yr)

amount of electricity generated from a non-fossil-fuel-fired power plant i (MWh/yr)

adjusted electricity generation from a new power plant i (MWh/yr)

price of coal ($/GJ)
heat rate of a fossil-fuel-fired power plant i (GI/MWh)

linearization variable related to CO2 capture at an existing fossil-fuel-fired power
plant

linearization variable for a fossil-fuel-fired power plant i in sequestration location s

Integer 0! Binary Decision Variables

X,
Yi

1 if a power plant i is operated using a selected fuel 7; 0 otherwise

1 if a new power plant / exists j; 0 otherwise

16



CHAPTER 4: RESULT AND DISCUSSION

4.1  Effect of renewable energy, fuel balancing and fuel switching generation mix
on cost of electricity

First of ali, the main objective of this model is to meet the power grid electricity demand
and renewable energy play vital role in achieving power grid electricity demand. Figure 5
and 6 shows that, as we increase the renewable energy generation share in power
generation fleet, the cost of generating electricity is increased. This result is expected since
renewable energy based electricity generation is not cost-effective as compared to fossil
fuel-based power plant. The cost of electricity is RM 0.3072/kWh for 5% renewable energy
generation mix, which is double the base-case cost of electricity. The model output shows
based on the sources of renewable energy currently available in Peninsular Malaysia. This

is expected to increase the cost of electricity to RM 0.3616/kWh

100 |-

80 +—

<=
2
=
<
2
A
o AT
g 60
S R
U]
A
o
@
b
20
0 Py
Electricity Generation 5% Electricity Generation 9% Electricty Generation
without renewable energy from renewable energy from renewable energy

Figure S: Electricity generation without renewable energy and with renewable energy
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Figure 6: Cost of Electricity without renewable energy and with renewable energy
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4.2 CO; emission reduction

Another thing that needs to discuss from this model is the impact of electricity generation
for various CO; emission reduction while satisfying electricity demand at low cost. Three
mitigation strategies including fuel balancing, fuel switching and installation new
technology power plant were selected to achieve 0% and 30% and 50% CO; emission
reduction target. However, if we want to further reduce CO;, emission, we must mix
renewable energy generation in power grid. The existing natural gas plant and hydroelectric

plants were fully operational for the base case 0% reduction, 30% and 50%.

Fuel balancing and fuel switching to less carbon-intensive fuel such as natural gas and
implementation of renewable energy were chosen to achieve 50% CO, reduction target. For
example, boiler PK2 and PK6 in Pelabuhan Klang power station, boiler JM3 in
Janamanjung, boiler TB1 in Tanjung Bin and boiler PG1 in Pasir Gudang will be switched
to natural gas, two NGCC power plants and one nuclear plant were chosen to gencrate
284,570 MWh electricity per year, 3,331,000 MWh electricity per year and 850,000 MWh

electricity per year respectively.

The total cost of electricity generation for CO; reduction target of 0% and 30% is

RM 950 million. For 50% CO; reduction is RM 1.12 billion and this value is 18.2% higher
than the total cost for 0% and 30% CO, reduction. From the resulis of the case studies, it
can be concluded that IGCC, NGCC and nuclear power station are among the new
technologies that need to be considered to satisfy more CO, emission reduction target. For
specified CO, emission targets, hydroelectric and natural gas power station was

recommended due to the emission free technology and low operating cost.
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43  Effect of CO; Reduction towards Cost of Electricity and Electricity Generation

for Consumer

Cost of Electricity
Electricity Generation for
{RiI/kWih} consumer (KWh)
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Figure 7: Effect of CO2 Reduction to cost and energy generation

Reduction of CO, emission causes the cost of electricity per kWh to increase and
electricity generation for consumer decrease. At 0% CO; reduction, the cost of electricity
per kWh is the lowest because all fossil-fuel power plants use coal. At 20% CO; reduction,
fuel switching is introduced in objective function where some of fossii-fuel power plants
are switch from coal to natural gas. Electricity generation for consumers per kWh is

decreased because coal burn better compared to natural gas and all power plants are at same
load.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

51 Conclusion

From this modeling, I can conclude that it is feasible and essential to install CO; capture
technology in Malaysia main power plants base on several justifications. One of the
justifications is Malaysia is 26™ largest greenhouse gases emitter in the world. This
reputation is not very good for Malaysia’s foreign direct investment because foreign
investors do not want to contribute to the cause of increasing emission of CO, in Malaysia.
In addition, we have to burn more fossil fuel and emit more CO, from our main power plant
to feed the heavy industries that foreign investors brought in when they want to set up their
factory and production in Malaysia. This problem can cause the rapid transformation of
Malaysia economy to an industrialized over the last three decades came to stop.

Other justification is installing the CO, capture technology does not compromise the
electricity generated by power grid for focal usage because the existence of energy
balance/demand satisfaction constraint inside the model. This constraint makes sure that
when energy is used from power grid for CO, capture technology, the power grid is equal

or more than customer demand satisfaction.

The CO, mitigation strategy using method fuel balancing and fuel switching to less carbon-
intensive fuel is proved by this model that it can reduce the CO, emission by 50%. For
instance, boiler PK2 and PK6 in Pelabuhan Klang power station, boiler JM3 in
Janamanjung power station, boiler TB1 in Tanjung Bin power station and boiler PG1 in
Pasir Gudang power station will be switched to natural gas, two NGCC power plants and
one nuclear plant were chosen to generate 284,570 MWh electricity per year, 3,331,000
MWh electricity per year and 850,000 MWh electricity per year each respectively. The cost
of electricity generation for 0% and 30% CO; reduction is RM 948,212,425.6. The total
cost of electricity generation for 50% CO; reduction is RM 1,121,242,458. This is 18.2%
higher than the total cost for 0% and 30% CO; reduction. New technologies such as IGCC,
NGCC and nuclear power station need to be considered to satisfy further CO; emission
reduction target.
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52 Recommendation

Since the CO, technology is still on-going research and is not common practice even to
power station around the globe, there are a few recommendation must be made in order to

install this technology in Malaysia power plants.

One of recommendation is to consider emission trading, a market-based approach used to
control pollution by providing economic incentives for achieving reductions in the

emissions of pollutants.

Other recommendation is forestation which includes prevention of deforestation,
afforestation (converting land back to forest), and reforestation (planting to create a new
forest). This method can further reduce the emission of CO,. Bioenergy farming is another
sustainable approach for a fossil fuel replacement. If trees or plants can be used as a fuel

that displaces fossil fuel use, then a net reduction in CO, emissions occurs.

Other method is cofiring biomass with coal and other fossil fuels. This option, which
utilizes biofuel in a higher efficiency fossil fuel power plant, has been studied for many

years.
Another interesting method is to use artificial photosynthesis. There has been on-going

basic research to develop photochemical processes that mimic biological photosynthesis-

converting solar energy into fixed chemical energy, using chlorophyll as a catalyst.
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APPENDIX

$TITLE CO2 FOR POWER PLANTS

$EOLCOM #

Sontext

*The objective of this mode! is to determine the best mix of power plants,
*fuels,annual capacity factor, CO2 capture and sequestration to meet the
*electricity demand while satisfying the CO2 reduction target at minimum
*oost.

$offtext

L]

*_ list all sets

*

Set
I fossil-firel power plants
!

*(Coal power plant

PK1*PK6 Pelabuhan Klang
IMI*IM3 Janamanjung
TB1*TB3 Tanjung Bin
PG1*PG2 Pasir Gudang
PR1*PR3 Prai
JMAHI*JIIMAH2  Jimah
*Natural gas power plant
Glugor
Pelabuhan Klang
Connaught_Bridge
Serdang
Pasir_Gudang
Paka

*Hydroelectric
Kenyir
Temengeot
Bersia
Kenering
Chenderch
Jor
Pergau
Woh
Piah_Odak
NUCLEAR1
WIND1
*NEW POWER PLANTS WITHOUT CCS
PC11,PCI2,PC13,PC14
PC21,PC22 PC23,PC24
IGCC11,IGCCI2IGCCI13,IGCC14
IGCC21,IGCC22,HGCC23 1GCC24
IGCC31,IGCC32,HGCC33,1GCC34
NGCC11,NGCCI2 NGCCI3NGCC14
NGCC21,NGCC22, NGCC23,NGCC24
NGCCILNGCCI2 NGCC33,NGCC34
*NEW POWER PLANTS WITH CC3
*PC1 PC1 w captre
PCeapl1,PCeapl2,PCeapl3,PCeapla
*PC2 PC2 w capture
PCecap21,PCcap22,PCcap23,PCeap24
*PC3 PC3 w capture
PCcap31,PCcap32,PCcap33,PCcap34
*IC1 IGCCY w capture
1Geap11,iGeap12,1Geapl 3. IGCAP14
*IC2 IGCC2 w capture
IGeap21,iGeap22,1Geap23, IGCAP24
¥NCI NGCC1 w capture
NGeapl !, NGeapl2 NGeapl 3, NGeapl4
*NC2 NGCC2 w capture
NGcap21 NGeap22 NGeap23,NGceap24
!

PPI(H PCI1 /PC11,PC12,PC13.PC14/
PP2(T) PC2 /PC21,PC22 PC23 PC24/
P IGCC1 AGCC11,IGCC12,IGCC13,IGCCI4/



PI{(}) IGCC2 AGCC21 JIGCC22,IGCC23,IGCC24/
PI3(H) IGCC3 AGCC3LIGCC32,IGCCI3,IGCC34/
PNI({TyNGCC1 MNGCC11NGCC12,NGCC13,NGCC14/
PN2(I) NGCC2 MNGCC21,NGCC22NGCC23,NGCC24/
PN3(@{) NGCC3 INGCC31,NGCC32,NGCC33 NGCC34/
PCI{I) PC1 w capture /PCcapli,PCeap!2,PCeapl3,PCoapld/
PCD) PC2 w capture /PCeap21,PCeap22, PCeap23 PCoap24/
PC3(T) PC3 w capture /PCcap31,PCeap32,PCeap33,PCoap34/
ICI(D) IGCC1 w capture /IGeap]1,YGeap12,IGeapl3,IGCAP14/
EC2(0) IGCC2 w capture AGeap21,1Geap22 IGeap23 JIGCAP24/
NC1{I) NGCC1 w capture /NGeapl1,NGeap12, NGeapl3,NGeapl4/
NC2(I) NGCC2 w capture /NGeap21 NGeap22 NGeap23, NGeap24/

FOSSIL(I) fossii-fuct power stations

/

PKI*PK6

JMI1*IM3

TB1*TB3

PGI¥PG2

PRI*PR3

JIMAH{*JIMAH2

Glugor

Pelabuhan Kiang

Connaught Bridge

Serdang

Pasir Gudang

Paka

/

NONFOSSIL(T) non-fossil-fuel power staticns
/

Kenyir
Temenggor
Bersia
Kenering
Chenderoh
Jor
Pergau
Woh
Piah_Odak
NUCLEARI
WINDI
/
PK(I) Pelabuhan Kiang /PK1*PK6/
IM(I)  Janamanjung /IMI*IMY/
TB() TanjungBin /[TBI*TB3/
PG(l) Pasir Gudang /PGI1*PG2/
PR(I} Prai PRI*PR3/
JIMAH(D) Jimah /JIMAH1 *JIMAH2/
N({} nuclear MNUCLEARY/
H(T) hydroelectric /Kenyir

Temenggor

Bersia

Kenering

Chenderch

Jor

Pergau

Woh

Piah_Odak/
W({I) wind fWIND1/
*new power plants
Pnew(l) fossil-fuel power stations without capture
/
*PC1 wo capture
PC11,PC12,PC13,PC14
*PC2 wo capture
PC21,PC22,PC23,PC24
*IGCC1 wo capture
1GCCI1L,IGCCI2IGCCI3,IGCCH
*1GCCI wo capture
IGCC21,1GCC22 IGCC23,IGCC24
*NGCC1 wo capture
NGCC11,NGCCI2,NGCC13,NGCC14
*NGCC2 wo capture
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NGCC21 NGCC22 NGCC23,NGCC24

*NGCC3 wo capture
NGCC31,NGCC32NGCC33,NGCC34

/

Pnew_cap() fossil-fuel power stations with capture
/

*PC1 PC1 w capture
PCcapl11,PCcap12,PCcapl3,PCecapl4
*PC2 PC2 w capture
PCeap21,PCeap22 PCeap23,PCoapd
*PC3 PC3 w capture
PCcap31,PCoap32,PCeap33,PCcap34
*IC1 IGCC] w capture
1Geap11,1Geapl2,1Geap13,IGCAP14
*[C2 FGCC2 w capture
IGeap21,1Geap22,iGeap23,1GCAP24
*NC1 NGCC1 w capture
NGeap11,NGeapl 2,NGeapl 3,NGeapl4
*NC2 NGCC2 w capture
NGeap21,NGeap22 NGeap23,NGeap24
!
j fuels fcoal ng/

k capture process MEA/

§ sequestration location /Erie, Huron/
PP1_PC1(PP1,PCl)

!/

PC11.PCeaplt
PC12.PCeapl2
PC13.PCcapl3
PC14.PCoapl4

/
PP2_PC2(PP2PC2Z)
/

PC21.PCeap21
PC22.PCcap22
PC23.PCeap23
PC24.PCcap24

/
PIL_ICL(PILICI)
/

IGCC11.1Geaptl
IGCC12.1Geapi2
IGCC13.1Geapl3
IGCC14 IGCAPIA
!

PL2_IC2{(PI2,IC2)

/

IGCC21.1Geap21
EGCC22 IGeap22
1GCC23 ¥Gcap23
IGCC24.1GCAP24
/
PN1_NCI(PN1,NCI)
/

NGCC11 NGeapll
NGCC12.NGeapl2
NGCC13.NGcapl3
NGCC14.NGeapl4
!
PN2_NC2(PN2,NC2)
/
NGCC21.NGeap2l
NGCC22 NGeap22
NGCC23 NGeap23
NGCC24 NGeap24
!

.
*. list all scalars
*

Scalar MaxE  Electricity generated at peak time (MWe) /13764/;
Scalar Optime Annual operating time (hr per year) /8760/;
Scalar CO2  CO2 emission in tonne per year /367200007,
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Scalar CO2red Percent of CO2 reduciion /0.6/;
PARAMETER Cnf{I)
/

Kenyir  1.67 # variable operating & maintenance (O&M) cost for hydroglectric (RM per MWh)
Temenggor 1.67

Bersia 1,67
Kenering 1.67
Chenderoh  1.67
Jor 1.67
Pergau 167
Woh 1.67
Piah Odak 1.67

NUCLEAR1 21.33  # variable operating & maintenance (O&M) cost for nuclear ($ per MWh)
WIND1 2.67  # Operating cost for wind ($ per MWh})
*new # Operating cost for wind ($ per MWh)
/
ScalarR  allowable electricity increment /0.01/;
Scalar Lower ACF lower bound /0.1/;
Scatar ACF  Annual capacity factor for new stations /0.75/;
Scalar AF  Ammortized factor /0.15/,
Scalar Reost  Retrofit cost factor due to fuel switching($M20 per 1000 MW)/20000/;
Scatar perCCS percent COZ2 capture /0.9/;
* Scalar ccsPC  cost of CO2 capture for existing PC (8 per ton CO2 capture) /34/
* Scalar cesNG  cost of CO2 capture for existing NG (3 per ton CO2 capture) /41/
* Scalar Ereq  Elec required for CO2 capture (MWh per tonne CO2 capture)/0.317/;
PARAMETER HR(I)
/
*PP19.12  #heat rate for PP1 {GI per MWh)
PC11*PC14 912
*PC11,PC12,PC13,PC14
*heat rate for PP2 (GJ per MWh)
PC21*PC24 9.16
*hrPH  heat rate for P11 (GJ per MWh)
IGCCII*IGCC14  7.37
*hrPI2  heat rate for PI2 (GJ per MWh)
IGCC21*1GCC24 19
*hrPI3  heat rate for P13 (GJ per MWh)
IGCC31*IGCC34  8.78
*hrPN1  heat rate for P1 {GJ per MWh)
NGCCI11*NGCCI4 7.1
*hrPN2  heat rate for PN2 (GJ per MWh)
NGCC2I*NGCC24  6.74
*rPN3  heat rafe for PN3 {GJ per MWh)
NGCC31*NGCC34  6.37
/
Scalar hrPC1  heat rate for PC1 (GJ per MWh) /12.15f,
Scalar rPC2  heat rate for PC2 (GJ per MWh) /12.17/;
Scalar hrPC3  heat rate for PC3 (GI per MWh) /12.1/;
Scalar hrIC1  heat rate for IC1 (GJ per MWh) /10.46/;
Scalar hyIC2  heat rate for IC2 (G per MWh) /9.97/;
Scalar 'NC1  heat rate for NC1 (GY per MWh) /7.48/;
Scalar kNC2  hest rate for NC2 (GJ per MWh} /7.8/;
Scalar Pcoal price of coal (§ per GJ) /1.2/; #fuel cost ($/ton} ?? need to convert to RM per GJ
Scalar NGeost price of ng ($ per GJ) /4.0/;
Scalar sen  sensitivity analysis for capital cost /1.0/;
Scalar MaxCap maximum ensrgy requirement for eapture (MWh per yr)/1000000000/;
Scalar M big number used in CO2 emission constraints /1E13/;
Scalar Ms  big number used in lincarization for CCS retrofit /1E13/;
Scalar Mp  big number used in linearization for new plant w cap /1E13/,
Scalar Egrowth Electricity growth rate /0.100/;
*

*_ list all parameters
*

Parameters
*

* . Maximum electricity generation (MWh per yr) for existing power stations
*

PKmax(PK) Pelabuhan Klang net electricity generation{MWh per year)
/PK1 639918

PK2 639918
PK3 639918
PK4 639918
PKS5 639918
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PK6 639918/
IMmax(JM)  Jamanjung net electricity generation{MWh per year)
/M1 1254870
M2 1254870
M3 1254870/
TBmax(TB)  Tanjung Bin net leciricity generation(MWh per year)
/TB1 1254870
TB2 1254870
TB3 | 1254870/ .. . ‘ -
PGmax(PG)  Pasir Gudang 1.ot electricity genetation(MWh per year)
/PG1 646926 ’ )
PG2 646926/
PRmax(PR)  Prai nei electricity generation(MWh per yeary
/PRI 1073100 ok
. PR2 1073100

LOOPRI - 107300/

TIMAHmax(JIMAH) Fimah Bay net electricity generation{MWh per year)
/JIMAH1 745000
JIMAH2 7450060/
* . . oL
*__ Installed capacity (MW) for riew candidate power platits without captiies
*
PARAMETER Pmax(])
/
*PPImax(PP1) PC1 new stations net power generation (MWh per year)
PC11 4012080
PC12 4012080
PC13 4012080
PCl14 4012080
*PP2max(PP2) PC2 new stations net power generation (MWh per year)
PC21 4590240
PC22 4590240
PC23 4590240
PC24 4590240
*PIImax(PIt) IGCCI new stations net power generation (MWh per year}
1GCC11 2190000
1GCC12 2190000
IGCC13 2190000
IGCC14 2190000
*PR2max(PI2) IGCC2 new stations net power gencration (MWh per year)
1GCC21 3066000
1GCC22 3066000
1GCC23 3066000
IGCC24 3066000
*PHEmax(PI3) IGCC3 new stations net power generation (MWh per year)
IGCC31 5107080
IGCC32 5107080
IGCC33 5107080
IGCC34 5107080
*PNImax(PN1) NGCC] new stations net power generation (MWh per year)
NGCC11 2856636
NGCC12 2856636
NGCC13 2856636
NGCCl4 2856636
*PNZmax(PN2) NGCC2 new stations net power generation (MWh per year)
NGCC2i 3460200
NGCC22 3460200
NGCC23 3460200
NGCC24 3460200
*PN3max(PN3) NGCC3 new stations net power generation (MWh per year)
NGCC31 4441320
NGCC32 4441320
NGCC33 4441320
NGCC34 4441320
/
parameters
Pleax(PPi) PC1 new stations net power generation (MWh per year)
/ PCl1 4012080 '
PC12 4012080
PC13 4012080
PCl4 4012080
/
PP2max(PP2) PC2 new stations net power generation (MWHh per year)
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/FPC21 4590240
PC22 4590240
sPC 4590240
PC24 4590240/
Plimax(PI1) KFCCI new stations net power generation (MWh per year)
1 IGCCLL 2190000
IGCC12 2194000
IGCCI3 2190000
IGCCi4 2190000/
PR2max(PER2) IGCC2 new stations net power generation (MWh per year)
7 1GCC21 3066000
1GCC22 3066000
1GCC23 3066000
IGCC24 3066000 /
PI3max(PI3} 1GCC3 new stations net power generation (MWh per year)
7 1GCC31 5107080
1GCC32 5107080
IGCC33 5107080
IGCC34 5107080 /
PNImax(PN1} NGCC! new stations net power generation (MWh per year)
f NGCC11 2856636
NGCCi2 2856636
NGCC13 2856636
NGCC14 2856636/
PN2max(PN2) NGCC2 new stations net power generation (MWh per _ycar)
[ NGCC21 3460200
NGCC22 3460200
NGCC23 3466200
NGCC24 3460200/
PN3max(PN3) NGCC3 new stations net power generation (MWh per year)
/ NGCC31 4441320
NGCC32 4441320
NGCC33 4441320
NGCC34 4441320
/
*

*_ Net power peneration (MW) for new candidate power plants with capture
*

}Jarameter Pmax_cap(T}
*PCImax(PCt) PC1 with capture new stations net power generation (MWh per year)
PCeapll 2987160
PCcapl2 2987160
PCeapl3 2987160
PCecapld 2987160
*PC2max(PC2) PC2 with capture new stations net power generation (MWh per year)
PCoap2l 4012080
PCoap22 4012080
PCcap23 4012080
PCcap24 40612080
*PCImax(PCI) PC3 with capiure new stations net power generation (MWh per year)
PCcap3l 4305920
PCcap32 4305920
PCcap33 4309920
PCoap34 4300920
*IC1imax(IC1) IGCCI with capture new stations net power generation (MWh per year)
IGeapll 4283640
iGeapl2 4283640
fGeanl3 4283640
IGecapl4 4283640
*IC2max(IC2) IGCC2 with capture new stations net power generation (MWh per year)
IGeap2l 4493880
IGeap22 4493880
IGeap23 4493880
1Geap24 4493880
*NClmax(NC1) NGCC1 with capture new stations net power generation (MWh per year)
NGeapll 3784320
NGeapl2 3784320
NGeapl3 3784320
NGeapld 3784320
*NC2max(NC2) NGCC2 with capture new stations net power generation (MWh per year)
NGeap2l 6570000
NGcap22 6570000
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NGceap23 6570000
NGceap24 6570000
/
Parameters
PClmax(PC1} PC1 with capture new stations net power generation (MWh per year)
/ PCcapll 2987160
PCcapl2 2987160
PCcapl3 2987160
PCcapl4 2987160/
PC2max{PC2) PC2 with capture new stations fiet power generation (MWh per year)
! PCcap2l 4012080
PCcap22 4012080
PCeap23 4012080
PCcap24 4012080/
PC3max(PC3) PC3 with capture new stations net power generation (MWh per year)
/ PCcap31 4309920
PCoap32 4309920
PCeap33 4309920
PCcap34 4309920/
ICImax(IC1) IGCC]I with capture new stations net power generation (MWh per year)
/ IGoapll 4283640
IGeapl2 4283640
IGeapl3 4283640
[Geapld 4283640/
IC2max(IC2) 1GCC2 with capture new stations net power generation (MWh per year)
/ IGcap2! 4493880
1Geap22 4493880
1Geap23 4493880
IGeap24 4493880/
NClmax{NC1} NGCC! with capture new stations net power generation (MWh per year)
I NGeapll 3784320
NGcapl2 3784320
NGceapl3 3784320
NGeapl4 3784320/
NC2max(NC2) NGCC2 with capture new stations net power generation (MWh per year)
/ NGceap21 6570000
NGcap?22 6570000
NGcap23 6370000
NGeap24 6570000/
*

*__ Actual eleciricity generation (MWh per yr) for existing power plants

*

ElecPK(PK)  Pelabuhan Klang actual electricity generation in MWh per year
/PK1 639918

PK2 639918
PK3 639918
PK4 639918
PKS 639918
PKa 639918/

Elec]M(JM)  Jamanjung actual electricity generation in MWh per year
/1M1 1254870 ‘

M2 1254870

M3 1254870/
ElecTB(TB)  Tanjung Bin actual electricity generation in MWh per year
/TB1 1254870

TB2 1254870

TB3 1254870/
ElecPG(PG)  Pasir Gudang actual electricity generation in MWh per year
PG 646926

PG2 306875/
ElecPR(PR)  Prai-actual electricity generation in MWh per vear

/PR1 1073100

PR2 1073100

PR3 1073100/
Elec/IMAH(JIMAH)  Jimah actual electricity generation in MWh per year
/IIMAHI 745000

JIMAH2 745000/
ElecN(N) Nuclear actual electricity generation in MWh per vear
/NUCLEARI 14300600/
ElecH(H) Hydroelectric actual electricity generation in MWh per year
/Kenyir 1486100

Temenggor 823900

Bersia 231600
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Kenering 427000

Chenderoh 154700

Jor 280700

Pergau 457800

Woh 429800

Pizh Odak 315000/
ElecW{(W) Wind actual electricity generation in MWh per year
fWINDI1 713000/,

*_Opérational cost ($ per MWh) for existing fossil stations
*

PARAMETER aa(l)
/

PCcapl! 09
PCcapl2 09
PCcapi3 0.9
PCcapid 09
PCcap2l 0.9
PCcap22 0.9
PCeap23 09
PCcap24 09
PCeap3l 09
PCcap32 09
PCcap33 09
PCcap3d 09
IGeapll 0.8
1Geapl2 0.8
IGeapl3 0.8
IGCAPI4 038
IGeap2l 0.6
IGeap22 06
IGeap23 06
IGCAP24 (6
NGeapll 09
NGeapi2 09
NGeapld 09
NGcapld 0.9
NGeap2i 09
NGeap22 09
NGeap23 09
NGeap24 0.9
/

PARAMETER bb(I)
/

PCcapll 0.1
PCecapl2 0.1
PCeapl3 O
PCcapl4 (.1
PCeap21l 0.1
PCeap22 0.1
PCcap23 0.1
PCecap24 0.1
PCecap3l 0.1
PCcap32 0.1
PCcap33 0.1
PCcap34 0.1
1Geapil 02
1Geapl2 02
IGeapl3d 02
IGCAPI4 02
IGeap21 04
WGeap22 04
iGeap23 04
IGCAP24 04
NGeapll 0.1
NGeapl2 0.1
NGeapl3 0.1
NGeapld 0.1
NGeap2t 01
NGeap22 0.1
NGeap23 0.1
NGeap24 0.1
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TABLE C(LJ)
*OprPK(PK,j) Pelabuhan Klang operational cost (RM per MWh)

ng
PKI 69 138
PK2 69 138
PK3 69 138
PK4 69 138
PK5 69 138
PK6 69 138
*OprIM(JM,j) Jamanjung operational cost (RM per MWh)
M1 69 138
M2 69 138
M3 69 138
*OprTB(TB,j) Tanjung Bin operational cost (RM per MWh)
TB1 69 138
TB2 69 138
TB3 69 138
*OprPG(PG.j) Pasir Gudang operational cost (RM per MWh)
PGl 69 138
PG2 6% 138
*OprPR(PR.j) Prai operational cost (RM per MWh)
PRI 69 138
PR2 &9 138
PR3 69 138
*OptIJIMAH))  Jimah operationat cost (RM per MWh)
JIMAH]1 69 138
JIMAH2 69 138

»
*

*CO2 emissions (torne per MWH) from existing fossil-fuel-based power stations

Table CO2emission(Lj) CO2 emissions from existing fossil-fuel-based power stations (tonne per MWh)
*CO2PK(PK,j) CO2 emission from Pelabuhan Kiang (tonne per MWH)
coal ng
PK! 0.063 0.023
PX2  0.063 0.023
PK3 0063 0023
PK4 0063 0.023
PK5 0.063 0.023
PK6 0063 0023
*CO2IM(IM,j) €02 emission from Jamanjung (tonne per MWh)
IMi 0316 0.169
M2 0316 0169
M3 0316 0.169
*CO2TB(IB,j) CO2 emission from Tanjung Bin (tonne per MWh)
TB1 0461 0291
TB? 0461 0291
TB3 0461 0291
*CO2PG(PG,j) CO2 emission from Pasir Gudang (tonne per MWh)
PGl 1.50 0317
PG2 L350 0317
*CO2LN(PR,j) CO2 e¢mission from Prai (tonne per MWh)
PR1 0.651 0.651
PR2Z 0651 0.651
PR3 0651 065!
*CO2JIMAH(JIMAH.,j) CO2 emission from Jimah (tonne per MWh})
IIMAHL 1023 06138
JIMAH2 1.023  0.6138;
TABLE CO2PK(PK j) CO2 emission from Pasir Gudang (tonne per MWh)
coal ng
PK1 0.063 0.023
PK2 0063 (023
PK3 0063 0023
PK4 0063 0023
PK35 0063 0.023
PKe 0.063 0.023

TABLE CO2IM(JM,j) emission from Jamanjung (tonne per MWh)
coal ng
M1 0316 0.169
M2 0316 0.16%
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M3 0316 0165

TABLE CO2TB(TB,j) CO2 emission from Tanjung Bin (tonne per MWh)
coal ng
TB1 0461 0291
TB2 0461 0291
TB3 0461 029

TABLE CO2PG(PG,j) CO2 emission from Pasir Gudang (tonne per MWh)
coal ng
PG1 1.50 0317
PG2 1.50 0317

TABLE CO2PR(PR,j) CO2 emission from Prai (tonme per MWh)
coal ng
PRI 0.651 0.651
PR2 0651 0.651
PR3  0.651 0.651

r’I‘ABLE CO2IIMAH(JIMAH,j) CO2 emission from Jimah (tonne per MWh)
coal  ng
JMAHT 1.023 (6138
JIMAH2 1023 06138

.. Capitat cost (3 per MW) for new plants without capture

* *

parameter Cnew(I)
/

*PP1cost(PP1) capital cost for new PC (3 per MW)
PC11 5049600
PC12 5049600
PCI3 5049600
PCi4 5049600
*PP2¢cost(PP2) capital cost for new PC ($ per MW)
PC21 5049600
PC22 5349600
PC23 5049600
PC24 5049600 )
*Pli cost{PT1) capital cost for new IGCC (3 per MW)
IGCC11 6787200
IGCC12 6787200
IGCC13 6787200
IGCC14 6787200
*PI2cosi(P12) capital cost for new IGCC ($ per MW}
IGCC21 6787200
1IGCC22 6787200
IGCC23 6787200
IGCC24 6787200
*PI3cost(PI3) capitat cost for new IGCC (§ per MW)
IGCC31 6787200
IGCC32 6787200
IGCC33 6787200
IGCC34 6787200
*PN1c0st(PN1) capital cost for new NGCC ($ per MW)
NGCC11 1974400
NGCC12 1974400
NGCC13 1974400
NGCC14 1974400
*PN2cost{PN2) capital cost for new NGCC (3 per MW)
NGCC21 1974400
NGCC22 1974400
NGCC23 1974400
NGCC24 1974400
*PMN3cost{PN3) capital cost for new NGCC (3 per MW)
NGCC31 1974400
NGCC32 1974400
NGCC33 1974400
NGCC34 1974400
/
*
*_, capital cost (§ per MW) for new plants with capture (REFERENCE; Rubin ¢t al, (2007), p. 4446, Table 1: total capital requirement
with capture)
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parameter Cnew_cap(l}
/
*PCleost(PC1) capital cost for new PC with capturs (} per MW)
PCeapll 6707200
PCeapl2 6707200
PCeapl3 6707200
PCcapl4 6707200
*PC200st{PC2) capital cost for new PC with capture ($ per MW)
PCeap2l 6707200
PCcap22 6707200
PCcap23 6707200
PCcap24 6707200
*PC3cost{PC3) capital cost for new PC with capture ($ per MW)
PCcap31 6707200
PCcap32 6707200
PCcap33 6707200
PCcap34 6707200
*IC1cost(IC1) capital cost for new IGCC with capture ($ per MW)
1Geapl1 5840000
1Geap12 5840000
1Geapl3 5840000
1Geapl4 5840000
*[C2c0st{IC2) capital cost for new IGCC with capture ($ per MW)
TGeap2] 38400400
1Goap22 5840000
1Geap23 5840000
1GCap24 5840000
*NCleost{NC1) capital cost for new NGCC with capture ($ per MW)
NGcapll 3193660
NGeapl2 3193600
NGeapl3 3193600
NGcapl4 3193600

*NC2cost{NC2) capital cost for- new NGCC with capture ($ per MW)
NGeap2i 3193600
NGoap22 3193600
NGeap23 3193600
NGcap24 3193600

* ¥ » T

.. operational cost (§ per MWh) for new power plants without capture

parameter OPEXnew(T)
/
*PP10p(PP1) O&M cost for new PC (§ per MWh)
PC11 9184
PC12 9.184
PC13  9.184
PCl14 9184
*PP20p(PP2) O&M cost for new PC ($ per MWh)
PC21 9184
PC22 9184
PC23 9.184
PrC24 9184
*PTLOp(PI1) O&M cost for new IGCC (% per MWh)
IGCC11 3.968
IGCC12  3.968
IGCC13 3968
IGCC14 3.968
*P20p(PI2) O&M cost for new IGCC ($ per MWh)
IGCC21 3968
IGCC22 3968
IGCC23 3968
IGCC24 3968
*PI30p(P13) O&M cost for new IGCC (% per MWh)
IGCC31 3.968
IGCC32 3.968
IGCC33 3968
IGCC34 3.968
*PN1Op(PN1) O&M cost for new NGCC (3 per MWh)
NGCCIl  8.64
NGCC12 8.64
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NGCC13 B8.64
NGCC14 864
¥PN2Op(PN2) O&M cost for new NGCC ($ per MWh)
NGCC21 864
NGCCZ2 864
NGCC23 864
NGCC24 8.64
*PN30p(PN3) O&M cost for new NGCC (§ per MWh)
NGCC31 8.4 ' '
NGCC32 3.64
NGCC33 864
NGCC34 8.64

~

*

* . operational cost ($ per MWh) for new power plants with capture
*

parameter PP1Op(PP1) O&M cost for new PC ($ per MWh)
/PC1l 253

PCl12 253
PC13 253
PCl4 253/

parametsr PP20p(PP2) O&M cost for new PC {$ per MWh)
/PC21 247

PC22 247
PC23 247
PC24  24W

parameter PI1Op(P11) O&M cost for new IGCC ($ per MWh)
IGCC11 861

IGCC12 861
1GCC13 861
IGCC14 851/
parameter PI20p(PL2) O&M cost for new IGCC (§ per MWh)
AGCC21 691
IGCC22 691
IGCC23 691
1GCC24 691/
parameter PN1Op(PN1) O&M cost for new NGCC (% per MWh)
/NGCCLE 8.1
NGCCi2 381
NGCC13 8.1
NGCC14 R.1/
parameter PN2Op(PN2) O&M cost for new NGCC (3 per MWh)
/NGCC21 937
NGCC22 937
NGCC23 9.37
NGCC24 937
parameter PC10p(PC1) O&M cost for new PC with capture ($ per MWh)
fPCcapll 18.03
PCcapl2 18.03
‘PCeapl3 18.03
PCcapl4 18.03/,
parameter PC20p(PC2) O&M cost for new PC with capture (3 per MWh)
/PCcap21 18.06
PCeap22 18.06
PCcap23 18.06
PCeap24 18.06/;
parameter PC30p(PC3) O&M cost for new PC with capture ($ per MWh)
/PCcap3t 18.16
PCoap32 18.16
PCeap33 18.16
PCcap34 18.16/,
parameter IC10p(IC1) O&M cost for new IGCC with capture ($ per MWh)
NGeapll 7.59
1Geapl2 7.59
IGeapl3 7.59
IGeaptd 7.59/;
parameter [C20p{IC2} O&M cost for new IGCC with capture {3 per MWh)
fiGeap2l 711 ’ '
1Geap22 7.11
1Geap23 7.11
IGeap24 7.11/;

parameter NC1Op(NC1) O&M cost for new NGCC with capture ($ per MWh)
/MNGeapll 9.68
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NGeapl2 9.68

NGeapl3 9.68

NGeapld 9.68/;

parameter NC200(NC2) O&M cost for new NGCC with capture (3 per MWh)
/NGeap2l 53

NGeap22 3.3

NGeap23 5.3

NGeap24 5.3/,

*CO2 emissiohs (Tonne per MWH) from new power plants without capture

parameter CO2PP1(PP1) CO2 emissions from new PC without capture (fon per MWh))
/PCI1 0.762

PC12 0762
PC13 0762
PC14  0.762/;

parameter CO2PP2(PP2) CO2 emissions from new PC {tonne per MWh)
/PC21 0762

PC22  0.762
BC23 0.762
PC24  0.762/,

parameter CO2PI1(PI1) CO2 emissiens from new IGCC (tonne per MWh)
AGCCHl 0.773

IGCC12  0.773
IGCC13 0773
IGCC14 0773
parameter CO2PI2(PI2) CO2 emissions from new IGCC (tonne per MWh)
GCC21 0773
IGCC22 0773
IGCC23 0.773
IGCC24 0.773/;
parameter CO2PI3(PI3) CO2 emissions from new IGCC (tonne per MWh)
NIGCC31  0.773
GCC32 0.773
IGCC33 0.773
IGCC34  0.773/,
parameter COZPNE{PN1) CO2 emissions from new NGCC (tonne per MWh)
MNGCCLT 0367
NGCC12  0.367
NGCCI3 0367
NGCC14 0367/

parameter CO2PN2(PN2) CO2 emissions from new NGCC (tonne per MWh)

/MNGCC21 0367
NGCC22 0367
NGCC23 0367
NGCC24  0.367/,
parameter CO2PN3(PN3) CO?2 emissions from new NGCC (tonne per MWh)
/NGCC31 0367
NGCC32 0.367
NGCC33 0367
NGCC34 0367/,

*

*_CO2 emissions (fonne per MWh) from new power plants with capture

parameter CO2new_cap(T) COZ2 emissions from new PC with capture(tonne per MWh)
/

* parameter CO2PC1{PC) CO2 emissions from new PC with capture (tonne per MWh)
PCcapli 0.112
PCeapl2 0.112
PCeapl3 0.112
PCcapl4 0.112
* parameter CO2PC{I) CO2 emissions from new PC with capture(tonne per MWh)
PCeap2l 0,112
PCcap22 0.112
PCcap23 0.112
PCeap24 0.112
* parameter CO2PC3(T) CO2 emissions from new PC with capture(tonnc per MWh)
PCcap3l 0.112 ‘ )
PCeap32 0.112
PCcap33 0.112
PCcap34 0.112

*parameter CO2IC1(1) CO2 emissions from new IGCC with capture (tonne per MWh)
IGeapll 0.108
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IGeapl2 0:108
IGeapl3 0.108
IGcapl4 0.108
*parameter COZIC2() CO2 emissions from new IGCC with capture (forme per MWh)
IGeap2i 0.108
[Gcap22 0.108
{Geap23 0.108
IGeap24 0.108
*parameter COZNC1(1) CO2 emissions from new NGCC with capture(tonne per MWh)
NGeapl1 0.052
NGeapl2 0.052
NGeapl3 0.052
NGceapl4 0.052
* parameter CO2NC2([) CO2 emissions from new NGCC with capture(tonne per MWh)
NGceap2l 0.052
NGeap22 0.052
NGcap23 0.052
NGeap24 0.052
/
parameter CO2PC1(I) CO2 emissions from new PC with capture (tonne per MWh)
/PCcapl? 0.112
PCeapl2 0.112
PCoapl3 0.112
PCeapl4 0.112/
parameter CO2PC2(D) CO2 emissions from new PC with capture(tonne per MWh)
/PCcap2t 0.112
PCcap22 0.112
PCeap23 0.112
PCoap24 0.112/
parameter CO2PC3(I) CO2 emissions from new PC with capture(torne per MWh}
/PCeap3l 0.112
PCeapd2 0.112
PCeap33 0.112
PCcap34 0.11%/
parameter CO2ICH(T) CO2 emissions from new IGCC with capture (tonne per MWh)
fIGeapll 0.108
IGeapt2 0.108
IGeapi3 0.108
iGeapl4 0,108/
parameter CO2IC2(1) CO2 emissions from new IGCC with capture (tonae per MWh)
/iGcap21 0.108
IGeap22 6.108
1Geap23 0.108
iGeap24 0.108/
parameter COZNC1(}) CO2 emissions from sew NGCC with capture(tonne per MWh)
/NGeapll 0.052
NGeapl2? 0.052
NGeapl3 0052
NGcapl4 0.052/
parameter CO2NC2(I) CO2 emissions from new NGCC with capture(tonne per MWh)
"NGeap21 0.052
NGeap22 0.052
NGeap23 0.052
NGceap24 0.052/

* CCS retrofit cost (RM per per tonne CO2 captured) due to capture process on existing fossil fucl stations

parameter CCScost_existing(l) CO2 capture cost for existing power plants (3 per tonne CO2 captured)
/
*ccsPK(PK) capture cost from Peiabuhan Klang (RM per ton CO2 captured)
PKI 14443
PK2 14443
PK3 14443
PK4 14443
PK5S 14443
PK6 14443
/
parameter ccsJM(JM) capture cost for Jamanjung (RM per ton CO2 captured)
ML 14443
JM2 14443
IM3 144,43/,
parameter ccsTB(TB) capture cost for Tanjung Bin (RM per ton CO2 captured)
/TB1 14443
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TB2 14443
TB3 14443/
parameter ¢csPG(PG) capture cost for Pasir Gudang (RM per ton CO2 captured)
PGE 14443
PGZ 14443/,
* Table cosLN(LN,s) capture cost for Lennox (§ per tonne CO2 capture)
eric  huron
LN1 300 300
LN2 300 300
IN3 300 300
LN4 300 300,
parameter cosPR(PR) capture cost from Thunder Bay (RM per tonne CO2 captured)
/FR1 14443
PRZ 14443
PR3 144.43/;
*Change the data base on Malaysia case

w O % %

* Blectricity required for CO2 capture: consider using the formula "(inverse of cost of electricity (COE) (MWH/RM)) (note: COE is in
RM/MWh) * (cost of CO2 avoided (RM/ton CO2))"

Table EregPK(PK,j) Flec required for CO2 capture (MWh per tonne COZ capture)
coal ng
PKiI 0317 0356
PK2 0317 0356
PK3 0317 0.356
PK4 0317 0356
PKS 0317 0.356
PK6 0317 0356

’Tablc EreqIM(IM,j) Elec required for CO2 capture (MWh per tonne CO2 caplure)
coal ng
JMI 0317 0356
M2 0317 0356
M3 0317 0.356

’Table EreqTB(TB,j) Elec required for CO2 capture (MWh per tonne CO2 capture)
coal ng
TB1 0.317 0.356
TB2 0317 0356
TB3 0317 0356

!'Table FreqPG(PG,j) Elec required for CO2 capture (MWH per torme CO2 capture)
coal ng
PG1 0317 0356
PG2 0317 0356

Table EreqPR(PR.j) Elec required for CO2 capture (MWh per tonne CO2 capture)
coal ng
PRI 0356 0356
PR2 0356 0.356
PR3 0356 0.356

“Table Ereq)IMAH(IIMAH,j) Elec required for CO2 capture (MWh per tonne CO2 capture)
coal  ng

JIMAHL 0317 0356

JIMAH2 0317 0356

’
*®

*COST OF SEQUESTRATION

PARAMETER SEQUESTRATION(LS) sequestration cost for a power plant at a storage location (RM per ton CO2 stored) (reference:
IPCC (2005) p. 33 - see spreadsheet)

SEQUESTRATION(LS) = 14.24

$ONTEXT
*5eqPK (PK.s) sequestration cost for Pelabuhan Klang (% per tonne CO2 storage)
Erie Huron
PK1 4064 51.25
PK2 40.64 51.25
PK3 43.08 53.69
PK4 43.08 53.69
PK5 43.08 53.69
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PK6 43.08 33.69
*seq]M(IM,s) sequestration cost for Nanticoke ($ per tonne CO2 storage)
ML 37.43 53.07
M2 3743 53.07
M3 4049 56.13

Table seqTR(TE,s) sequestration cost for Atikokan (3 per tonne CO?2 storage)
Erig Huron :
TB1 196.10 163.26 ‘
TB2 196.10 163.26
TB3 196.10 163.26

Table seqPG(PG,s) sequestration cost for Lakeview (3 per tonne CO2 storage)
Erie Huron
PG1 127.77 136.51
PG2 127.77 13651

* Table segLN(LN,5) sequestration cost for Lennox ($ per tonne CO2 storage)
* Erie Huron
LNl 105 11.6
IN2 105 110
IN3 105 110
LN4 105 11.0;
Table 5eqPR(PR_5) sequestration cost for Thunder Bay (8 per tonne CO2 storage)
Erig Huron
PRI  221.26144.02
PR2  221.26 144.02

»

* W *

Table seqPC 1(Ls) sequestration cost for new PC with capture ($ per tonne CO2 storage)
Eti¢ Huroit
PCeapll 15 33
PCeapl2 15 33
PCcapt3 15 33
Pccapld 15 33;
Table seqPC2(L,s) sequestration cost for new PC with capture ($ per tonne CO2 storage)
Erie Huron
PCeap2l 12 23
PCeap22 12 25
PCoap23 12 25
Pccap24 12 25
Table seqPC3(1,s) sequestration cost for new PC with capture ($ per tonne CO2 storage)
Eric Huron
PCeap3l 11 22
PCeap32 11 22
PCeap33d 11 22
Pocap3d 11 22
Table seqIC1(Ls) sequestration cost for new IGCC with capture (§ per tonne CO2 storage)
Eric Huron
IGeapll 12 26
[Geapl2 12 26
[Geapl3 12 26
iGeapl4 12 26,
Table seqlC2(L,s) sequestration cost for new IGCC with capture ($ per tonne CO2 storage)
Erie Huron
IGeap21 12 26
IGeap22 12 26
1Gcap23 12 26
iGeap24 12 26;
Table seqgNC1(],5) sequestration cost for new NGCC with capture ($ per tonne CO2 storage)
Erie Huron
NGceapll 28 &4
NGeapl2 28 64
NGeapld 28 64
NGeapld4 28 64;
Table seqNC2(1,s) sequestration cost for new NGCC with capture (3 per tonne CO2 storage)
Erie Huron
NGeap2l 20 44
NGeap22 20 44
NGeap2d 20 4
NGeap24 20 44

SOFFTEXT
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parameter
NomE Nominal ¢lectricity generated in MW
*TEST

NomE =
{ sum(PK.,ElecPK(PK)) -+ sum({IM,ElecIM({IM)} + sum(TB,ElecTB(TRE))
+ sum(PG,ElecPG(PG)y+ sum(PR ElecPR{PR))+sum(JIMAH, Elec IMAH(FIMAH)}+
sum(N, ElecN(N) H-sum(H, ElecH(H))+
sum{W,ElecW{W M (Optime);
*TEST SUM ( (PCLPP1) $ ( ORD(PC1) EQ ORD(PP1) ), { PC1Op(PC1) - PP1Op(PP1) ) / ( CO2PP1{PP1) - CO2PC1(PCI) })

>

*
Display NomE
*TEST
.
*_ list all variables
*
Positive Variables
E(L])
Enfll)
Enew(I)
Epk(PK) adjusted elec generation for Pelabuhan Klang power stations (MWh per year)
Ejm(JM) adjusted elec generation for Jamanjung power stations (MWh per year)
Etb(TB) adjusted elec generation for Tanjung Bin power stations (MWh per year)
Epg(PG) adjusted elec generation for Pasir Gudang power stations (MWh per year)
Epr(PR) adjusted elec generation for Prai power stations (MWh per year)
Ejimah(JIMAH) adjusted elec generation for Jimah power stations (MWh per year)
En(N) adjusted ¢lec generation for nuclear power plants (MWh per year)
Eh(H) adjusted clec generation for hydro power plants (MWh per year)
Ew(W)}  adjusted elec generation for wind power plants (MWh per year)
Eppl{T} adjusted elec generation for PC (MWh per year)
Epp2(I) adjusted elec generation for PC (MWh per year)
Epit(l) adjusted elec generation for IGCC (MWh per year)
Epi2(I) = adjusted elec generation for IGCC (MWh per year)
Epi3(D) adjusted clec generation for IGCC (MWh per year)
Epni(D  adjusted elec gencration for NGCC (MWh per year)
Epn2() adjusted elec generation for NGCC (MWh per year)
Epn3() adjusted elec generation for NGCC (MWh per year)
Epcl{l} adjusted elec generation for PC with capture (MWh per year)
Epc2(l) adjusted elec generation for PC with capture (MWh per year)
Epc3(D) adjusted elec generation for PC with capture (MWh per year)
Eiel{) - adjusted elec peneration for IGCC with capiure (MWh per year)
Eic2(D) adjusted elec generation for IGCC with capture (MWh per year)
Encl(l} adjusted elec gencration for NGCC with capture (MWh per year)
Enc2(l} adjusted elec generation for NGCC with capture (MWh per year)
Epkj(PK,j)  Pelabuhan Klang adjusted elec gen used j fucls
Eimj(JM,j)  Jamanjung adjusted elec gen used j fuels
Ethj(TB,j)  Tanjung Bin adjusted elec gen used j fuels
Epgi(PG,j}  Pasir Gudang adjusted clec gen used j fuels
Ep(PR,j)  Prai adjusted elec gen used j fuels
Ejimahj{JIMAH,j) Jimah adjusted clec gen used j fuels
EXPK(PK)
EKTM(IM)
EKTB(TB)
EKPG(PG)
* EkPR(PR)
EKIIMAH(ITMAH)
EKPKj(PK.j.k) Electricity required for capture process in Pelabuhan Kiang{MWh per year)
EkIMj(IM,j.k) Electricity required for capture process in Jamanjung(MWh per year)
EKTRj(TB.j.k) Electricity required for capture process in Tanjung Bin(MWh per year)
EKPGi(PG,jk} Electricity required for capture process in Pasir Gudang(MWh per year)
* EkPRy(PR.j.k) Electricity required for capture process in Prai(MWh per year)
ERIIMAHH(JIMAH,jX) Electricity required for capure process in Jimah(MWHh péf year)
GAMA(IJK)
gamaPK(PK )
gamalM(IM,j.k)
gamaTB(TB,j k)
gamaPG(PG,j k)
* gamaPR(PR,j.X)
gamalIMAH(IMAH j k)
phi(LS)
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phiPK(PK.s)
phiJM(TM.s)
phiTB(TB,s)}
phiPG(PG.s)

+ phiPR(PR.)
phUJIMAH(JIMAH,s)
beta(l,S)
betaPC1(1,s)
betaPC2(],s)
betaPC3(Ls)
betalC1(1.5)
betalC2(1,s)
betaNCi(Ls)
betaNC2(L,s)

* betal(L.j)

* betaNN(NN,j)
* betaA(A,))

* betal V(LV.j)
* betal N(LN_j)
* betaTB(TB,j)

*arid  Electricty from the grid for CO2 capture;
Variables cost,CO2F1,CO2F2,CO2F3,CO2¥4,CO2F5,CO2F6,COZP,
MWred, TEST;

*dummy,

*RF1,RF2,RF3 RF4,RF5,RF6;
Rinary variable
Y

Xpk(PK,j)  Pelabuhan Klang fuel selection
Xim(IMj)  Jamanjung firel selection
Xth(IBj)  Tanjung Bin foel selection
Xpg(PG,j)  Pasir fuel selection

Xpr(PR.j) Prai fuel selection
Xjimah(JIMAH,j) Jimah Bay fuel selection
yPP1(PPI} decision either to build a new PC
YPP2(PP2) decision either to build a new PC
yPI1(PI1) decision either to build a new IGCC
YPI2(PI2}

YPI3(PI3)

yPNI{PN1} decision either to build a new NGCC
yPN2(PN2)

YEN3(FN3)

yPCI{PC1) decision either to build a new PC with capture
yPCAPC2)

yPC3H{PC3)

VICIICT) decision either to build a new 1GCC with capture
YICX(IC2)

yNCI(NC1) decision either to build a new NGCC with capture
YNC2(NC2)

2ph(PR 1,)

(M K)

2th(TB k)

zpg(PG,j,k)

* zpr(PR,j,k)

zjimah{(/IMAH,j.k)

wpk(PK.s)

wWim(IM.s)

wtb(TB,s)

wpg(P(,s)

¥ wpr(PR.5)

wjimah({JIMAH s)

wpel(PCLs)

wpc2(PC2,5)

wpeI(PC3.5)

wicl(ICL,s)

wic2(IC2.5)

wncl(NC1,5)

wiic2{NC2 s)

.. list all the equations

* R

Equations
4]



totcost total annual cost ($ per year)
*TESTEQ
totCO2  total CO2 emission (tonne per year)
IntCO2ZF1
totCO2F2
totCO2F3
otCO2F4
totCO2F5
totCO2F6
totCO2P

* emis

totMW  total electricity generation (MWh per year)
totMWred
swiPK(PK)
swilM{JM)
swiTB(TB)
swiPG(PG)
swiPR(PR)
swiJIMAH({JIMAH)
gasl

gas2

gas3

tgas4

PKE(PK)
JmE(IM)
tbE(TB)
pgE(PG)
prE(PR)
jimahE(JIMAH)
eppk{PK.j}
epif(IM,])
epto(TB,))
eppe(PG.j)
eppr(FR.j)
epjimah(JIMALH,j)
newPK(PK j)
newJM(IM.j)
newTB(TB,j)
newPG(PG.j)
newPR(PR.j)
newJIMAH(JIMAH.,j)
newN(N)
newH(H)
newW(W)
newPP1(PP1)
newPP2(PP2)
newPI1 (P11}
newP2{PI2)
newPI3(PL3)
newPN1{PN1)
newPN2(PN2)
HewPN3(PN3)
newPCL(PCI)
newPC2(PC2)
newPC3(PC3)
newlIC1(IC1)
newlC2(IC2)
newNCI1{NC1)
newNC2(NC2)
UpPPI1(PP1}
UpPP2(PP2)
UpPLL(PI1)
UpPI2(PL2)
UpPI3(PI3)
UpPN1(PN1)
UpPN2(PN2)
UpPN3(PN3)
UpPCH{PC1)
UpPCX(PC2)
UpPC3(PC3)
UpIC1{(IC1)
UplIC2(IC2}
UpNCI(NC1)



UpNC2(NC2)
1owPK(PK.j)
lowIM(IM,j)
lowTB(TB,j)
lowPG(PG,j)
lowPR(PRj)
lowIMAH(JIMAH.j)
11(PK.K)
2(Mk)
B3(IBk)
t4(PG,k)

* t5(PR k)
t6(IMAHLK)
totEkPK(PK,j,k)
totEKIM(IM,j,k)
totEKTB(TB,j.,k)
otEkPG(PG,j,k)
* 1ofEKPR(PR,j,k)
totEKITMAH(JIMAH,j k)
ol(PK,j.k)
¢2(IM,j.k)
c3(TB3.k)
cA(PGj.k)

* CSPR,jk)
SSUTMAH 3,K)
selectl, select2
selectd

selects

select6

select?

select8

select9
select10
selectt1
selecti2
selecti3
select14
select16
selectl7
f1{PK)

£20M)

3(TB)

f4(PG)

* {5(PR)
fa(JIMAH)
*capl

* cap2

* cap3

* capd

** caps

* cap6

* s1{L.j.k)

* 52(NN,j,k)

* s3(A,5,K)

# s4(LV j,k)

* g5(LNL.k)

* 36(TB,j.k)
wI(PK j)
w2(IM,j)
w3(TBj)
wa(PG,j)

* w5(PR.j)
wo(ITMAH,j)
21{(PK.k}

2(IM k)
23(TB.k)
4(PGK)

* Z5(PR.K)
z6(JIMAH,k)
sPK(PK)
sIM(IM)
sTB(TB)
sPGPG)
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* sPR(PR)
sIMAH(JIMAH)
stPK1

PK2

stPE3

stPK4

stPK5

*stPKé

stIM1

stIM2

*StIM3

stTB1

stTB2

*stTH3

stPGi

*stPG2
*sMAHL
*stIIMAH2
scapPK(PK)
scapIM(JM)
scapTB(TR)
scapPG(PG)

* scapPR(IR)
scaplIMAHUJTMAH)
scapPC1(PCI)
scapPC2(PC2)
scapPC3(PC3)
scapIC1(IC1)
scaplC2(1C2)
scapNCH{NC1)
scapNC2(NC2})
conPKL(PK,jk)
conPK2(PK_j k)
conPE3(PE,j k)
conM1(JM,j,k}
conIM2(TM,j k)
conJM3(IM,j.k)
eonTB1{TB,j k)
conTB2(TB,j,k)
conTB3(TB.j.k)
conPG1(PG,j.K)
conPG2(P(j.k)
conPG3(PG.k)

* conPR1(PR,j k)
* conPR2(PR.j.k)
* conPR3(PR i)
conJIMAH! (JIMAH, .k}
confIMAH2(JIMAH. j.k)
conJIMAH3(JIMAH,j k)
conPK 1s(PK.j.s)
conPK2s(PK j.5)
conPK3s(PK j.5)
conJM1s(JM,j.s)
conM2s(IM,j,s)
coniM3s(IM,j,s}
conTB1s(TB,j,5)
conTB2s(TB j,s)
conTB3s(TR,j,5)
conPG1s5(PG,j.s}
conPG2s(PG,j.5)
conPG3s(PG,j.8)
* conPR1s(PR.j,5)
* conPR23(PR j,5)
* conPR3s(PR,j,5)
conJIMAH1s(JIMAH,j,5)
conJIMAH2s(JIMAH j.5)
conJIMAH3s(JIMAH.},5)
conPC11(PCl,s)
¢onPC12(PC1,3)
conPC13(PCl,s)
conPC21(PC2,5)
conPC22(PC2,s)
conPC23{PC2.5)



conPC31{PC3,5)
conPC32(PC3,5)
conPC33{PC3.5)
comC11(1C1,5)
¢conIC12(IC1.5)
contC13(IC1.5)
conlC21(1C2,5)
confC22(iC2,5)
conlC23(IC2,5)
¢conNCHH{NCL,$)
conNCI2{NC1,s)
conNC13(NC1,s)
conNC21{NC2,5}
conNC22(NC2,s)
conNC23(NC2,s)

totcost., cost =e=

* pperating cost for existing fossil-fuel power plants

(

SUM ( I,)) $ FOSSIL{), CQLY) * B{LD) )

*SUM ( (1,D) § FOSSILM), CA.N *EQD)

* 1. operating cost for existing non-fossil-fiuel power plants

+SUM (1$ NONFOSSIL(D), CaftD) * Enf}) }

Sontext
(sum((L,j).El(Lj)*OprL(L,) )+
sutn((NN,]),Ennj(NN,jy*OprNN(NN j)
su{(A.p),Eaj(AJPFOprA(A )t
sum((LV.),ENVi(LV j)*OprLV(LV )}
sum((LN,}),Elnj(LNj)*OprLN(LN j)+
sum((TB,j),Ethj(TB jy*Ops TB(TB D)+
sum(N_En(Ny*NucOpry+sum(H,Eh(H)*HydOpr)+
sum{W Ew(W)*WindOpr}+

Sofftext

“ 7 retrofit cost due to fuel switching

+ sum(PK,(Reost*(PKmax(PK /optimey*AF)*Xpk(PK,'ng ) )+
sum(IM,(Reost*(PMmax(TM)optime)* AFP*Xim(JM, 'ng )+
sum(TB,(Reost*(TBmax(TB)/optime)* AF)* Xtb(T B,'ng)t
sum(PG, (Reost*(PGmax(PC)/optime)*AF)*Xpg(PG, ng))+
sum(PR,(Reost*(PRmax(PR)/optime}* AFy*Xpr(PR, ng')+
sum(JIMAH,(Reost* (TMAHmax(JIMAH)/optime)* AF)* Xjimah(JIMAH,'ng )

* 3, capital cost for new plants without capture

; SUM (1§ Pew(T), Cnew(D*SEN*(Pmax(ioptime)*AF*Y(1} )

ontext

sum(PP1, PP1cost(PP1)*sen*(PPi max(PP1Yoptime)* AF+yPP1(PP1))y+
sum(PP2,PP2cost(PP2)*sen* (PP2max(PP2)/optime)* AF*yPP2(PP2))+
sum(PI1,PIicost(P11)*sen*(PLLmax(PI1 Yoptimey* AF *yPIL(PIL))+
sum(PL2,PI2cost(P12)*sen* (PI2max(P12)/optime}* AF *yPRA(PI2)+
sum(PI3 PI3cost(P3)*seni* (PI3max(PI3 ) optie)* AF*yPI3(PI3))+
sum(PN1,PN1cost(PN1*sen*(PN1max(PN1)optime)* AF *yPNI{PN)H+
sum(PN2, PN2cost{(PN2)*scn*(PN2max(PN2)/optime)* AF*yPN2(FN2)}+
sum(PN3,PN3cost(PN3)*sen*(PN3max(PN3)/optime) * AT *yPNIPNI)H

Sofftext

* 4_capital cost for new plants with capture

+ SUM (I3 Pnew_cap(l), Cnew_cap(Iy*SEN*(Pmax_cap(T/optimey*AF*Y(I) )

$ontext
_sum(PCI,PCIGDSt(PC1)‘sen*(PC1max(PC1)/optime)*AF*yPC1(PC1))+
sum(PC2,PC2cost(PCZ)*sen*(PCZmax(PCl)lopﬁme)*AF*yPCZ(PCZ))—I-
sum(PC3,PC3wst(PC3)*sen*(PC3max(PC3)/opt'ime)*‘AF*yPC3(l?C3))=k
sum(IC1,1C1cost@C 1)*sen*(IC1max(IC1 Yoptime)* AF+yIC1(IC1 )1+
sum(IC2,IC2cost(JC2)*sen*(IC2max(IC2)optime)* AF*yEC2(IC2))+
sum(NC1,NClcost(NCI)*sen*(NC1mmc(NC1)Iopﬁme)*AF*yNCi(NCl)}i-
sum(NC2, NC2cosiNC2)*sen* (NC2max(NC2)foptime)* AF¥yNCZ(NC2)H

Sofftext

* 5_ operating cost for new plants (VOM + fuel cost)

+ SUM {1 § { Piew(T) AND Ptiew_cap(l) }, ( OPEXnew(T} + Pcoal*hr(T) ) * Enew(l} )

Sontext
sum(PP,(PP1Op(PP1)+(Pcoal*hrPP1))*Eppl(PP1))+
sum(PP2,(PP20p(PP2y-(Pcoal*arPP2))*Epp2(PP2)}+
sum(P11,(PT1Op(PIL}+(Peoal*hePI1)*Epi 1 {P11))+
sum(PL2,(PL20p(PL2y+(Pcoal*hiPI2))*Epi2(PL2)y+
sum(P13,(PI3Op(PI3 yH{Pcoal*rPI3))*Epi3(PL3))1+
sum(PN1,(PN10p(PN1y+NGeost*hrPN1))*Epnl (PN1))+
sum(PN2, (PN20p(PN2YH{NGeost*hrPN2))*Epn2(PN2))+
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sum(PN3,(PN30p(PN3)+HNGcost*hrPN3))*Epn3(PN3))+
sum(PC1,(PC10p(PC1)}+{Pcoai*hrPC1))*Epe1(PC)+
sum(PC2,(PC20p(PC2)HPcoal* i PCH)*Epe H{PC))+
sum(PC3,(PCIOP(PCIH(Peoal*hrPC3))*Epe3(PCINH
sum{ICL(AC10p(IC1 y+{Pooat*hrIC1)*Eicl AC )+
sum(IC2,(IC20p(IC2)HPcoal*hrlC2)*Eic2{IC2)}+
sum(NC1LNC10p(NC1 HHNGeast eNC 1)) *Enc L (NC 1))+
sum(NC2,(NC20p(NC2YHNGeost*hrNC2)y*Enc2(NC2)1+

Sofftext

* 6. capital and operating cost for capitre process of existing fossil stations

+SUM ( (L}K} $ FOSSIL{I), CCScost_existing(Iy*perCCS*CO2emission(LT}*GAMA(LLK) }

* 7. sequestration cost for CCS retrofit on existing coal-fired power planis

+ SUM { (LJ,5), SEQUESTRATION(LS)*CO2emission(E Jy*perCCS*phi(L,S) )

*8. sequestration cost for new plant with capture

+ SUM ( (£.8) $ Pnew_cap(I), (aa(Tybb(D))*CO2new_cap([)*beta(l,S)*SEQUESTRATION(,S) )

$ontext
sum{(PC1,5),(0.9/0. 1 )*CO2PCI(PCI)*betaPC1(PC1,5)*seqPC1(PCL5))+
sum{(PC2,8),(0.9/0.1Y*CO2PC2(PC2)*betaPC2(PC2,5)*seqPC2(PC2,5)+
sum{(PC3,5),{0.9/0. 1 Y*CO2PC3(PC3)*betaPC3(PC3,5)*seqPC3(PC3.)+
sum{(1C1,5),(6.8/0.2)*COAUC1(IC 1 )*betal C1{1C1,s)*seqliC1(1CL 5))+
sum((IC2,5),(0.6/0.4)*CO2IC2(IC2)*betal C2(IC2,5) *seqIC2(IC2,s))+
sum{(NC1,8),(0.9/0.1)*COZNCI(NC1)*betaNC1(NC1,s)*seqNC1(NC1 s))+
sum((NC2,5),(0.9/0.1)*COINC2(NC2)*betaNC2(NC2,5)*seqgNC2(NC2,5))

TABLE(,

aa bb

PC1 69 0.1

PC2 09 01

$offtext

YIELD

* cost of CO2 avoidance

* cost of clectricity (i.c., operating cost) ($/kWh) for CCS

*TESTEQ.. TEST =E=SUM ((PCI,PP1) § ( ORD{PC1) EQ ORD{PP1}), { PC10p(PC1) - PP10p(PP1) } / ( CO2PP1{PP1) -
COZPCHPCL)) );

*+ SUM ( (£DS

* for PC1 plants:

+ SUM { (PP1,PC1} $ PP1_PCI(PP1,PC1), { PC10p(PC1) - PP10p(PP1) ) / ( COZPP1(PP1) - CO2PCL(PC1) })

* for PC2 plants:

+ SUM ( (PC2,PP2) $ PP2_PC2(PP2,PC2), ( PC20p(PC2) - PP20p(PP2) ) / ( CO2PP2(PP2) - CO2PC2(PC2) ))

* does not consider PC3 set because there is no PP3 set

* for IGCCI plants:

+ SUM ( (PILICI) $ PI1_ICI(PILICL), { IC10p(iC1) - PIIOp(PI1) } / ( CO2PTI(FH1) - CO2ICI(IC1) ) )

* for IGCC2 plants; :

+ SUM ( (PI2,1C2) § PI2_IC2(PI12,IC2), (IC20p(IC2) - PROP(PR2) } / ( CO2PI2(PI2) - CO2AC2(IC2) })

* does not consider PI3 set because there is no IC3 set

*or NGCC1 plants; _

+SUM ( (PN1,NC1) $ PNI_NCI(PN1,NC1), (NC10p(NC1) - PN1Op(PN1) ) / ( COZPNI(PN1) - COZNCI(NC1)))
*for NGCC2 plants:

+SUM ( (PN2,NC2) $ PN2 NC2{PN2,NC2), (NC20p(NC2) - PN20p(PN2) ) / { CO2PNZ(PN2) - CO2NC2(NC2)))
* does not consider PN3 set because there is no nC3 set

$ontext

ORD(PC11H=1

ORD(PCI2"=2

for set PC1:

ORD{'PCcaplin=1

ORD(PCcapl2)=2

Sofftext

* ( O8M cost for new PC with capture ($ per MWh) ) - (O&M cost for new PC without capture (§ per MWh)) /CO2 emissions from new

PC without capiure (tonne per MWh) (ref plant)

* Pelabuhan Klang CO2 emissions

totCO2F1., CO2F1 =e= sum{(PK_j),CO2PK(PK j)*EPKj(PK.j))-
(sum((PK_.k),CO2ZPK(PK_j)*perCCS*gamaPK(PK j. k)X

* Janamanjung CO2 emissions

tCO2F2.. CO2F2 =¢= sum({(JMj)},COZIM(IM,i)*EIMI(IM.j))}-
(sum((IM,j k), COZIM(IM j)*perCCS*gamalM(TM,j. k)));

* Tanjung Bin CO2 emissions

totCO2F3.. CO2F3 == sum((TB,j},CO2TB(TB)*ETBj(TB j)-
(sum((TB,j k),CO2TB(TB,j)*perCCS*gamaTB(IB,j.k)));

* Pasir Gudang CO2 emissions

totCO2F4.. CO2F4 =¢= sum((PG.j),CO2PG(PG,j)*EPGi(PG,j))-
(sum((PG,j.K),CO2PG(PG,j)*perCC5*gamaPG(PG.1.K)));

* Prai CO2 emissions
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totCO2F5., CO2F5 =e= sum((PR,j),CO2PR(PRj)*EPRi(PR,});
* (sum((LN,j,k),CO2LN(LN jy*perCCS8*gamal N(LN.j.k)));
* Jimah CO2 emissions
totCO2RS,, CO2F6 =¢= sum{(JIMAH.),COZIIMAHOIMAH)*ETIMAHIJIMAR,)))-
(sum((IMAH,j,k), COUIMAHOTMAH,j)*perCCS* gamalIMAH(JIMAH,j.k)));
* New plants CO2 emissions
totCO2P.. CO2P =¢= sum(PP1,CO2PP1(PP1Y*Eppl (PP 1))+ sum(PP2,CO2PP2(PP2)*Enp2(PP2)y+
sum(PI1,CO2PI1 (P11 Y*Epi1(PI1))}+ sum(P12,CO2PI2(P12)*Epi2(PL2)y*+
sumi(P13,CO2PI3(PI3*Epi3(PI3 )+
suM{PN1,CO2PN1(PN1)*Epnl (PN 1))+ sum(PN2,CO2PN2(PN2 Epn2(PN2))+
sum(PN3,CO2PN3(PN3)*Epn3(PN3))+
sum(PC1,CO2PCL(PC1)*Epcl (PCI))+ sum(PC2,CO2PC2(PC2)*Epc2(PC2))+
sum(PC3,CO2PC3(PC3y*Epc3(PC3))+
sum({IC1,CO2ICI(ICTY*BicEIC1))+ sum{(IC2,CO2IC2(IC2)*Eic(IC2))+
sum(NC1,COZNCI{INC I Enc1{NCI}y+ sum(NC2,CO2NC2(NC2)*Enc2(NC2)),
* Total CO2 emissions (tonne per yr)
tACO2.. CO2FI1+CO2E2-+HCO2E3+CO2FA+HCO2F5+HCO2F6+CO2P =1= (1-CO2red)*CO2;
#*emis,,  emisCO2 =e= (CO2F1+CO2F2+CORF3+CO2F4+CO2F5-+CO2F6+HCOZPY E0000000;
*
ti(PK k)., EkPK(PK) =e= sum(j,EKPKj{PK.j.K));
2(IM,k}.. EkIM(IM) =e= sum(G,EKIMj(IM,j.K));
3(TB k). EKTB(TB) == sum(j,EKTBj(TB,j,k});
4(PG.K).. EkPG(PG) =e= sum(}, EKPGj(PG,j.K));
*5(PRK).. EkPR(PR) =e= sum(j,EKPRj(FR.j.K)),
t6(0IMAHK)..  BKIIMAHUIMAH) =o= sum(. EKIIMAHICIMAH, X))
* energy required for capture on fossil stations (MWh pet yT)
totEKPK(PK.j.k).. EKPKj(PK,j.k)=e= COXPK(PK j)*BreqPK (PK.jy*perCCS*gamaPK(PK ik);
totEIM(IM,j k). BXIMI(IM,jK) =e= CO2IM(IM,§)*EreqIM(IM,j)* perCCS* gamaIM(IM,j.k);
totEKTB(TB,j k).. EKTBj(TB,jk)=¢c= CO2TB(TB,j)*EreqTB(TB,j)*perCCS*gamaTB(TB,j.k);
totEkPG(PG },X).. EkPGj(PG,j,k) =¢= CO2ZPG(PG,j)*EreqPG(PG,i)*perCCS*gamaPG(PG,j K);
*{otEKPR(PR j k).. EKPRI(PR JK) == COZPR(PR j)*EreqPR(PR.j)*perCCS*gamaPR(PR j.k);
{OtEKIMAH(JIMAH,jk).. EKJIMAH{(JIMAH,j k) =e=
COTMAHIMAH, j)*EreqMMAH(JIMAH,j)*perCCS*gamalIMAHIMAH, i k);
* total energy required for capture process on all fossil stations
totMWred..  MWred == sum((PK.j.k),EKPKj(PK_ )} sum((TMj o), EKIMI(IM j k) + sum{(TB,j ), EKTBj(TBj K}
sum((PG,j,k),EkPGi(PG.i.k))
*+sum((PR.j.k),EKPRj(PR.j k)
+sum((FIMAH,j, X), EKIIMAHj(JTIMAH,j K));
* {otal net electricity generated
totMW.. ((sum((PK,j),EPKj(PK j))+sum((IM,j),EIMITM )+
sum{(TB.§),ETBj(TB j)}+sum((PG.j),EPGI(PG i)+
sum((PR ). EPR}(PR,j))+sum((FIMAH.j). EIMAHi(JIMAH )+
sum(NEn(N))-+sum(ILEh(H))+sum{W,Ew(W))+
sum(PP1,Epp1(PP1))+sum(PP2 Epp2(PP2)+
sum(P11,Epil (P11))+sum(P12 Epi2(PL2)r+sum(P13,Epi3(PI3))+
sum(PN1,Egn1(PN1))+-um(PN2, Epn2(PN2)ysum(PN3, Epra(PN3)
stm(PC1,Epel (PC1)H+sum(PC2,Epe2(PCD)Hsum(PC3,Epc3(PC3)r+
sum(IC1, Eicl{IC1)+sum(lC2,Eic2(IC2))+
sum(NCLEncl (NC1)Hsum(NC2 Enc2{NC2}))
-(MWred)y/Optime =g= (1.0+Egrowth)*NomE;
* Fuel selection and plant shut down

sWIiPK(PK).. sum(j, Xpk(PK.j)) =i= 1;
swilM{IM).. sam{j, Xim(JM.j)) == 1;
swiTB(TB).. sum(j,Xtb(TB,j)) =l=1,

swiPG(PG).. sum(, Xpg(PG,j) =1=1;
swiPR(PR).. sum(j, Xpr(PR,j)) =1= 1;
swUIMAH(JIMAH)..  sum(j,Xjimah(JIMAH.})) =1= 1;

gasl.. Xpr(PR1''ngy=e=1;
gas2. Kpr(PR2 'ng)) == 1;
gas3.. Xpr(PRIVng) == 1;

pKE(PK)..  Epk(PK) =e=sum(j Epki(PK.j):

JmE(IM).. Ejm(JM) =e= sum(j,Eimj(IM.j));

thE(TB)..  Eb(TB) =e= sum(j,Ebi(TB,);

pgE(PG)..  Epg(PG) =c=sum(j.Epgj(PC.i));

prE(PR)..  Epr(PR) =c= sum(,Epri(PR.);

jimahE(TIMAH)..  Ejimah(JIMAH) =e= sum(},Ejimahj(JIMAH,j);

* switching constraints

eppk(PK,j)..  Epkj(PK.j)=l= PKmax(PK)*Xpk(PK j);

epim(IM,j). Ejmj(IM,j) == IMmax(IMy*Xjm(IM,j),

epth(TH.j).. Ethj(I‘BJ) =}= TBmax(TBY*Xth(TBj);

eppgPG).  Epgi(PGyj) =i~ PGmax(PG)*Xpe(PG.);

eppr(PR,)..  Eprj(PR,j) =I= PRmax(PR)*Xpr(PR j);

epiimah(JIMAHj)..  EjimshjOIMAH,j) =1= JIMAHmax(JIMAH*Xjimah(JIMAH,j);
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* Upper bound on operational changes for existing plants
newPK(PK j).. Epkj(PK.j) =I= (1+R)*ElecPK(PK);

newIM(IM,j).. Ejmj(IM,j) =I= (1+R)*ElecIM(IM);
newTB(TB,j).. E@i(TB,j) =1= (1+R)*ElecTB(TRH);
newPG(PG ). Epgi(PG.j) == (1+RY*ElecPG(PG),
newPR(PR }).. Fprj(PR,j) =l= (1+Ry*ElecPR(PR);

newIIMAH(IIMAH,j)..  Ejimahj(JIMAH,j} =l= (1+R)*ElecIMAH(IMAHY},
* Non fossil plants capacity constraints

newN(N).. - EnN}=I={1+R)*ElecN(N);

newH(H)..  Eh(H)=i= (1+R}*ElecH(H);

newW(W)..  Ew(W)=I=(1+R)y*ElecW(W}),

* New plants capacity constrainis

newPP1(PP1).. Eppl(PP1}=I=PP1max(PP1y*yPP1(PP1);
newPP2(PP2).. Epp2(PP2) =I= PP2max(PP2)*yPP2({PP2),
aewPI1(PT1).. Epil(PI1) =l= Plimax(PI1y*yPIi(P11);

newPI2(PL2).. Epi2(P12) =k= P2max(PL2)*yPL2(P12);

newPI3(P13).. Epi3(P13) =I= PI3max(PI3)*yPI3(PI3),
ngwPN1(PN1).. Epnl(PN1)=I=PNimax(PN1)*yPN1(FN1);
newPN2(PN2).. Epn2(PN2)=l=FNZmax(PN2)*yPN2(PN2),
newPN3I(PN3)..  Epn3(PN3) =1= PN3max(PN3)*yPN3(PN3),
newPCL(PC1).. Epcl(PC1)=l= BClmax(PC1)*yPCI1(EC1);
newPC2(PC2).. Epc2(PC2)=l=PC2max(PC2)*yPC2(PC2);
newPC3(PC3).. Epc3(PC3)=I=PC3max(PC3)*yPC3(PC3);
newICI(IC1).. Eicl(IC1) =l= ICImax(IC1)*yIC1{IC1);
newlC2(IC2).  Fic2(IC2) =F= IC2max(IC2)*¥IC2(IC2);
newNCI(NC1)..  Enci(NCI)=I= NC1lmax(NC I y*yNCI{NCI);
newNC2(NC2)..  Enc2(NC2) =1= NC2max(NC2)*yNC2(NC2);

* Upper hound for new plants

UpPP1(PP1).. Eppl(PPl)=l= ACF*PPimax(PP1);

UpPP2(PP2).. Epp2(PP2)=I= ACF*PP2max(PP2);

UpPIL(PIL).. Epil(PI1) =l= ACF*Plimax(PIl}),

UpPI2(P12).. Epi2(P12) =t= ACF*P12max(PI2);

UpP3(PI3).. Epi3(PI13) == ACF*PI3max(PI3);

UpPN1{PN1).. Epnl(PN1)=i= ACF*PNImax(PN1);

UpPN2(PN2).. Epn2(PN2)~I= ACF*PN2max(PN2);

UpPN3(PN3).. Epn3(PN3) =1~ ACF*PN3max(PN3};

UpPCI(PC1).. - Epcl(PC1)=l= ACF*PClmax(PCl);

UpPC2(PC2).. Epc2(PC2) == ACF*PC2max(PC2);

UpPC3(PC3).. Epc3(PC3) =k= ACF*PC3max(PC3);

UpIC1(IC1).. Eiel{IC1) =I= ACF*IC1max(IC1);

UpIC2(1C2).. Bic2(IC2) =k= ACF*IC2max(IC2),

UpNCI(NC1).. Erct(NCi)=1= ACF*NCimax(NC1);
UpNC2(NC2).. Erc2(NC2)=l= ACF*NC2max(NC2);

* lower bound

lowPE(PK.j).. Epkj(PK.j) =g= (Lower*PXmax(PK))*Xpk(PKj);
lowM(IM,j)..  Ejmi(JM,j) =~g= (Lower* IMmax(IM)* Xim(IM.i);
oWTB(TB,)..  Ethi(TB,)=g= (Lower*TBmax(1B))*Xth(TB); -
lowPG(PG,j).. Epgi(PG,j) =g= (Lower*PGmax(PG))*Xpg(PG.j);
lawPR(PR).. Epri(PR ) =g= (Lower*PRmax(PR))*Xpr(PR.j);
lowJIMAH(JIMAH,j).. Ejlmahi(JMAI{J) =g= (Lowcr*JMAHmax(JMA}D)‘Xglmah(JMAH,_})
* CO2 capiure energy constraints

cl(PKjk)..  EKPKj(PK,j.k) =I= (MaxCap*zpk(PK,j.k));
20Mjk).  EKIMI(IMjK) =I= (MaxCap*zim(IM,j k)
c3(TBjk)..  EKTBj(TB,,k)=I= (MaxCap*zth(TB,j k));
cAPGjk).. EkPGj(PG,jk) == (MaxCap*zpg(PG,j.k)),
*c5(PRjK)..  EKPRj(PR,j.k} == (MaxCap*zpr(PRj X)),
c6(JIMAH k).. EKIMAH(JIMAH,j k) =l= (MaxCap*zjimah(JIMAH,j k});
* Selection of additional new plants

selectl..  sum(PPiyPPI{(PRL))=1=3;

select?.. sum(PP2,yPP2(PP2)) == 3;

selectd.. sum(PI1,yPII{PI1)} =I=3;

selects.. sum(PI2,yPI2(P12)) =1=3;

select6.. sum(PB3,yPI3(PI3)) == 3;

select7..  sum(PNLyPNI(PNI))=l=3;

select8.. sum(PN2,yPN2(PN2)) =I=3;

selectd.. sum(PN3,yPN3(PN3)) =I=3;

seloctl0,  sum(PClYPCLCT) == 3;

selectl]..  sum(PC2yPCI(PC2))=I=3;

selecti2..  sum(PC3,yPC3(PC3))=l=3;

selectl3.. sum{ICLYIC1(ICT) =1=3;

selectld,.  sum{IC2,yIC2(IC2)) =I=3;

selectls..  sum(NC1yNCI(NC1)=l=3;

selectl7.. sum{NC2yNC2(NC2)) == 3,



* Selection of CO2 capture process
fi(PK).. sum{(j.k),2pk(PK.j k) =t~ l;
2(M).. sum((j.k).Zm(IM,j. k) == 1;
f3(TB).. sum,((j,kk) Zh(TRj ) == 1,
HPG). sum((j.k),zpe(PG,i k) =i= 1
H3(PR)..  sum((ik)Lzpr(PRj.K)) “l—
fS(TIMAH;.. sum((i,k},zjimah(JMAH,j,k)) =l=1;
* Incorporation of capture process on existing coal-fired boilers
*capl.. sum((1j.K), AL jkp=1=4;,
*eapl.. Sum((NN,j,k),znn{NN,j.K)) =I= 8,
*cap3.. sum({A,j,k),za(A,j k) =1= 1,
*capd.. sum((LV jk),2v(LV,j,k)) =F= 8;
*ecaps.. sum{(LN,j,k).zIn(LN,j.k)) =1=4;
*capb.. sum((TB,jk),zth(TB,j.k}) =I=2;
* If the fossil plants shut down no capture process will put online
*wiG).  sum((Lk)zI(Lj.k)) =1= sum(L.XI(Lj));
*w2()..  sum((NN.K),zon(NN,j,K)) =1= sam(NN,Xan(NN,j));
*w3([).  sum((AK).za(Ajk)) =1= sum(A.Xa(A,j))
*ad(j)..  sum{(LV,k),zv(LV,j,k)) =l= sum(LV XIv(LV,j));
*w5(j)..  sum{(LNK),zIn{LN_j k)) =1= sum(LN,Xin(L.N,j});
*w6(j)..  sumi(TBK)zI(TBjK)) =I= sum(TB Xtb(TB.j));
WIPK,)..  sumfk.zpk(PK ) == Xpk(PK,j)
w2(0Mj)..  sum(kZim(IM,i.K)} =I= Xjm(IM.j);
w3(TBj)..  sum(k,zth(TB,j,k)) =I= Xtb(TB,j);
waPG,j)..  sum(kzpg(PG.i ) =1= Xpe(PGii);
*w5(PRy)..  sum(k,zpr(PR,jk)) =I= Xpr(PR,j);
wo(JIMAHj)..  sum(k,zjimah(JIMAILj k) =I= Xjimah(}IMAH,j);
* If there is fuel switching no capture
*s (L,_],k) . ){I(L,.I)"'Z](L,j,k) ==1
*s2(NN,j.k).. Xnﬂ(NNJ)*ﬂlﬂ(NNJ k} ==1;
*3(AGK.  Xa(Ajrza(AjR) =1L
*sALV.jk)..  XW(LVjr2v(LV,jk) —1—
£SS(LNGLK).  Xin{LNjyzIn(LN,j k) =I=1
*s56(TB,j.k).. Xth(TBjHzth(TB,jk) ~I= 1
* no capture process on natural gas power plants
zI(PKk)..  zpk(PK ng'k)=e=0;
Z20MK)..  zjm{IM,'ng' k) =e=0;
Z3(TBk).. zb(FBng.k)=e=0;
z{PGk).  zpg(PG,ng k) =¢=0;
*25(PR.K).. zpr(PR'ng.k)=c=10;
26(JIMAH X).. zjimah(JIMAH,'ng' k) =c=0;
* for one identical boilers: only one sequestration location will be selected
SPK(PK)..  sum(s,wpk(PK.8)) == 1;
sIM(M)..  sum(s,wim(JM,s)) =1=1;
sTB(TB)..  sum(s,wtb(TB,s)) =I=1,
sPGPG)..  sum(s,wpg(PG.sn=I=1;
#sPR(PR).. sum(s,wpr(PR.s))=I=1;
sIIMAH(JIMAH)..  sum(s,wjimah(JIMAH 5)) =I= 1;
* for one eoal-fired stations: only one sequestration site will he selected
stPK1.. wPK(PKI' 'erie’rwPK(PK2' huron’) =l=1;
stPK2..  wPK{'PKI' 'eriey*wPK(PK3,'huron') =}=1;
stPK3..  WPK(PKI"'¢tie"HwPK{PK4' huton') == 1,
stPK4..  wPK(PK1" 'eric'HwPK({PK5 huron) == 1,
stPKS..  wPK(PK1''eric"H+wPK({'PK&', huron') == 1,
*5iPK6..  wPK(PKI' 'erie"+wPK(TK 7 huron} =I=1;
stIML..  wim(IMI' ‘erie+wim{TM2','huron’) =1= 1,
stIM2..  wim(IMI"'erieHwjm( M3, huron’) == 1;
*stIM3..  wim(TM1"'eri¢Hwim{ M4, huron”) == 1;
stTBl..  wtb('TB1,'erih+wth("TB2' huron’) == 1;
stTB2.,  wth('TB1' erie"H+wit{'TB3',' huron’) == 1;
*stTB3..  wtb('TB1", 'erie+wib{"TB4', huron) =}= 1;
stPG1l..  wpe(PG1 erieHwpg(PG2', huron’) =l=1;
*stPG2..  wpe(PGLerie+wpg(PG3, huron) == 1;
* Retrofit CCS: if carbon capture retrofit is put online - CO2 need to be stored
scapPK(PK)..  sum((j,k).zpk(PK.j,k)) =c= sum(s,wpk(PKs));
scap]M(IM)..  sum((j.k).zjm{JM,}.k)) =c= sum(s, wim(JM.s));
scapTBCTR).,  sum((.k).2th(TB,j k) =e= sum(s,wib(TB,9));
scapPG(PG)..  sum((Gk).zpe(PG,j,k)) =e= sum(s,wpg(PG.5)),
*scapPR(PR)..  sum((j,k),zpr(PR,k)) ~e= sum(s,wpr(PR.s));
scapfIMAH(IIMAH)..  sum((j k).zjiimah(FIMAH,j.k)} =e= sum(s, wjimah(JIMAH,s));
* New plant with capture to put online - find location for CO2 storage
scapPCL(PCI)..  ypcl{PC1j == sum(s,wpcl(PCl,s));
scapPC2(PC2)..  ype2(PC2) =¢= sumi(s,wpc2(PC2,5));
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scapPC3(PC3)..
scapIC1(ICI)..
scaplC2(1C2)..
seapNCL(NC1).,
scapNC2(NC2)..
*eqdummy..

ype3{PC3) =e= sum(s,wpc3(PC3,3));

vicl (IC?) =e= sum(s,wici(IC1,5));
yic2((C2) =¢= sum(s,wic2(IC2,5)); '

yact(INC1) =e= sum(s,wncl (NC1,5));
yne2(NC2) == sum(s,wnc2(NC2,5));
dummy =g= 0,

** LINEARIZATION ****PROF. SAMIR****

conPK1(PK,j.K)..

conPK2(PK.j.k)..
¢onPK3(PK,j k).
confM1(IM,j k).
confM2(IMj.k)..
conIM3(IM,j,k)..
conTB1L(TB,j,k)..
conTB2(TB,j.k}..
conTB3(TB jk}..
conPG1(PG,j.k)..
conPG2(PG,j,k)..
conPG3(PG,j.k)..

*cont NI(LN4.k)..
*GonLN2(LN,j k).

gamaPK(PK,] k) =1= EPKj(PK,j);

gamaPK (PKj k) =g= EPKJ(PK.j)-M*(1ZPK(PK j.X));
eamaPK(PK.j.X) =l= M*ZPK(PK j.,k);

gamalM(IM,j k) =t= EIMi(Mj); _
gamalM(IM,j k) =g= EIMj(IM,)-M*(1-2TM(M, )
gamalMUMLjX) == M*2IMUM,j);
gamaTB(TB,j x) =1~ ETBj(TB,j);

gamaB(TB jX) =g= ETB|(TB,j)-M*(1-ZTB(TB i k));
gamATB(TB,j k) == M*2TB(TB,jK);
gamaPG(PG.j k) =1= EPGi(PG,j); _
gamaPG(PG,j k) =g= EPGI(PG)-M*(1-2PG(PGiJ);
gamaPG(PG,j,l) =1~ M*2PG(PG j.k);

gamal N(LN,j k) =1= EInj(LN,j);

. gamal N(LN,j.k) =g= EInj(LN,j)-M*(L-zIn(LNK));

*conl.N3(LN,j,k).. gamal N(LN,j,k) == M*zin(LN,jk);

conIMAH1(JIMAH j k).. gamaJIMAH(JIMAH,j k) =I= EJIMAHj(JIMAH,j);

conJIMAH2(IMAH j k). gemaliIMAH(JIMAH,] k) =g= ETIMAHj(JIMAHj)}-M*(1-zJIMAH(IMAH,j,k));
conJIMAH3(TIMAH,j k).. gamalIMAH(JIMAH,j k) == M*2ZJIMAH(IMAH j k);

#* LINEARIZATION ****sequestration for CCS retrofit****

conPK 1s(PK.j,s)..
conPK2s(PK. j.s)..
conPK3s(PK,j.8)..
. )

conJMIs(IM,j.5)..
conJM2s(IM,j,s)..
conJM3s(IM,j,s)..
*

conTB1s(TB,j,s)..
conTB2s(TB,j,s}..
conTB3s(TB,j,5)..
*

conPG1s(PG,j,s)..
conPG2s(PG j,s)..
conPG3s(PG,.S)..
*

phiPK(PK.s) == EPKj(PK j);
phiPK(PK s} =g= EPKi(PK,j)}-Ms*(1-wPK(PK.5));
?hiPK(PK,s) == Ms*wPK(PK.s);

phiFM(IM.$) == EIMj(JM,j),
phiTM(IM.s) =g= EIMj(JM.])-Ms*(1-wJM(IM.s)),
phiJM(IM,5) == Ms*wIM(IM,s);

phiTB(TB,s) == ETB{{TB,j);
phiTB(TB,s) =g= ETBj(IB,j)-Ms*(1-wTB(TB,s)),
phiTB(TB.s) == Ms*wTB(TB.s);

phiPG(PG.s) == EPGi(PG.j);
phiPG(PG s) =g= EPG_](PGJ) Ms*{1-wPG(PG.8)),
phiPG(PG s) =1= Ms*wPG(PG,5);

*conLN1s(LN,j,s).. phiLN{LN,s) =I= Elnj(LN,j);
*CORLN25(LN,J,$).. phiLN(LN,3) =g= Elnj(LN j)-Ms*(1-win(LN,s});
*conLN3s(LN,j,s).. phiLN(LN,s) =l= Ms*win{LN,s);

*

conIMAH1s(IMAH,j,s).. phiIMAH(JIMAILs) == EJIMAH(JIMAH,j);

conJIMAH25(JIMAH j 5).. philIMAH(IIMAILs) =g= EJIMAHj(JIMAH, j)-Ms*(1-wJIMAH(JIMAH.s));

conJIMAH3s(JIMAH,j,5).. phiIMAH(JIMAHs) =I= Ms*WJIMAH(JIMAH,s);
** ] INEARIZATION ****sequestration for new plant with capture**+**

conPC11(PC1,s}..
conPCI2(PCl,s)..
conPC13(PCl,s}..
conPC21(PC2.5)..
conPCI2(PC2,5)..
conPC23(PC2,5)..
conPC31(PC3,5)..
conPC32(PC35)..
conPCI3(PC3,5).,

conlC11{IC1,s)..
conlC12(IC1,5)..
cotIC13(IC1 5)..
eoniC21(IC2 5)..
conlC2(IC2.5)..
conlC23(1C2.5)..

conNC11(NC1,5)..
conNC12(NCLs)..
conNC13(NCLs)..
conNC21(NC2s)..
conNC22(NC25)..
oonNC23(NC2 5)..

* Initial guess

betaPC1(PC1,8) =I= Epc1{PC1);
betaPC1(PC1,8) =g= Epe{PC1)-Mp*(1-wpel (PCL,s));
betaPC1{PC1,5) =I= Mp*wpc1{PC1.s);
betaPC2(PC2,s) =l= Epc2(PC2);
betaPC2(PC2 s) =g= Epe2(PC2)-Mp*(1-wpc2(PC2,5));
betaPCHPC2,5) == Mp*wpc2(PC2,s);
betaPC3(PC3,8) == Epc3(PC3);
betaPC3(PC3,5) =g= Epc3(PC3)-Mp*(1-wpe3(PC3.5));
betaPC3I(PC3,5) 1= Mp*wpe3(PC3.s)
betalC1(IC1,5) =1=Eicl{IC1);
betalC1(IC1,5) =g= Eicl{(IC1)-Mp*(1-wic1(IC1,s));
betalC1(IC1 5) == Mp*wicl(IC1,5);
betalC2(1C2,s) =1=Eic2(IC2);
betalC2(IC2,s) =g= Eic2(IC2)-Mp*(1-wic2(IC2,s));
betalC2(IC2,5) =I= Mp*wic2(IC2.5),
betaNCI(NC1,s) =i= Encl (NC1);
betaNC1{NC1,s) =g= Encl(NC1)-Mp*{(1-wncl (NC1,s));
betaNCI(NC1,5) == Mp*wnc1(NC1,s);
betaNC2(NC2,5) =I= Enc2(NC2);
betaNC2(NC2,s) =g= Enc2(NC2)-Mp*(1-wnc2(NC2,5));
betaNC2(NC2,s) == Mp*wnc2(NC2,s);
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costi=1
*

*.. define model name

Model kyato /all /;

File opt/dicopt.opt 'maxcycles 1000
kyoto.optfile = 1;

N, ‘

*.. more commands

*

option LIMROW = 100000,
option LIMCOL = 100000;
option opter = 0.0;

option optca = 0.0;

*gption minlp = dicopt;

*option nlp = conopt;

option mip = eplex;

*option maxcycles = 10000000;
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