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Overview
This paper examines the investment values of two types of base load plants; coal and nuclear power under the emission trading context. We introduce a new pricing paradigm revised from the financial spread option approach to deal with correlated evolution between CO2 allowance price, electricity price, and construction costs of Nuclear Power Plant (NPP). Our model encompasses multi-dimensional problems in one basket. We apply the Monte Carlo simulation approach for the main approximation tool to provide extensive analysis. We also characterize the Green House Gas (GHG) coefficient to analyze emission impact on a fossil fuel plant investment. We consider the possibility of extending this methodology to other forms of stochastic plant investment evaluations.

Methods
Our model is on the basis of the financial real option technique which is a simple but insightful approach to price the investment value, specifically using spread options on multiple assets mixed with the features of the mean reversion and the geometric Brownian motion. Furthermore, it is the first attempt to introduce the Green House Gas coefficient to demonstrate its impacts on investment decision making. We verified the robustness of our model by applying it to cases; IGCC without CO2 constraint, IGCC under CO2 trading, new NPP, life extension of an existing NPP. The most data using for this research are from those of NordPool through the database system, DataStream.
· Models

We derive three kinds of real option models according to each underlying asset’s uniqueness; (a) electricity prices like other commodities evolve following the mean reversion, (b) the construction cost of a new NPP is dealt with by geometric Brownian motion, because NPP is exposed to endless safety issues whose defending price take the big portion of the construction cost, (c) the evolution of CO2 allowance is also treated as geometric Brownian motion, because its trading history is short and must be under a regulation regime as a result of which the allowance price should have more chances in the upper territory.

· A single option model

Life extension value of an existing NPP, because this plant does not emit GHG and the chance of an extension cost change is little due to a short period of engineering work. All the uncertainty is nothing but by the evolution of electricity prices.
· Two asset spread option model for a new NPP

One variable for investment cost to reflect variances of investment cost which could be caused by a long construction period and the other for the evolution of electricity prices.

· Two asset spread option model for coal power plant

One variable for the evolution of CO2 allowance prices taking consideration of the maximum limit of emission quantity per electricity power and the other for the evolution of electricity prices.
Firstly, on a single variable case of a NPP life extension, we use this formula to calculate the value of life extension of a NPP. Using Ito’s Lemma to derive the process followed by G=lnS, the price behavior is,  
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The options formula is, 
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(2)
Here, S(t) and Sm are the current price and a long run average price of an underlying asset respectively, and k is the mean reversion rate
. F(S(t)) is the option value at time t. K is the exercise price at the expiry. E0 is the expectation at time ‘0’.
Secondly, we extend the single asset pricing model into modeling two assets model. The price evolutions of each asset price are 
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Where  
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We revise the Cox and Ross general spread option formula[5] to reflect the technical specification of a plant. For the purpose of considering an emission impact to a decision making of a power plant investment whose emission impact denoted by
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 . ef, emission factor is a inherent emission quantity per MWh endowed by plant characteristics, fa ,:free allocation is a permitted emission quantity per MWh allocated by a regulation body. dW1 and dW2 are Wiener processes with correlation ρ, then, we can find the independent Wiener processes W1 and W2 such that
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(4)

Using Ito’s Lemma, we have
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(5)

Levy’s representation of geometric Brownian motion is used; 
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 which are randomly drawn from a normal distribution with mean zero and standard deviation dt1/2 with correlation. Both dS1 and dS2 are the infinitesimal changes of the electricity price and the CO2 allowance price in arbitrary markets
 respectively. The implied volatilities (1, (2 are positive.
E(dWi)=0,

E(dWi2)=dt ,
E(dW1dW2)=ρdt



(6)
Where  i=1,2 and ρ is the correlation coefficient between the two random walks.
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(7)
Where, E0 denotes the expectation with respect to the expectation at time 0, the above formula can be applied for fossil fuel plants as it stands.

Finally, we revise Margrabe’s method to approximate the value of a new investment of a NPP. He suggests the evaluation formula which relies on two stochastic variables without a fixed strike price. We deal with electricity price and investment cost as stochastic values, the period of its construction is much longer
 than the other generation plants. The longer period means the more chances of construction cost changes. 


[image: image11.wmf]]

0

)),

(

)

(

(

max[

)

S

 

,

(S

1

2

0

2

1

T

S

T

S

E

e

F

rT

-

=

-






(8)
Many scholars
 have tried to find analytical solutions for spread options. However, no analytic solution for pricing spread options is complete. Hence, we choose a simulation approach using the Monte Carlo method  to analyze the plant investment opportunity whose simulation value (C) at the expiry is 
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(9)
Where M is simulation frequency T is the period of expiration.
As a result of the values calculated so far , we face the alternatives at the expiry date to choose one technology; 
F = Max[Vigcc, Vnew_npp, Vext, 0]






(10)
Where the value Vigcc, and Vnew_npp, are calculated under the two random variable condition, but Vext, the NPP extension value is calculated under one random variable condition. 

· Assuptions

· The investment evaluation relies on the long term price trend which shows the mean reversion features. 
· A different life time is applied to calculate each NPV values, new NPP and IGCC plant: 40 years, life extension NPP: 10 years.

· In order to reflect the risk averseness of investors, we apply a different discount rate, IGCC: 5%, NPP: 10%.
We use the following values which are divided into three categories, IGCC, new NPP investment and NPP life extension. Especially, we refer  IAEA report for the assessment of NPP life extension.

Table 1. Representative Values

	Specification
	IGCC
	NPP

	
	
	New Investment
	Life Extension

	Output
	(MWe)
	500
	1,000
	1,000

	Life time
	(Years)
	40
	10
	40

	Capacity Factor
	(%)
	80
	80
	80

	Net Efficiency
	(%)
	46
	33%

	33%

	Investment Cost

	($/kWe)
	1,400
	2,100
	680.48

	
	($/MWh)
	9.31
	24.5
	7.94

	Fuel Cost

	($/MWh)
	18.4
	4.6
	4.6

	O&M Cost
	($/MWH)
	5.4
	12.6
	12.6

	Heat Rate
	(BTU/KWh)
	9,773
	10,200
	10,200

	CO2 Emission
	(kg/KWh)
	0.8
	0
	0

	Discount Rate
	(%)
	0.05
	0.10
	0.10

	Target(kg-CO2/kWh)
	
	0.35
	0.35
	0.35

	Source : Revised from the data, Rubin, NRC,  DOE,  NEI


Rersults

Our research shows NPP could play a timely role as an alternative to fossil fuel plants and substitute the map of the energy mix across the world, should we consider impacts of Green House Gas emission factor. As shown in the Figure [1] below, a new investment in the NPP is a preferable option to the IGCC plant under a CO2 allowance trading context. The simulation result also implies that life extension of the existing nuclear power plant would be the best option. 

	
	
	NPV
	Option Value

	IGCC
	Before 

CO2 Trading
	170.85
	10.008

	
	After   

CO2 Trading
	-69.924
	0.6358

	NPP
	New

Investment
	-0.7401
	1.3162

	
	Life 

Extension
	100.39
	14.438

	Unit : $/MWh
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Figure 1. Simulation Results (Expiry : 10 Years)
· Sensitive Test

What happens to the option price and the NPV when parameters vary? The base case to which all the values are compared is long run average electricity price and current electricity price = $42/MWh, volatility=18 %, CO2 drift=0.012, correlation between electricity and CO2 price=0.7, mean reversion of electricity price=0.3, CO2 Limit for IGCC=0.35 ton/MWh, construction cost for NPP=$24.5/MWh (equivalent to $2,100/KW) and discount rate = 10% for NPP, 5% for IGCC and the like.
As seen Table [2] and Figure [2], both current electricity price level and volatility raise the option value, which is a normal sense of option valuation; the higher the price and the volatility, the more expensive the option value. On top of that, the current price, above $53/MWh, is makes IGCC much favorable, meaning the higher price let IGCC compensate costs of the CO2 allowance but a NPP is still be vulnerable to the evolution of its construction cost, although its option value increase as does the current electricity price.

The CO2 drift and the correlation have the opposite effect compared to the volatility and the current electricity price. Higher drift means a higher chance of expensive CO2 prices in the future, which result in a lower option value. The correlation between electricity prices and CO2 prices for IGCC and construction cost for NPP has the trade off effect.

Finally, the larger CO2 limit to IGCC increases its option value because this plant can less  easily pay or buy credit to compensate its excessive emission compared with the base case. It is favorable to the NPP if the threshold vale is above 0.35 tCO2/MWh. In case of the NPP, its value moves relatively the other way because it has to still make up for its construction cost evolution with the characteristics of geometric Brownian motion. The evolution of the mean reversion rate of electricity prices does not have as much influence as the other parameters. It has the role to decrease lower option values as its value increases. 
Table 2. Sensitivity Test Result

	NPV
	
	Option Value

	IGCC
	NPP
	
	IGCC
	NPP

	
	LRAEP($/MWh)*
	

	-69.92
	-0.74
	Base Case: 42
	0.64
	1.32

	-69.70
	-70.51
	50
	0.65
	0.76

	-69.62
	16.33
	55
	0.66
	3.01

	-69.49
	22.90
	60
	0.67
	3.88

	
	CEP($/MWh)**
	

	-69.92
	-0.74
	Base Case: 42
	0.64
	1.32

	65.45
	65.60
	50
	4.30
	4.83

	1.50
	107.00
	55
	8.14
	7.85

	2.35
	149.00
	60
	12.56
	11.05

	
	Volatility (%)
	(%)

	-68.32
	0.36
	10
	0.14
	0.76

	-69.92
	-0.74
	Base Case: 18
	0.64
	1.32

	-70.16
	-2.68
	30
	1.83
	2.06

	-68.42
	-4.55
	40
	2.44
	2.62

	
	
	Drift(CO2)
	
	

	-69.13
	0.08
	0.005
	0.66
	1.38

	-69.92
	-0.74
	Base Case (0.012)
	0.64
	1.32

	-74.28
	-5.27
	0.05
	0.52
	0.99

	-80.19
	-11.40
	0.1
	0.39
	0.61

	
	
	Correlation Coefficient (ρ)
	
	

	-72.42
	-3.33
	0
	1.06
	2.11

	-71.60
	-2.47
	0.2
	0.95
	1.94

	-70.51
	-1.34
	0.5
	0.76
	1.62

	-69.92
	-0.74
	Base Case (0.7)
	0.64
	1.32

	-70.18
	-0.44
	0.9
	0.50
	0.87

	
	
	MR Rate(K)***
	
	

	-69.45
	-1.23
	0.1
	0.61
	1.40

	-69.92
	-0.74
	Base Case (0.3)
	0.64
	1.32

	-70.39
	-0.29
	0.5
	0.66
	1.27

	-70.87
	0.11
	0.7
	0.68
	1.24

	
	CO2 Limit (ton/MWh)
	CC**** ($/MWh)
	

	-141.00
	61.87
	0.2
	18
	0.10
	5.31

	-69.92
	-0.74
	Base Case (0.35)
	Base Case (24.5)
	0.64
	1.32

	-46.25
	-24.82
	0.4
	27
	1.04
	0.55

	48.43
	-53.72
	0.6
	30
	3.52
	0.10

	*     LRAEP : Long Run Average Electricity Price                                             ** CEP : Current Electricity Price, 

***  CC : Construction Cost                                                                              **** MR Rate : Mean Reversion Rate
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Figure 2. Option Price Evolution When Parameters Change
Conclusions

Regardless of either potential investors or existing plant owners, reining in Green House Gas emissions should be an irresistible priority to survive. To make matters worse, it is far more difficult to predict an peak of oil and gas prices due to sharp increase of demand from the developing countries and the geopolitical economic strategy of crude oil and natural gas producing countries. This turbulent conditions needs more insightful and quantitative way to estimating uncertanties. Our new approach, the application of the spread options, could be a stepping stone to challenge complexity and ambiguity in the energy market. 
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� The mean reversion rate should be at least as much as the volatility level. 


� Since there is no appropriate reference, we name an emission impact as GHG coefficient for the first time


� I use the Nordpool data for the two cases because of which the market trades both commodities Hence 


� The construction period of Nuclear power plants takes at least 5 years for the new design based plants but generally it takes over 10 years including preliminary regulation reviews.
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� This is the efficiency of a Pressurized Water Reactor (PWR).


� Investment costs are converted into $/MWh using Stoft(2001) formula. The interest rate for new nuclear power plant is 10 %, IGCC and nuclear plant life extension is 5%.


� Fuel Price of IGCC plant is $1.2/GJ
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