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Abstract 
The Kyoto Protocol is a protocol that highlights on greenhouse gases that have been adopted by 

many countries. Based on this protocol, power plants that produce emissions are encouraged to pay 
compensation. Conventionally, optimization of fuel mix in the electric power system components has not 
involved emission charges on the electricity system. This paper proposes a single objective function of a 
mathematical model for the calculation of power flow optimization involving greenhouse gas emissions 
costs to the fuel cost function. The single objective function derived using the mathematical model 
approach with linear heat rate function, in order to get the relationship between the fuel cost function with 
GHG emission. Namely, the function of energy costs as a combination of fuel costs and GHG emission 
costs can be shown as a quadratic function. 
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1. Introduction 

The study of energy and emissions management has been a lot written in the studies, 
but the objective function was discussed separately. Some examples of this can be traced in the 
books [1, 2] or in the papers [3-7]. Adoption of emissions regulations can be traced within the 
Kyoto Protocol. These Protocol primarily regulates greenhouse gas (GHG) emissions, i.e., as 
emissions gases from combustion results indicated to be the cause of global warming. In 
Indonesia, the Kyoto Protocol has been adopted with the name is the Clean Development 
Mechanism. In the electricity sector, power systems are expected to manage green energy in 
accordance with the provision

 
[8]. The technique for managing green energy is to minimize 

emissions in electrical systems. One of the preconditions for the minimization of electrical 
systems is the selection of appropriate models to be used as an objective function [9]. 

According to Zhu
 
[10], that the general problem OPF (Optimal Power Flow) is to obtain 

the optimal setting of a grid system. Namely, in a way that optimizes the objective function. The 
objective function can be the cost of power generation, grid losses, and emissions in power 
plants, load shedding, and also the limitations of the operating device. Furthermore, according 
to Soleman [9], the use of OPF with the objective function in the form of emission index is one of 
three strategies to reduce air emissions. The other two is a direct pollutant reduction strategies 
and strategies for the exchange of fuel with low-pollution fuel.  

In this paper, will be merging two objective functions related to electric energy 
generation that is about the cost of power generation and GHG emissions due to combustion. 
This paper will conduct a formulation search to incorporate GHG emission as additional of the 
fuel parameters when used as an overall energy generation. That is to get a single objective 
function for an optimization of the power system that involves the costs of emissions and fuel. 

In the combustion of fuel will be generated energy and exhaust emissions. The model of 
the fuel combustion system into this energy and flue gas can be reviewed as two objective 
functions. Namely the objective function of fuel and the objective function of combustion 
emissions. But in this paper, the two objective functions will be combined into a new purpose 
function that is the purpose of the combustion function. This new objective function will generate 
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new function parameters, which consist of fuel function parameters and GHG emission function 
parameters. 

In the description of this paper will be a search to get the parameters combined above. 
Namely by using the performance curve as the heat rate curve of the power plant. The search 
results on the fuel cost function of the heat rate have discussed in the papers, among others 
about the modeling cost curve [11,12]. But for the relationship of GHG emissions and fuel to 
heat rate is not writing clearly. In this paper, there will be a deterministic theoretical review of the 
relationship between heat rate and GHG emissions and fuel. So it will get important parameters 
related to the emissions, fuel and heat rate of a power generation.  

This paper describes the parameters of a fuel cost function and GHG emission cost as 
a single function with the parameters depending on the component of the heat rate, fuel 
composition, fuel price, and GHG emission price. This is consistent with the search results of 
GHG emission paper i.e. by using a cost estimation approaches such as reference at [13]. The 
joining of parameters so that it becomes a deterministic objective function makes it easy to 
optimize the electrical system which involves the function of fuel cost and emission cost. Thus a 
method of deterministic classical optimization such as interior point [14], it can be done. In this 
paper, the simulation will be performed using the interior point method. 

According to the Kyoto Protocol on GHG, the process of burning fossil fuels for 
electricity generation will bring CO2 emissions as a result of direct combustion, and the reaction 
of nitric oxide (NO) to nitrous oxide (N2O) from the reaction of fuel in the combustion process as 
well as the reaction of combustion air at high temperatures, see [15-22]. Nitrous oxide is 
relatively stable at low temperatures so the N2O gas goes out from the stack also becomes a 
greenhouse gas, like CO2 gas. According to the Kyoto Protocol, N2O has emission factor 
equivalent to 310 CO2 emissions. In addition, the combustion of fuel gas often remains 
unburned CH4 gas is vented to the atmosphere, according to the Kyoto Protocol also includes 
material GHG emissions [8]. This gas is usually very small in number, but have the potential 
GHG or CO2e by 21 times that of CO2. 

And then, in this study will be a mathematical formulation to obtain the objective function 
model, for the operating costs consist of the fuel cost and the GHG cost, with the condition of 
stoichiometry. GHG cost is primarily the cost of carbon dioxide equivalent (CO2e) emissions. 
This objective function model is in the form of merging with the fuel costs and emissions costs in 
the operation of the electrical system, to obtain the sequence of unit de-commitment and the 
results of the calculation of the value of the optimization. 

From a reference [22], it is known that a decrease heat rate results in reduced 
greenhouse gas emissions, due to GHG emissions depends on the amount of fuel burned at 
power plants. In this study, we will use the approach heat rate to as a base model of the electric 
energy generation cost function. 

 
In this paper will try outlined that the model approach quadratic function to model of the 

cost function GHG emissions and fuel cost by using basic functions of linear heat rate, it is still 
good enough to use. Using a model approach quadratic function is presumably very easy to get 
the parameters of the model function. After getting the objective function can be performed 
simulation optimization in power system operation. 
 
 
2. Problem Formulation  

Combustion of fossil fuels in power plants, consisting of mainly three different 
combustion reactions [15,23]. The first is the combustion reaction between the carbon materials 
(C) to oxygen (O2) into carbon dioxide (CO2). The second is the reaction between nitrogen (N) 
and oxygen (O2) at temperatures above 800 

0
C to produce nitrogen oxides (NOx) are known as 

Fuel-NOx. In addition, for burning in power plants at high temperatures (above 1200 
0
C), it also 

happens that the reaction of NOx formation known as Thermal-NOx. Most of the NO (part of 
NOx) reacts with N to become N2O, and the others will remain as NOx. And the third is a 
reaction between sulfur (S) contained in the fuel reacts with oxygen (O2) to produce sulfur 
oxides (SOx).  

Especially for GHG, based on the three types of combustion reactions over 
categorization and the results of the Kyoto Protocol [8], the GHG emission from thermal power 
plants, the main one is carbon dioxide (CO2), and the other is a nitrous oxide (N2O). Sulfur 
oxides (SOx) is not categorized as GHG emission in this protocol. In the gas turbine power plant 
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with a fossil fuel source in the form of a liquid or gas, unburning methane (CH4) is also included 
as GHG emissions from power plants [24]. 

Nitrous Oxide is a part of the reaction NO + N in the combustion process with high 
temperature. N2O can react with the chars (C) will be decomposed into N2 and CO at a pressure 
(0.2 MPa to 1.0 MPa) [25] or temperature is relatively high (>800 

0
C) [26]. It can be said that in 

an effort to decrease NOx by burning low temperature (<900 
0
C) turned out to increase the 

levels of N2O emissions from power plants.   
Here is the formulation of the proposed objective function as a function of energy cost 

model in power plant operations involving GHG emissions from power plants i.e. CO2 and N2O, 
in accordance with the protocol on the environment. The definition of energy cost function here 
is a combination of fuel costs and emission costs due to the generation of electrical energy from 
the combustion process of fuel. 

 
2.1. Carbon Dioxide Costs 

In a simplified approach, tracing air emissions at power plants can be used as a book 
Fundamentals of Combustion Processes [27], or book [28]. That is to explore the process of 
conversion of fuel (C) through the combustion process, it will be obtained carbon dioxide (CO2) 
emissions and there will be a release of energy in a certain amount, or in another notation: 

 
Fuel (C) + Oxidizer (O2)  Results combustion (CO2) + Energy (kcal/kg) 

 
On a result of combustion, in addition to the energy obtained to be converted into 

electricity, will also be obtained byproduct emissions (CO2). These emissions to environmental 
issues will constitute the environmental costs, thereby generating emission can also be 
regarded as a direct result of the cost of electric energy generation using combustion process. 
In addition, thermal energy conversion process of combustion can be known with certainty that 
a number of greenhouse gases are a direct result of the amount of fuel burned. It can be said 
that for every 1 mole of carbon (C) if burned perfectly will produce 1 mole of CO2. 

Cost of fuel is usually expressed in units of mass, then the unit mole of fuel 
(represented by the element carbon or C) and CO2 gas combustion is then converted into mass 
units. As a result, it can be said that for every 1 ton of carbon contained in the fuel is burned 

perfectly will produce carbon dioxide emissions (CO2) weighing 
  

  
 ton. Furthermore, note also 

that the carbon content of the fuel depends on the type of fuel, the carbon content is usually 
written as a percentage of the total weight of the fuel. For example, every one ton of fuel then 
there is a 42% carbon element, it can be said that for every ton of fuel it burned will produce 
3,667 tons   42% or 1.4668 tons of carbon dioxide emissions (CO2) or GHG emissions. 

From the above, it has been shown that CO2 emissions are directly correlated to the 
amount of fuel. Because of this direct correlation, it can be calculated fuel costs and GHG 
emissions costs by using only one variable output of the electrical power. 

Then note also that, the amount of fuel used in thermal power plant depends on the 
heat rate of the power plant and the energy supplied to the electrical system. Furthermore, the 
approach used in this calculation as a linear heat rate calculation the initial formulation. 
Verification of the model is done to show that the linear heat rate approach is relevant enough to 
be used as the basis of the cost function model. The advantage of using this linear approach is 
the obtainment of a quadratic function on the function of the cost of energy generation. Here are 
descriptions of the formulation.  

 
2.2. Nitrous Oxide Costs 

Pyrolysis and combustion at temperatures between 800 
0
C to 900 

0
C, it is known that 

produce less of nitric oxide (NO) when compared to the higher combustion temperatures 
because of only Fuel-NOx dominant, but it produces nitrous oxide (N2O) is quite high. At the 
higher combustion temperatures turned out to be N2O that will react with the char (C) so that the 
amount of N2O will decrease. Combustion under 900 

0
C cause Fuel-N converted into two gas 

emissions of the N2O and NOx. N2O is quite high on the burning below 700 
0
C and decreases 

when the temperature has been rising. Instead NOx along with rising higher combustion 
temperatures. Combustion of Fuel-N at temperatures above 920 

0
C relatively stable at a certain 

value, which is about 8% Fuel-N converted to N2O and NOx by 80% [29]. 
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The formation of nitrous oxide (N2O) from nitric oxide (NO) is approximately 1 to 3% of 
all NOx resulting from the combustion process in the boiler type’s fluidized bed (FBC) and will 
decline by about 0.1% in the combustion boiler type pulverizer (PC). Nitrous oxide (N2O) from 
the combustion process in power generation, in general, is between 20-200 ppm [30]. It relies 
on the combustion temperature and the type of boiler, for PC boiler about 20 ppm, and a CFB 
boiler N2O can reach 200 ppm. 

Because the complexity of the formation of N2O from a combustion at power plants, the 
empirical approach is used in the formulation of this N2O emission calculation. This is consistent 
with the recommendations for the calculation of the Kyoto Protocol on emission factors. To that 
end, it is proposed that the formulation of empirical GHG on the type of N2O emissions is thus 
dependent on the type of boiler. For CFB boiler using a special emission factor CFB and PC 
using emission factors specific to the PC boiler. 

 
2.3. Formulation Model of GHG Emission and Fuel Costs 

At the thermal power plant, the process of conversion of fuel into electricity is measured 
using a scale conversion performance called heat rate. The amount of this conversion is based 
on the ability of plants to generate electricity. Heat rate can be simply expressed in a 
comparison between the amount of fuel calorific value is multiplied by the amount of fuel 
burned, and then it is divided by electrical energy generated or electrical energy produced 

     (   ). In the formulation of  the gross plant heat rate (GPHR) or    (
    

   
)for fueled 

thermal power plant can be written as follows. 
 

    
             

      
         (1) 

 

with        (
    

  
) is a calorific value of a fuel. 

While this electrical energy according to the terms of the gross power  generated 
  (  ) is an electrical power generated multiplied by the time of generation ( ). According to 
this terms, in the mathematical equation can be regarded as, 

 
              .         (2) 

 
Using equations II-1 and II-2, it will further found the equation is 
 

      
 

        
                   (3) 

 

With PT (  ) is a gross power generated by each unit of power plant to serve a power system  

     (
  

 
) is the rate of fuel consumption, usually written in units of mass per unit of time or 

     (  )

     ( )
.  

And then by using the equation of the rate of fuel consumption above, it can be stated 
that the rate of carbon emissions in the perfect combustion is equal to a constant multiplied by 
the percentage of carbon content in fuels      ( ), multiplied by the rate of fuel consumption. 

Under conditions of Stoichiometry, or the condition of the perfect combustion, the amount of the 

rate of carbon dioxide     
(
  

 
) on the rate of fuel can be written as follows. 

 

    
 

  

  
                     (4) 

 
With the global warming potential of N2O according to the Kyoto protocol amounted to 310. And, 

the fraction of nitrogen oxidized to nitrous oxides N20 or     
( ) are depending on the heat of 

combustion of the boiler. Then, the amount of the rate of nitrous oxides     (
  

 
) can be 

calculated as follows. 
 

     (   )  
  

  
     

                        (5) 
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While the CH4 emission rate can be written as follows. 
 

     (   )      
    (    )                   (6) 

 

Thus in this paper, we propose a mathematical model formulation of fuel costs      (
  

 
) on 

carbon-fueled power plants are as follows. 
 

      *          (
  

  
       

  

  
     

               
    (    )    )+        (7) 

 
In other forms, it can be written as follows. 
 

                    (8) 
 

With 
 

     *          (
  

  
       

  

  
                    

    (    )    )+  
 

       
     (9) 

 

With      (
  

  
) is the price of fuel, and    (

  

  
) is the price of GHG (greenhouse gas) 

emissions equivalent which must be returned to the environment. Simplified without units, then 
the equation can be rewritten as  follows. Heat rate (  ) used above is a gross heat rate, due 
to be reviewed in the value of the total energy generated. 

The total gross power generation (PT) is the amount of power used for its own purposes 

or auxiliary power (    ), and output power (P) to supply power to the grid system. Then the 
total gross power generated can be written as follows.  

 
              (10) 
 

Auxiliary power (Paux) has a certain minimum value (    (   )) which depends on the 

capacity and type of power plants. And auxilary power will be increase (  ) with increasing load 
demand (P). Then, the auxiliary power can be written as follow.  

 

         (   )           (11) 

 
Using the equations II-9 and II-10, then the total power can be written as the following equation. 
 

       (   )         (12) 

 

with  
 

        is a constant.   (13) 
 
Heat rate will decrease if the load increases. Model of heat rate function may be a linear 

function, quadratic and polynomial equation of order three. In this simulation used heat rate 
equations approximated using a linear equation, that is because of maneuvering system 
services above 50% nominal power. This linear model is still relevant is used as shown in 
section III.1 of this article. 

To approach a linear function, it is known that the heat rate value depends on the 
electric power generated. The heat rate will be written as the following linear equation. 

 

          (   (      ))    (14) 

 
With    is a gradient heat rate, as the following equation. 
 

    
           

         
      (15) 



                     ISSN: 1693-6930 
 

TELKOMNIKA  Vol. 15, No. 4, December 2017:  1585-1600 

1590 

Heat rate at nominal load can be called as a nominal heat rate (HRnom). The minimum 

power (    ) is defined as the minimum power can still be maintained by each unit to supply 
power to the grid. Using the equation of the electric power generated and the heat rate 
mentioned above, the fuel cost equation can then be written as follows. 

 
       (       )  [       (    )]   (16) 
 

With  
 

   is minimum of auxiliary power (    (   )), and                     . (17) 

 
In another writing, the fuel cost equation can be rewritten as the following quadratic equation. 
 

               *   (
    

      
   )    (

    

      
)    +  (18) 

 
2.4. Creating Power Plant Costs Model 

The electric energy generation costs, especially fuel costs and emissions costs in the 
short-term optimization approach can be approximated by the value of the power generated at 
each hour. Using these explanations, then the objective function can be determined more easily 
name the variable cost, which is the fuel costs that depend on plant performance or heat rate 
(HR) consists of the cost of fuel thermal power plant or cost of raw of water for the raw material 
hydro power plant. 

 
2.4.1. Fuel Cost Model for Fired Thermal Power Plant 

Fuel cost function based on heat rate         (
  

 
), equation function is as follows. 

 

         (       
     

       
 )  *   (

    

     
   )    (

    

     
)    +      (19) 

 
2.4.2. Cost model for Hydro Power Plant 

The energy cost function of hydro power plant          is a function of variable costs 

due to levy water (
  

 ⁄ ), namely: 

 

             
 

     
                      (20) 

 

with      is the price of water levy set by the local government (
  

  ⁄ ),       is a function of 

the performance of hydro power plant in (       
 

           
⁄ ),   is the density of water 

(       ⁄ ), g is the gravitational constant (        ⁄ ), and   is the net head ( ). 

 
2.4.3. Objective Function Costs Model 

By manipulating the equations above, then the next generation cost function can be 
approached and written into the following quadratic equation. 

 

 ( )             
                    (21) 

 

With       are the parameters of the cost with a certain value which depends on the type of 
power plant, the parameters are as follows Table 1. 
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Table 1. Fuel and Emission Cost Function Parameters 
Notation Thermal Power Plant Hydro Power Plant 

         (     
   

   

     
)  , 

  
   (

    

   
   

   )       (
     

   
   

     
) 

      (    )       (
    

     
) 

  
 [          (

  

  
       

  

  
     

               
    (    )    )]  

   
   

       
 

         
     

           

         

 

        (   ) 

   
                     

These equations are proposed to be used for a range of heat rate curve was linear. 
 
 
3. Verifying the Model 

Using the model of the objective function and constraint functions that have been 
outlined in advance, the next will be simulated. 

 
3.1. Verify Function of Heat Rate  

Heat generation rate will decrease if the load is increased, namely by following the 
curvature equation of order 2 [31]. Another view of the heat rate to changes in load can also be 
traced reference [32]. Using the reference, are shown in Table 2. 

 
 
Table 2. Variations of Power Plant Heat Rate with Nominal Load 350 MW [32] 

Load MW 350 300 200 100 

Heat Consumption GJ/h 2731.15 2366.70 1637.80 908.90 
Heat Rate kJ/kWh 7803.3 7889.0 8189.0 9089.0 
Efficiency % 46.13 45.63 43.96 39.61 

 
 

Based on Table 2, the heat rate can be approached by a polynomial function. Using a 
three-order polynomial function, it has a regression approach with a coefficient of determination 
factor equal to 1. This function, shown in Figure 1 so which approach is best for heat rate 
function. Namely, it is the third order polynomial functions. 

 
 

  
 

Figure 1. 3rd order function for the heat rate 
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Interpretation of the data using a quadratic curve fitting it was shown as in Figure 2 
below. In the image shown that by using a quadratic curve has a coefficient of determination 
0.996. The coefficient of determination for this quadratic approach is included in the very good 
category. 

 
 

 
 

Figure0 2. Quadratic function of heat rate 
 
 

Similarly, namely by using a linear curve fitting approach, which has a coefficient of a 
determination 0.9034 as seen in Figure 3. With the determination coefficient value is more than 
80%, ie 0.9034 included in the category of a good approach. 

 
 

 
 

Figure 3. Linear function of heat rate  
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Thus, the linear approximation of changes in power plant heat rate was still relevant to 
the determination coefficient of regression is 90%. The verification of the picture above, it can 
be said that the linear approximation of the function heat rate thermal power station is still 
relevant enough to be used as the basis for calculation. Other data, namely the use of linear 
heat rate can be traced to the paper as reference [33]. 

 
3.2. Power Plant Data 

Based on Table 1 above, power plant data to obtain the cost equation can then be 
determined to consist of: nominal and minimum heat levels, fuel calorie values, carbon content, 
and nitrogen in fuel, and fuel prices and levels applicable greenhouse gas emissions in a region. 
To perform the calculation of cost model of the power plant, sample data to be used are follows. 
Auxiliary power for thermal power plant has a value between 8.5% and 11% of the electric 
power generated. For this simulation, the auxiliary power is assumed at 8.5% worth of the 
power generated by the power changes of 1% of the minimum power.  

In this simulation, the Coal Power Plant (CCP) is assumed that all power plants using 
coal with calories around 5200 kcal/kg, while the use of natural gas fuel gas with a methane 
content of around 95% Natural gas is used for the combined cycle power plant (CCPP) and gas 
turbine (GTPP). Coal price of 396 Rp/kg, natural gas if converted to rupiah per kilogram is 2450 
Rp/kg. While the price of GHG emissions is assumed around 36 Rp/kg as compensation for 
environmental costs [13]. Details of the data (dummy) Table 3 as follows. 

 
 

Table 3. Power Plant Data (Dummy) as for the Determination of the Objective  
Function Parameters 

 
 
 

3.3. Results of Costs Function Model 
By using the dummy data as an example Table 3 then the next will be calculated 

parameter value of the cost function of the power plant. With estimates for the hydropower plant 
has a capacity factor of about 0.50 to 0.55.  Then, gas turbines have installed capacity factor of 
approximately 0.70 of annual operations. And then, the steam turbine has a capacity factor of 
0.9. Then the calculation results, using dummy data in the example above are shown as  
Table 4. 

 
 
Table 4. The Results of Modeling Objective Function with and without GHG Costs 
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4.    Model Simulation 
4.1. Equality Constraint in Power System 

Constraint equations for active power and reactive power are as follows [14]. 
a. Equations for active power at bus i is, 
 

               (22) 
 

With the power of the load on the bus itself that is on the bus i was (   ), active power flow 
through the line from bus i to bus to k is (   )  active power generated by the power plant is 

 (   ). The equation of the active power supplied by the bus i to other bus is can be written as 
follows. 

 

    ∑ |  ||  |(                   )
  
         (23) 

 
With           is the difference between the phase angle i to k,     is conductance of  bus i 

to bus k,     is suceptance from bus i to bus k. 
b. Equation of reactive power at bus i is, 
 

                  (24) 
 

Furthermore, reactive power equations of bus i to bus k can be seen as a function of the 
following equation. 
 

    ∑ |  ||  |(                   )
  
      (25) 

 
4.2. Inequality Constraints 

Inequality constraints consist of inequality voltage, phase angle, active power and 
reactive power generation. Here is the inequality that is used [14]. 

a. inequality voltage and phase angle, 
 

  
         

          (26) 

 

  
         

         (27) 
 

b. active and reactive  power inequalities, 
 

   
           

   ,     (28) 
 

   
           

        (29) 
 

4.3. Grid Data and Electric Load Data 
To run a simulation of power flow optimization with an interior point method

 
[14], the 

other data that would be required. The other data are a grid data and load data.  
 

4.3.1. Data Grid for the Simulation Model 
Data grids which include the data conductive electrical power, namely the from the bus 

(fbus) and bus ends (tbus) with a resistance, the admittance and the conductor ampacity (ampere 
capacity). Table 5 show example of a data grid that will be used as a simulation. 

 
4.3.2. Load Data for the Simulation Model 

Data for the electrical load is a load change in power at certain hours. Then the data is 
used to review the effect of the active power, and the amount of electrical power supplied to the 
grid as shown in Table 6. Active power (PD) unit is MW, and MVAR is for reactive power (QD) 
unit. 
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Table 5. Grid Data (Dummy) for Simulation 

 
 

 
Table 6. Electric Load Data (Dummy) 

Zone 1 Base kV 500      
Hour to 1 2 3 4 5 

area Vmax Vmin 
bus_i type PD QD PD QD PD QD PD QD PD QD 

1 3 353 125 553 250 353 45 353 75 553 175 1 1.1 0.9 
2 1 245 134 300 227 300 227 3 227 3 227 1 1.1 0.9 
3 1 260 31 360 31 660 161 660 161 660 161 1 1.1 0.9 
4 1 144 41 344 141 544 181 644 181 644 181 1 1.1 0.9 
5 1 397 115 597 45 697 215 697 215 697 215 1 1.1 0.9 
6 1 460 181 320 134 760 181 760 181 760 181 2 1.1 0.9 
7 1 546 241 346 141 646 170 646 170 646 170 2 1.1 0.9 
8 1 0 0 0 0 0 0 0 0 0 0 2 1.1 0.9 
9 1 423 217 323 117 823 317 823 317 823 317 2 1.1 0.9 
10 1 0 0 0 0 0 0 0 0 0 0 2 1.1 0.9 
11 1 0 0 0 0 0 0 0 0 0 0 2 1.1 0.9 
12 1 490 151 400 231 590 351 590 351 590 351 2 1.1 0.9 
13 1 397 186 247 146 397 136 597 186 597 186 2 1.1 0.9 
14 1 129 173 229 173 329 363 529 363 629 363 3 1.1 0.9 
15 1 0 0 0 0 0 0 0 0 0 0 3 1.1 0.9 
16 1 362 247 422 82 862 317 862 317 862 317 4 1.1 0.9 
17 1 310 141 310 91 410 91 410 113 510 113 4 1.1 0.9 
18 1 310 110 410 110 150 20 350 50 550 250 3 1.1 0.9 
19 1 377 117 220 110 277 17 477 137 477 137 3 1.1 0.9 
20 1 224 144 424 144 524 244 524 244 524 244 3 1.1 0.9 
21 1 258 196 220 96 358 206 458 206 458 206 4 1.1 0.9 
22 1 139 152 439 152 839 272 839 272 839 272 4 1.1 0.9 
23 1 313 25 130 0 13 0 13 0 67 0 4 1.1 0.9 

 
 

4.3.3. Additional Data for the Simulation 
It is assumed that the data were taken during the dry season with a limited water 

supply. Due to the limited supply of water, it is known that the condition of hours to 1 to 3 hours 
to note that the Hydro Power Plant (HPP) is not enabled. PP-1 and HPP 2, they cannot serve 
the grid system. At that hour are ready for operation is the thermal power plant. In the hours to 4 
to 5, hydro power plants will be ready to serve the load on the grid system. 

 
4.4. Simulation Result 

Use the Interior point method for simulation optimization of energy costs, which consist 
of the cost of fuel and the cost of GHG emissions, the results can be shown in the following 
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Table 7. As for running the program with no price of greenhouse gas emissions or no GHG cost, 
the value is zero. Then the results of running the program are as shown in Table 8. 

 
 

Table 7. Summary Results of Running (with GHG Emissions Cost) 

 
 
 
Using Table 7 and Table 8, it can be created percentage issuance costs against the 

cost of energy. To find out the effect of GHG emissions price on energy costs that have been 
optimized, are shown in the following Table 9. 

 
 

Table 8. Summary Results of Running (without GHG Emissions Cost) 

 
 

 
Table 9. Estimated Percentage of the Cost of Emissions to the Cost of Fuel in the Power 

System that has been Optimized 
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5.    Analysis 
5.1. Analysis of Modeling 

Formulation energy generation costs can be grouped into the costs of fuel and emission 
costs. Agreed GHG emission as a function of the cost is to use the Kyoto Protocol. By using 
these protocols, the cost of the main emissions at thermal power plants is the emission of CO2 
and N2O, as well as for gas-fired power plants are usually coupled with emissions of unburned 
CH4 gas. Of the three GHG gases are highly influential in the calculation of costs as a major 
component is CO2-emissions combustion. Furthermore, the incorporation of fuel costs and the 
costs of GHG emissions can be done using the single objective function of costs formulations as 
in Table 1. 

The linear model of heat rate function selected for ease in providing data of power plant. 
Model function is a linear, it is also still has a good correlation with data from the reference 
search, i.e. the reference data on heat rate function of the load on the power plant. This is 
shown in Figure 3 namely, the model function of heat rate as a linear function has a coefficient 
of determination of regression at 90%. The coefficient of determination above 80%, can be said 
to have a very good correlation. The model can be used as a model for the calculation of heat 
rate changes on the power plant. The approach to this linear function will facilitate the 
calculation of the cost of fuel and emission costs. 

By using the linear functions of performance or linear functions of heat rate on the 
power plant, can be made approach is an energy cost of the power plant. With a heating rate 
which is a linear function of the above, it was found that the fuel cost and emission cost is a 
quadratic function. The cost function of a power plant that supports an electricity system in 
Indonesia, which can be grouped into 3 main namely hydro power plant, thermal power plant, 
and geothermal power plant. In modeling the above, all the function approach quadratic with 
parameters such function parameters α, β, and γ as shown in Equation. 

The thermal power plant will generate greenhouse gas emissions for each power 
output, while hydro power plant does not emit greenhouse gas emissions. So that in addition to 
having function a thermal power plant fuel costs also have the cost of emissions, while the 
hydro power plant only has water retribution costs. 

 
5.2. Analysis of Simulation Model 

By using the quadratic model of a function of fuel costs and the cost of emission using 
the parameters as illustrated in Table 1, it can be seen that the parameter γ is negative. This 
can be attributed to the declining value of the power plant heat rate if the load to the nominal 
load. 

Using dummy data from the power plant as shown in Table 3, are used to determine the 
parameters of the cost function of fuel and emissions costs as shown in Table 4. Differences 
objective function of fuel cost with emissions cost and fuel cost without the cost of emissions are 
shown in Table 4. From the Table 4, it is also shown that the parameter values in the objective 
function of fuel costs which included the cost of emissions will be of higher value than the 
parameter values without emissions costs included.  

 
5.3. Analysis of simulation results 

Having obtained the objective function of the function of fuel cost and the cost of 
emissions with constraints of its function. It can be done cost calculations namely their fuel cost 
and emissions cost or without emissions cost. Using data grid and load the data as shown in 
Table 5 and Table 6, and using interior point methods of calculation are used to determine the 
fuel cost with GHG emissions price as shown in Table 7. And then, calculated the cost of fuel 
without involving the cost of GHG emissions is shown in Table 8.  

In situations of limited reserves of water, the hydro power plant can only serve the load 
at peak loads. Furthermore, based on Table 7 and Table 8 can also be seen, that the CPP is 
more likely to be the base load. Then for the load follower, tends to be done by gas-fired power 
plants, which is the CCPP and GTPP. 

Using Table 9 can be shown that the costs related to the functioning of emissions, it will 
raise the overall operating variable costs of about 15% to 19%. It is also related to the readiness 
of renewable energy power plants in servicing load, in this case, the HPP. The readiness of 
power plants with a low heat rate, it also will reduce emissions cost comparison to the cost of 
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energy, shown in the drop in the percentage ratio of the value of emissions costs against the 
cost of energy on the hour to 3 to 5 hours. 

 
 

6. Conclusion 
The cost of GHG emissions can be combined with rising fuel costs as operating costs of 

electric energy generation by determining the parameters of every component of the cost of 
energy. By using the linear heat rate function model, it will be able to generate a single 
quadratic objective function both for fuel and emissions with function parameters α, β, γ are 
dependent on other parameters as shown in Table 1. Based on the simulation result, GHG 
emissions cost can be reduced with more to generate of renewable energy i.e. hydro power 
plant as well as power plants with low heat rate. 
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Nomenclature 
     Gross Plant (Heat Rate)      Performance parameter of the hydro 

power plant 
      Heat rate nominal    Water density  

      Heat rate minimal  g The gravitational constant  

     Nominal power of unit power 
plant 

 h Head of hydro power plant 

     Minimal power of unit power 
plant 

       the rate of fuel consumption 

     Auxiliary power of unit power 
plant 

       Percentage of nitrogen content in fuels 

    (   ) Minimum auxiliary power of unit 
power plant 

      Fraction of nitrogen oxidized to nitrous 
oxides 

       Calorific value of fuel       
 The fraction of methane gas unburning 

 P Electric power generated by the 
power plants 

     Active power of the load on bus i 

   Total or gross power generated 
by each unit of power plant 

     Active power flow through the line from 
bus i to bus k 

      The price of fuel       Active power generated by the power 
plant on bus i 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
, 

The price of GHG emission        Parameters unit cost variable there are 
depends on the type of power plant 

      Percentage of carbon content 
in fuels 
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