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Abstract 
In electricity markets, where conditions are uncertain, the choice of the best technology and the optimisation of production processes may not anymore be enough to ensure optimal investment yield of energy business plans. Providing some aspects of flexibility might enhance their financial performance; fuel switching may prove to be an alternative option, offering operational flexibility over time, as well as significant financial benefits. Traditional investment analysis methods are considered marginally useful to analyse this case. Instead, the recent tools of time-dependent investment analysis are more appropriate, since they are not inherently restricted to immediate, irreversible decisions. 

In the present work, a time-dependent computational model is presented and applied in the case study of the Greek Power Sector, in order to estimate the potential advantages of the fuel switching concept. Moreover, the optimal timing of switching is derived, to ensure increasing yields of an average-capacity power-plant. The results of the research indicate significant financial benefits anticipated in most scenarios from applying fuel switching, compared to single-fuelled electricity generation units. Security of fuel supply and enhanced flexibility may also be offered to the power plant since more than one technology and fuels may be engaged. 
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Nomenclature table

	Symbol
	Description
	Unit

	CCF
	Cumulative cash-flow
	€

	Cf
	Present value of total fixed cost
	€

	Cft,i
	Current (daily) fixed cost of unit i operating on day t
	€/day

	CFt,i
	Current (daily) cash-flow of unit i operating on day t
	€/day

	CFtot
	Total cash-flow (in present value)
	€ 

	dt 
	Daily time interval
	1 day

	ef
	Emissions factor
	tnCO2/MWhel

	fcap
	Capacity factor
	-

	I
	Capital cost
	€

	n
	Electrical efficiency
	MWhel / MWhfuel

	N 
	Free allowances
	tnCO2

	NPVext
	Extended NPV
	€

	Ot,Act
	Activation option costs
	€

	Ot,init
	Initial option costs
	€

	Ot,Switch
	Switching option costs
	€

	P
	Output capacity
	MWel

	pCO2
	Greenhouse gas allowance price
	€/tnCO2

	pe
	System marginal price (market price of electricity)
	€/MWhel

	pf
	Fuel price
	€/MWh

	Pmax
	Nominal Power (Full load)
	MW

	Pp
	Partial Load
	MWel

	Q1
	Shut-down time after nst switching 
	days

	Q2
	Shut-down time after n+1st switching 
	days

	rt
	Discounting factor
	-

	S
	Spark spread
	€/MWh

	Si
	Switching counter
	-

	Stot
	Total number of switches
	-

	t
	Time
	days

	Tmax
	Total Operational Lifetime
	days

	top
	Operational time
	days

	W1
	Brownian vector 1
	-

	W2
	Brownian vector 1
	-

	X
	Vector of stochastic process
	-

	Y
	Vector of stochastic process correlated with X
	-

	μ
	Drift vector for Brownian motion
	-

	ρ
	Correlation coefficient 
	-

	σ
	Standard deviation vector for Brownian Motion
	-

	ψ
	Specific O&M costs
	€/MWhel

	Subscripts
	
	

	i or j
	Operating unit i or j
	

	t
	Operating day t
	

	A
	Hypothetical Case (or unit) A
	

	B
	Hypothetical Case (or unit) B
	

	A(B
	Switching operation from fuel (unit) A to fuel (unit) B
	

	B(A
	Switching operation from fuel (unit) B to fuel (unit) A
	


1. Introduction
Electricity markets have recently become very uncertain. Deregulation of electricity production has introduced competition, whilst the increasing environmental concerns have imposed new restrictions in emissions. In this context, the European Emissions Trading System (EU-ETS) has been established to create an emissions trading market, as a tool aiming at overall emissions reduction. The prices of fuel and electricity are characterised by intense volatility and moreover, this gradually becomes the case for the price of greenhouse gas emission allowances. On the other hand, significant advances have been made in the power production technologies. Proven and widely used technologies are challenged by new, emerging and more efficient ones. Apparently, there are many options available for a potential investor interested in engaging in the electricity market. However, considering the above mentioned uncertainties, one can realise that the choice of the best available technology -in technical terms- may not necessarily constitute the optimal investment decision for a successful business. 

Providing some aspects of flexibility in the power-plant operation may significantly contribute to its financial performance and stability. The decisions made today usually impact both the present and the future. The analysis of energy investments under multiple uncertainties requires flexible time-dependent tools, as opposed to the context of the traditional immediate, irreversible investments, which become no longer optimal. Therefore, project planning should focus not only on logistical or production-based considerations but also on strategic decisions like appropriate fuel selection. Furthermore, the option of switching between multiple alternative fuels and operational modes, as well as its optimal timing, may be considered. Optimal time of large scale interventions -like plant investment decisions- may also be inquired. 
This paper investigates the feasibility of installing a power-plant being able to switch to any of the available fuels depending on operational and financial criteria and conditions. More specifically, this plant should be able to use lignite (based either on old Steam Generators or on recently available supercritical Steam Generators), natural gas (Natural Gas Combined Cycle technology - NGCC) or coal (Integrated Gasification Combined Cycle technology - IGCC). Strategic decisions like fuel switching may depend on technical conditions (i.e. emissions and availability factors, existing infrastructure etc.) as well as on market conditions (i.e. the fuel prices, the selling price of electricity, the prices of emissions allowances, investment costs, etc.). The scope of this article is to present a model for the optimisation of fuel switching timing and to identify its potential advantages by modelling the anticipated yields for a hypothetical, future, industrial implementation. There are 15 different power-plant scenarios of 400 MWel, (time averaged capacity), to be examined and compared in this work:

· 4 scenarios concerning the operation of a unit with a single fuel source
· 6 scenarios with the ability to switch between two alternative fuel sources or technologies
· 4 scenarios with the ability to switch between three alternative fuel sources or technologies
· 1 scenario with all the available fuel-unit combinations in one power-plant (four alternative technologies)

The hypothetical power-plant is assumed to belong to the Greek power sector and therefore, some of the technical and economical input data have been retrieved from the Greek Transmission System Operator and from relevant Greek authorities. The main objectives of this work are:

· To provide a method for optimal timing of fuel switching

· To investigate the potential financial benefits from switching the input fuel 
· To  identify optimal investment decisions thus reducing business risks and increasing security of fuel supply 
The structure of this paper is formed as follows: In Section 2, a literature survey related to the issues analysed in the paper is given. In Section 3, an overview of the case studied is presented, in addition to the mathematical formulation of the model. In Section 4, details concerning the numerical algorithm and the input data are described. Graphs and results are presented and discussed in Section 5. The conclusions of this study are quoted in Section 6.

2. Literature Survey
2.1 Fuels and power production perspectives in the context of environmental protection
The impacts of environmental protection on power production have been thoroughly analysed by the scientific community. The environmental constraints imposed by the new European Union strategy reflect to the energy market as the power-plants are penalised for their emissions under the 2003/87/EC directive [1]. This environmental legislation, in conjunction with technological advances, may impact the energy market [2, 3, 4, 5]. Moreover, the impacts of the EU- ETS on fuel prices in Europe may be considered as a factor of uncertainty [6, 7, 8].
Lignite is probably the most important domestic fuel in Greece. There exist significant reserves at low extraction cost. But its high CO2 emissions represent an extra cost in the new emissions trade market and may therefore overturn the current market data [9]. On the other hand, imported natural gas is characterised by low emissions factor. This advantage, in addition to its relatively lower prices for the equipment of combined cycle plants, renders it as the main competitor in electricity production [10]. The hard-coal constitutes an alternative fuel competitor. The new technologies of coal combustion might neutralise the advantage of natural gas in respect of the anticipated CO2 emissions. Coal may actually be considered as a competitive fuel leading to cost effective power production [11]. Some researchers propose the use of the Greek lignite in IGCC plants for achieving emissions reduction, but others judge it as unprofitably expensive [12]. Nonetheless, technology might be considered as an additional factor of uncertainty [6, 13] mainly due to the underlying risk when investing in innovative but not proven technologies. Under these considerations, the choice for the optimal fuel or technology for new power-plants is not evident as it may vary, depending on the unstable characteristics of the market.

2.2 Recent advances in power-plant investment analysis 

Τhe spark spread constitutes an important variable for the investment analysis and modelling of electricity production. A common definition of the spark spread, used in the above mentioned studies, may be quoted as follows: The spark spread comprises of the difference of incomes (from electricity selling to the grid) minus the costs for the operating fuel, the costs from the emissions’ trade market and the specific operation and maintenance costs [14]. The cumulative cash-flow of a power-plant can be calculated through the integration of the output capacity multiplied by its momentary spark spread (at time t) over the plant’s life time minus the power-plants’ fixed costs [14, 15, 16,  17]. In the case of comparative analysis of multiple future power-plant designs, it may be assumed that they are all operating at the same nominal power so that their expected financial yields are comparable, as described in [18, 19, 20]. 

The above definitions were recently used in the investment modelling of power production projects within the context of multiple uncertainties, which characterise the modern energy markets. Uncertainties in energy investments in respect of volatile fuel or electricity prices have been recently analysed [6, 21, 22]. CO2 allowance prices or climatic condition changes due to energy production impose additional uncertainties which have been researched in recent works [23, 24]. Uncertainties due to demand growth have been also investigated by Howells et al. (2007) [25] and Kim et al. (2008) [26] whilst studies concerning regional energy distribution, building sector and other multiple uncertainties have been recently published [27, 28]. They focused either on individual plant optimisation or on the expansion planning of a power sector unveiling the advantages of time-dependent techniques of investment analysis. However, the fuel-switching concept has not been analysed in any of the above-mentioned works.  

2.3 Switching options and Extended NPV criterion in energy projects evaluation 

Policy makers have long intuited that both operating and strategic decisions are important elements in valuation and planning flexibility, as stated in the work of Schwartz and Trigeorgis (2004) [29]. In most capital investments, a risk adjusted decision-making process may not overcome the uncertainty of future prices and its impacts and -as analysed in the same work- in many cases the source of uncertainty in the projects is comprised of state variables that are not traded assets. The classic Discounted Cash-flow (DCF) method may lead to unsecure decisions [30, 31, 32] due to the uncertainty characterizing the estimations of various parameters: costs of fuel, operating costs, risk premium assumption etc. These should be further amortized over the entire life-time of a project, which is also uncertain. Myers and Cohn (1987) [33] proved that pre-planned investments usually divert significantly from the actualised ones in terms of financial performance. He also pointed out that the static NPV analysis has inherent limitations on valuing optional strategic investments. In response to this problem, Baldwin and Trigeorgis (1993) [34] proposed restoring competitiveness by developing specific adaptive capabilities viewed as an infrastructure for acquiring and managing real options. Real-options represent the possible actions within a project in response to multiple business uncertainties or changing market conditions at a known cost, which is the cost of these actions [35]. It thus refers to the management’s ability to adapt to changing market conditions or to revise decisions. Therefore, it improves its upside potentials, while it limits downside losses relative to management’s initial expectations under passive management [36]. An extended valuation of active management and strategic interventions of a project could be calculated as follows:
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For example, if prices or demand change, management can switch between different types of inputs or procedures (process flexibility) and maintain the same –or even better– outputs in reaction to the market changes [37, 38, 39]. 
By applying this concept specifically in electricity production, any switching between alternative operating fuels may be evaluated, and even more, it may prove as a promising practice. This strategic approach premises flexibility in investing timing, which might give the investor a valuable option to wait for new information [40]. Moreover, there can be optional strategic investments, but this might lead to higher unit costs [37]. Nonetheless, an investment analysis with multiple potential choices would be more flexible than one that restricts choices, the former leading –probably– to more profitable business plans  while the latter compromising its financial performance [29]. Optimal energy investment strategies are intensively investigated by economic analysts, energy system engineers and the scientific community. Investment planning in the energy industry has been studied for existing power-plants; various strategies for deciding capacity additions or opting among different retrofit technologies are addressed in some recent works [14, 20, 41]. In these studies, the options of retrofitting existing infrastructures either using carbon capture storage systems or biomass gasification technology or conventional natural gas combined cycle technologies, were investigated. Upgrading the power generation thermodynamics and relevant infrastructure has been also analysed in these researches. In an earlier work, [42] analysed the flexibility of dual fired power plants and the level of price-induced inter-fuel substitution, through the use of two cost functions, namely the translog and the Generalised Leontief. The cross-price elasticities of fossil fuel demand generated by these functions indicated notable short-run interfuel substitution prospects in Western Europe, in particular between oil and gas. Kulatilaka (1993) [43] analysed the technical and economical issues for a specific application, namely switching between two fuels at an industrial boiler. Adkins and Paxson (2011) [44] provided a quasi-analytical solution for the decision making process concerning dual-fuel options both at an industrial as well as at a national level. Additional works have addressed the concept of fuel switching in households or for diminishing the emissions within the frame of the European Emission trading system [45, 46]. Multiple fuels may also be engaged in the analysis and optimisation of power sector's economic dispatch [47]. However, none of the above mentioned studies included numerical experiments regarding the option to switch back to the primary fuel and/or switching between multiple alternative fuels. Finding the optimal switching times over the entire lifetime of the investment might also constitute an interesting research area. Therefore, in the present work a hypothetical plant able to switch fuel at will, is investigated through different fuel switching scenarios. The analysis of this investment focuses on the optimal time schedule of switching, which is calculated using a computational model created for this purpose. Additionally, some technological prerequisites are given as a general context for the use of multiple fuels. The theoretical advantages of this option (financial and/or organisational) are sought without going deep into the details of a future, hypothetical, industrial application. To the authors’ knowledge no similar approaches have been carried out yet to the issue of multiple fuel-switching in electricity generation. Therefore this notion constitutes the main theoretical contribution of the mathematical and computational model. The value added to the area of energy production and relevant applications, consists primarily of the analysis of the expected profits, the optimal times of switching as well as the benefits from exercising the switching option at these optimal time points, based on the infrastructure expenditures required for enabling and/or activating the option. These parameters are compared to the ones that would be anticipated in traditional power plants without the ability of fuel opting.
3. Methodological approach
3.1 Case Study Modelling
In this section, the investigated case study is described in detail. Any possible investment decision is assumed to be taken in the time period between 2010 and 2040. Four types of power producing technologies are considered: 1) Steam generators for lignite-fired units, 2) Supercritical Steam Generators (New Technology) for lignite-fired units, 3) NGCC technology for natural gas fired units, and 4) IGCC technology for coal fired units. For the purposes of the present work the term “unit” will be used when referring to any of the above mentioned technologies.  Moreover, these units are assumed to be able to coexist, composing a power-plant (every possible combination may be valid). 
Some of the above described technologies are similar to each-other, sharing some of their components. A supercritical steam generator may share some of the components comprising an old lignite-fired plant. The main difference from an old lignite unit might be located in the upgraded system for the steam cycle in order to support higher steam conditions. Different materials (such as P91-ferum steal) can support higher pressures (over 248 bar, until almost 350 bar) and temperatures (over 566°C with max 593°C) of the steam. This results to higher efficiencies for the supercritical power-plant. 
An IGCC unit may also share some similar components with an NGCC unit, e.g. the combined-cycle components: gas and steam turbines. Their nominal capacity depends on the specifications of fuel input rate, but the fuel supply equipment may constitute a basic difference between those two technologies (IGCC-NGCC). The gasifier, the SYNGAS production subunit and the coal-ash handling components mainly distinguishes the IGCC from the NGCC technology.
By performing a comparative evaluation of the operating components of each unit, it can be noted that some common components may exist, but also, some important differences as well. For the purposes of the present work the term “subunit” will be used when referring to any of the above mentioned components that form a unit. All these subunits might be classified as follows:
· Subunits that are able to operate in all units without any modification
· Subunits that are able to operate in all units but specific modifications are required at the initial construction of the power-plant 
· Subunits that need to be modified during the lifetime of the power-plant in order to be part of all units
· Subunits that are unique to each unit
In the suggested model, some subunits are considered to be used in common by the different units while others (i.e. the boilers, the fuel supply, the air turbine and the flue gas cleaners) are separately required for each different unit. In order to switch between the alternative fuels, some additional expenses have to be accounted. These costs are categorised as follows:
· Initial Option Costs: The “initial option costs” refer to the extra costs realised at the beginning of the investment for creating the technical conditions needed to actualise a possible future option of fuel switching. These costs may concern the necessary installations needed for a future fuel switching and they are accounted in excess of the costs spent for the initial operating unit construction. This option reflects the intention, but not the obligation, to undertake some future business decision regarding the input fuel. 
· Activation Option Costs: The “Activation option costs” are accounted only once for each of the alternative units planned for the power-plant. The time of this investment coincides with the decision to switch fuel for the first time. These costs may concern one of the following three expenditure categories: (a) the construction costs and the technological equipment costs for the required parts of the alternative unit planned for the power-plant; (b) the modification of existing subunits, and (c) the costs for adapting the overall system operation to the alternative fuel-unit and the costs of the power-plant shutdown (due to technical modification procedure). 
· Switching Costs: These costs are accounted whenever a fuel-unit switching takes place. It refers to the actions required (mainly by experienced personnel dedicated in fuel supply systems) for a fuel switch and may include the customisation of the electronic control systems and/or pipeline grid etc. during switching from one operational fuel to another. Other costs i.e. consumables, energy consumption, idle time of power-plant etc. are considered as well. 
3.2 Investigated scenarios and decision making process
As mentioned before, the ultimate goal of the proposed method is to increase the operational flexibility of the power-plant. This requires careful project planning and a thorough decision making process according to strict rules.
The following decisions should be made for the business plan realisation:
1. A decision is made concerning the most suitable fuel-unit for the initial operation and power production. The initial construction phase is based on this specific technology.
2. The alternative units-fuels should be also taken into consideration during this construction phase. This may impose certain technical prerequisites to allow the operation of a common subunit in multiple units, whenever they are switched on. The subunits classification -quoted in the case study description- is followed in order to ensure operating compatibility and operational costs reduction. For example, the installation of the pipeline grid should be compatible with all the candidate units-fuels in terms of the resulting pressure and temperature conditions. Another example is the cooling tower, which has to be graded for all possible steam conditions. A similar approach is followed to all the subunits that may operate in the power-plant. What is more, additional land-space should be foreseen for the installation of additional subunits, which may take place in the future. The construction of this power-plant requires certain engineering and managerial costs, accounted on top of the purchasing costs of the subunits’ equipment. 
3. The decision for the fuel/technology combination, operating at any time point, is made by comparing the financial performance of the examined scenarios every day throughout the operational lifetime of the plant. After the power-plant commissioning the power production initiates based on the initially installed unit. If another unit-fuel combination results to higher yields -at a certain time point-, then the power-plant switches to this unit-fuel mode. Whenever fuel switching takes place, the power-plant retains the option to switch back to a previously operating unit-fuel mode.
The performance of each scenario is derived through the calculation of the value of extended NPV over the entire life-time. The financial yields of a unit may recommend (or not) its use as an alternative (switching) option. Fifteen different power-plant scenarios, originating from the four available fuel-technology combinations are investigated and presented in table 1:
	Scenario Symbol
	Units Involved

	1
	Lignite old

	2
	Lignite New

	3
	NGCC

	4
	IGCC

	12
	Lignite Old - Lignite New

	13
	Lignite Old – NGCC

	14
	Lignite Old – IGCC

	23
	Lignite New – NGCC

	24
	Lignite New – IGCC

	34
	NGCC – IGCC

	123
	Lignite Old - Lignite New - NGCC

	124
	Lignite Old - Lignite New- IGCC

	134
	Lignite Old - NGCC - IGCC

	234
	Lignite New - NGCC - IGCC

	1234
	Lignite Old - Lignite New - NGCC - IGCC


Table 1: The Power-plant scenarios examined
The tables in Appendix A provide some information about the compatibility of the subunits’ operation as well as the actions required when fuel switching is considered. Indicative conversions or additional subunit installations are listed in those tables together with their decision time-points.
3.3 Mathematical Formulation
The primary goal of the proposed model is the economical analysis and evaluation of fuel switching. Based on the known structure of each unit and on its subunits’ equipment costs, (quoted in tables 3 and 4) one might calculate the “initial option costs”, the “activation option costs” and the corresponding “switching costs”, as shown in table 5. It is reminded, that a complete definition of these costs has been previously given in the description of the case study, but they may be briefly summarised as follows:

· Initial Option Costs = Land Costs + Extra Costs for Subunits + Engineering & Management + Contingency plans Costs
· Activation Option Costs = Construction Management + Costs for Equipment + Construction Costs + Costs for Conversions + Costs for Instrumentation/Adaptation + Contingency Plans Costs
· Switching Costs = Costs for Systems Adaptation
Apparently, these costs refer to the alternative units (power generation units fired by alternative fuels), which are examined to be constructed after the commissioning of the power-plant (initially fired by the primary operating fuel-unit). The cumulative cash-flow, CCF, for power-plants can be calculated  [14, 16] by: 
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where: P(t) and S(t) denote the output electrical capacity and Spark Spread of time (t) whilst Cf denotes the aggregate fixed cost. It is assumed that the power-plant is operating at partial load, Pp averaged at the annual operational time. This is derived by multiplying its nominal power Pmax by an average capacity factor fcap, (Pp=Pmax . fcap) and thus equation 1 is simplified to the following equation 2:
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This assumption has been recently considered in comparative investment researches in the power generation sector [18, 19, 20]. The spark spread, considering the EU Emissions Trading System, can be formulated as follows [14]:
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                                                     (3)
where: Pe, Pf and PCO2 denote the current electricity, fuel and CO2 prices respectively, whilst n denotes the electrical efficiency factor. ψ denotes the specific operational and maintenance costs (O&M), which mainly include the labor costs, the expenses for purchasing the consumables needed for the operation of the plant as well as the expenses for the maintenance and for the insurance of the power plant. The EU-ETS has granted free emission allowances until 2012 for each country. In Greece the responsible authority to distribute the free allowances given, is the Greek Republic (it is assumed that the power-plants under study join the EU-ETS as soon as they are installed). The value of the free allowances obtained on an annual basis, consists of the number of free allowances N multiplied by their unit price value pCO2 (after 2012, N is set equal to zero). Under these conditions, the cumulative cash-flow CCF for a power-plant is calculated by:
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where the notation of the remaining symbols has been explained in equation 3. A modified formulation is needed in order to estimate the economic performance of a power-plant, which is able to switch between multiple alternative units-fuels. The following summation may be used: 
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where an appropriate discounting factor (rt) has been used for transferring the current prices of daily cash-flows (CFt,j) (realised for any unit j operating on day t) in present values. CFtot denotes the total cash-flow (in present values) resulting from the operation of all the alternative fuels of the power-plant over its life time. The above equation (5) might be considered as a discrete representation of equation 4 for multiple utilised unit-fuel types and therefore, it is the one that has been followed in the present work. By slightly modifying the internal argument of the integral of equation 4, one might end up to the following equation (6) representing the daily cash-flows of the plant, (used as an argument in equation 5 and assuming unit j operating on day t):
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The costs for the optional conditions (x) at day t while switching from one unit (u) to an alternative unit (a.u.) are denoted by
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The costs for these optional conditions may acquire the following values:
· 
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The selling price of electricity, the fuel prices and the price of the greenhouse gas emission allowances are stochastically modelled using a Geometric Brownian Motion (GBM) algorithm as in [20] in order to create a database of thousands of statistical experiments. Additional numerical tests have also been performed, based on the reconstitution of recent historical data. The GBM type of evolution pattern is represented through the stochastic differential equation 7:
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where: Xt is the vector of the stochastic process (variable) and dWt denotes the Brownian vector differential. In the case of two correlated Brownian vectors W1 and W2, the evolution of the variable Yt is modelled through:
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In equations 7 and 8, μx, μy denote the drift of the stochastic variables X and Y respectively whilst σx, σy denote their standard deviation. ρ denotes their correlation coefficient. A detailed description of the mathematical formulation of the power-plant’s economical analysis is presented below, for a hypothetical scenario with two different types of fuels (i.e. fuel A and fuel B) and their corresponding units (technologies) of power generation (i.e. unit A and unit B, respectively). In a similar vein, this formulation may be extended, to any power-plant scenario (units-fuels combination). At the beginning of the investment two possible cases may be initially foreseen:  
A) The capital cost is invested for unit A and the optional cost refers to a future switching to unit-fuel B. The operation begins using unit-fuel A. The power-plant may operate in the future either with unit-fuel A or B. 
B) The capital cost is invested for unit B and the optional cost refers to a future switching to unit-fuel A. The operation begins using unit-fuel B. The power-plant may operate in the future either using unit-fuel A or B. 
Both cases have to be analysed; the final decision on the commissioning fuel as well as on the potential future switching will be drawn by comparing the final extended NPV of cases A and B:
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· If 
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· If 
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· If both are negative, neither of the two cases is profitable.
However, the calculations needed for the estimation of the extended NPV, in either case, are not straightforward. In the following analysis, case (A) is presented in detail for the estimation of its
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At the beginning of the investment (t=0), the capital cost (IA), is invested in order to construct unit A. In addition, the initial option costs (intention for a potential future switching to unit B) are invested (
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) on top of IA. The initial option costs are mainly foreseen for the installation of the technical prerequisites needed for switching fuel (from fuel A to fuel B) at any time point in the future. The power-plant is commissioned and the power production initiates: the daily cash-flows are estimated using equation 6 (adapted for unit A, fired by fuel A). This is the beginning of a “what-if” investigation: From t=1st day and forward, a continuous comparison between the yields of unit-fuel A and unit-fuel B is performed in daily time intervals. This comparison is accounted on the basis of a switching decision (to fuel B), which is hypothetically allowed at any time point. The yields for the two alternative operating modes are calculated using equation 6, respectively:
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The purpose of this comparison is to determine the fuel, yielding higher revenues, every day (t) of the time-period: 
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. The following restrictive assumptions are made concerning the above cost comparison:
1. If the activation option costs have not been invested and the alternative unit is not yet operational:
· The comparison is realised for a p-day period using daily intervals. The duration of this period is specified by considering the following:
· Time needed to shut down in order to switch unit-fuel (construction, modification of existing subunits, control systems adaptation etc.)
· Time needed in order to avoid momentary spikes of the market.
· The comparison begins on day t=1 and it stops when: i) the power-plant reaches its lifetime limit or ii) switching to an alternative unit-fuel is in favour of the power-plant economy. 
2. If the activation option cost has been already invested and the alternative unit may be operational whenever this is required:
· The comparison is realised for an e-day time period using daily intervals. The duration of this period is specified by considering the following:
· Time needed for modifying existing subunits and for control systems adaptation.
· Time needed in order to avoid momentary spikes of the market.
· The comparison begins on day t1 [t1=the first operational day after hypothetically switching to an alternative unit for the first time] and it stops at the end of the power-plant’s life. The result of this comparison will judge if there will be any additional fuel switching (and when).
There may be a number of conditions and timing combinations for the realisation of this comparison, but the above-described method has been selected for simplicity and coding facilitation. This procedure may be represented in the following schematic (Figure 1):
< ...... Insert Figure 1 about here  ........>
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The described procedure is used for deriving the periods of higher financial yields for each unit-fuel combination. However, the initial option costs, the activation option costs and the switching costs should be also accounted, prior to the final decision for the optimal operating fuel. These costs have to be accounted over the entire life-time of the power-plant and more specifically: (i) activation option costs: when switching from unit A to unit B for the first time and (ii) switching costs: when switching from unit A to unit B or the opposite, whenever necessary. By this way, the switching option is activated (or not) depending on the resulting costs, which are derived as follows:
We denote with [image: image33.png]4B



 a switching counter of the number of switches from unit A to unit B, ranging from 1 to Stot , where Stot is the total number of switches from fuel A to fuel B. [image: image35.png]B-a



 is the corresponding counter of the switches from fuel B back to fuel A. We also define the following double sum: 
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which represents the cumulative cash-flows during the discrete time periods of operation of unit-fuel B. (CFt,B denotes the current, daily cash-flow in day (time) t assuming operation with unit-fuel B). Let us generically denote with
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, the duration of each one of the above determined periods favouring unit B as the preferable operating unit. (Similarly 
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 would generically denote the duration of each one of the corresponding periods favouring unit A). Using these notations, a brief representation of the above double sum becomes:
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The meaning of the above sum is the cumulative summing of the cash-flows of the power-plant during all the time periods for which unit B was initially planned to operate, and is hypothetically favoured as operational. In the opposite case the above double sum becomes:
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The meaning of the above sum is the cumulative summing of the cash-flows during all the time periods for which unit B was initially planned to operate, but instead, unit A is hypothetically favoured to operate. The numerical comparison of the cash-flows for the above defined time periods is conducted using: the above described double sums, the definitions of the switching costs (given after equation 6) and a two-fold inequality, 13a-b, which explains in detail the two-fold inequality 12a-b:
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    (13a)
· the activation of the option to switch fuel achieves higher yields and is therefore recommended. Operation is switched between units-fuels A and B whenever it is more profitable for the plant economy. In that case, the cash-flows of the plant are calculated in the computational model by discriminating two separate time periods: (a) During 
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 (i.e. the time periods that the power-plant is operating using fuel A), the cash-flow of the plant is calculated using equation 6 for unit-fuel A (j=A). (b) Similarly, during 
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 the power-plant is operating using fuel B and the cash-flow is calculated using equation 6 for unit-fuel B (j=B).
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     (13b)
· switching to unit-fuel B (and possible switching back to fuel A etc.) is not profitable; the switching option should be abandoned. In that case the cash-flows are calculated using equation 6 for unit fuel A over the entire lifetime of the project (j=A).
More specifically, the cash-flows during the switching procedures are calculated as follows:
1. Switching towards unit-fuel j, which has not been installed and is not yet operational:
· The activation option costs for the alternative unit-fuel j are invested at day t. The cash-flow for this day t is:
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· The power-plant is shut down for Q1 days after the indicated switching day t for constructions and control system adaptation procedures. Thus, the variables 
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 are set equal to zero. The cash-flow for each one of the (Q1) days equals to the fixed cost.
· After Q1+1 days the alternative unit-fuel is operational.
2. Switching towards unit-fuel j, which is already installed and operational:
· The switching cost for the adaptation of the power-plant towards the alternative unit-fuel j is realised at day t:
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· The power-plant is shut down for Q2 days after the indicated switching day t for the necessary control systems adaptation procedures. Thus, the variables 
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 are set equal to zero. The cash-flow for each one of the (Q2) days equals to the fixed cost.
· After Q2+1 days the alternative unit-fuel is operational.
This concept is clarified for case study A in a sequence of accounted expenditures as shown in the following graphical schematics:
At the beginning of the investment (Figure 2):
< ...... Insert Figure 2 about here  ........>

The power-plant starts operating using unit-fuel A (Figure 3):
< ...... Insert Figure 3 about here  ........>

Let us suppose that from day α and forwards, unit-fuel B is of higher financial yields and therefore recommended: the expenditures may be depicted in the following schematics for time period α+Q1< t <Tmax  (Figure 4):
< ...... Insert Figure 4 about here  ........>

Let us assume that on day β there is an indication (from the comparison of the cash-flows for units-fuels A and B) that a switch back to unit-fuel A is more profitable. Therefore the expenditures of time period β+Q2< t < Tmax may be depicted as in the following diagram, (Figure 5):
< ...... Insert Figure 5 about here  ........>

On day γ a switch back to unit-fuel B presents higher financial yields, (where: γ+Q2< t <Tmax), (Figure 6):
< ...... Insert Figure 6 about here  ........>

The cash-flows are formed using the methodology described above, until the end of the operational lifetime of the power-plant (Tmax), (Figure 7):
< ...... Insert Figure 7 about here  ........>

The total cash-flow of the power-plant is estimated using equation 5 that may be split in discrete time periods depending on the operating unit-fuel, considering separately the periods, at which the power-plant operation is affected due to fuel-switching related modifications. This may be analytically formulated as in the following equation (15), which implies the integration of all the discrete cash-flows of the power-plant over its operational life-time:
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      (15)
Actually, equation 15 represents the discrete form of equation 5 for multiple fuel switching units. A continuous compounding formulation may be generically represented as in the following integral (equation 16): 
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where rt denotes an appropriate discounting factor, which transfers the current values of incomes and/or expenses in present values, defining CFtot as a cumulative sum of the present values of all the recorded revenues and expenditures of the power-plant (independently of the operating unit-fuel type j). Therefore, the extended NPV of the power-plant’s economical yield[image: image54.png](NPV,
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) for fuel A may be represented by:
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The above mathematical formulation concerns a power-plant with two different types of fuels available, retaining the option to switch between the two unit-fuel modes whenever this is optimal. The corresponding model implying more than two fuel-unit modes has been used in the numerical tests. This is not presented, to avoid complexity, but the generic formulation of the NPVext,i for each one of the candidate technologies (i), (by subtracting their investment capital costs Ii) becomes:
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where the notation of Oo,Init has been explained in Section 3.3.
4. Numerical Algorithm
A computational algorithm has been created in order to simulate an optimal planning of fuel switching thus analysing the performance of this strategic intervention. The computational algorithm is based on the above described mathematical model. Various input data are needed though and they are presented in tables 2, 3, 4, 5. They have been retrieved by multiple sources: the data related with the free allowance licensing and the power-expansion planning in Greece has been retrieved from domestic authorities (Hellenic Republic, Ministry for the Environment, 2008, Hellenic Republic, Ministry for the Environment, 2010, Hellenic Republic, Ministry of Development, 2008) [50, 51, 52]. Estimations of other technical and economical data have been retrieved from [53, 54, 55, 56, 57]. The past data of electricity and fuel prices were retrieved from Eurostat [58] and the Hellenic Transmission Operator [59].

The program calculates the periods that each unit type operates, as well as the optimal switching time-points for achieving maximum yields over the lifetime of the power-plant. This is assumed to operate for 335 days in a year (one-month yearly maintenance period has been assumed). The criterion judging the financial performance of the power-plant is the value of the extended NPV, for each scenario presented, which is an output of the computational model. 
4.1 Input Data.
The technical input data for a hypothetical power-plant are presented in table 2. Especially, concerning the fuel prices, an important assumption has been considered: It is generally acceptable that, in common practice, fuel prices are contractually defined and concern a short time period forward. The fuel supply of various power-plant types is based on this kind of agreement (natural gas, lignite, coal etc.). In the present work, the daily spot fuel prices are derived instead, through an endogenous probabilistic model, namely a Geometric Brownian Motion (GBM) algorithm, in a similar vein to [20]. The reason for these numerical experiments is to simulate a typical energy market with highly volatile prices and consequently to prove the ability of the model to investigate and qualify the optimal fuel switching options in such markets with intense statistical variations. Additional experiments have been carried out though, by reconstituting real historical market data.

	TECHNICAL DATA

	Variable
	Units
	Technology

	
	
	LIGNITE OLD
	LIGNITE NEW

(Supercritical)
	NGCC
	IGCC (COAL)

	Power output
	MWel 
	400
	400
	400
	400

	Capital cost(I)
	€/kW
	1050
	1200
	535
	1150

	Gross Plant Efficiency
	%
	35.4
	44
	56
	42

	Net Plant Efficiency
	%
	31.2
	39.3
	50.2
	37.2

	ef
	kgCO2/kWh
	1.075
	0.865
	0.375
	0.773

	ef(fuel)
	kgCO2/kWh
	0.38
	0.38
	0.21
	0.33

	ψ
	€/kW
	0.01
	0.01
	0.005
	0.01

	Cf
	€/kW
	0.03*I
	0.03*I
	0.03*I
	0.03*I

	Operating Lifetime
	years
	30
	30
	30
	30

	PCO2
	€/tnCO2eq
	Pattern simulated  through Brownian Motion Model

	Pe
	€/MWh
	Pattern simulated through Brownian Motion Model

	N (after 2012)
	tn CO2eq/year
	0
	0
	0
	0

	Interest rate
	Stochastically simulated and endogenously correlated with fuel prices in order to avoid arbitrary risk assumptions (Tolis et al 2010). 
	Stochastically simulated with CIR – Cox-Ingersoll-Ross model (Tolis et al 2010). The approximate risk-free amortised average is close to 6%.

	Inflation rate
	
	Stochastically simulated with Generic Brownian Motion (GBM) model (Tolis et al 2010). The approximate amortised average is close to 3.2%.

	Time Period for first switching 
	Q1-activation option cost (days)
	30
	30
	30
	30

	Time Period for other switching 
	Q2-switching option cost (days)
	3
	3
	3
	3


Table 2: Technical data used in the model

4.2 Economical Data
The cost break-down for the technologies examined, is given in tables 3 and 4:
	COST ANALYSIS OF COMBINED CYCLE UNITS

	Type of cost
	% of total in respect of  NGCC
	Costs for each type of Unit (€/kW)

	
	
	NGCC
	IGCC


	Total Capital Cost
	100
	535
	1150

	Gas Turbine – Generator (including boiler cost)
	34
	181.9
	181.9

	Heat Recovery Steam Generator including steam turbine-condenser-accessories 14%
	24
	128.4
	128.4

	Instrumentation, Regulation, Control
	4
	21.4
	21.4

	Auxiliary systems (condenser & feed water systems (1%), cooling water systems (2.3 %), environmental protection-fuel gas cleaning systems (Desulf.- DeNOx ~ 3.7 %))
	7
	37.45
	37.45

	Connection to Grid
	3
	16.05
	16.05

	Civil work (land (0.6%), buildings-roads (5.4%))
	6
	32.1
	32.1

	Engineering (5.5%) and Construction (5.5%) Management
	11
	58.85
	58.85

	Contingency
	11
	58.85
	58.85

	Gasification Units
	-
	-
	535.8

	Coal & Ash Handling
	-
	-
	79.2

	
The components of the IGCC unit are assumed to be similar to the NGCC with the addition of the gasification units and the coal & ash handling


Table 3: Cost analysis of combined cycle units
	COST ANALYSIS OF LIGNITE FIRED STEAM UNITS

	Type of cost
	% of total
	Costs for each type of Unit (€/kW)

	
	
	Old Lignite
	New Lignite

	Total Capital Cost
	100
	1050
	1200

	Turbine Island (boiler island (38%), steam turbine – generator – condenser & accessories (12%))
	50
	525
	550

	Instrumentation, Regulation, Control
	3
	31.5
	33

	Auxiliary Systems (ESP Filters (2.7%), BoP (5.4%), others (0.9%))
	9
	94.5
	99

	Connection to Grid
	6
	63
	66

	Civil work (Lignite procurement & treatment (7.2%), land-buildings-roads (3.8%))
	11
	115.5
	121

	Engineering (5.5%) and Construction Management (5.5%)
	11
	115.5
	121

	Contingency
	10
	105
	110


Table 4: Cost analysis of lignite fired steam units
Table 5 presents the sum of the additional costs assumed for the fuel switching options. It is structured in the sense of: which unit-fuel is currently operating (“from”) - towards the fuel-unit that will be operating in the next time-period. Concerning the components, operationally compatible (with modifications), in more than one technologies, it is assumed that the cost for the modifications equals to the sum of the purchasing cost for both technologies’ equipment. This assumption was made in order to be on the safe side of the cost calculations.

	Power-plant Switching Costs
	FROM

	
	Lignite Old (€/kW)
	Lignite New (€/kW)
	NGCC (€/kW)
	IGCC (€/kW)

	TO
	Lignite Old
	Initial Option Costs
	-
	0
	35
	30

	
	
	Activation Option Costs
	-
	6.5
	621
	559.71

	
	
	Switching Costs
	-
	1.5
	10.1
	31.5

	
	Lignite New
	Initial Option Costs
	35
	-
	42.34
	37.69

	
	
	Activation Option Costs
	6.5
	-
	653.77
	567.51

	
	
	Switching Costs
	1.5
	-
	11.6
	11.6

	
	NGCC
	Initial Option Costs
	18
	18
	-
	10.14

	
	
	Activation Option Costs
	341
	341
	-
	93.79

	
	
	Switching Costs
	21.4
	21.4
	-
	21.4

	
	IGCC
	Initial Option Costs
	17.73
	17.73
	13.61
	-

	
	
	Activation Option Costs
	885.18
	885.18
	686.21
	-

	
	
	Switching Costs
	21.4
	21.4
	21.4
	-


Table 5: Power-plant switching costs
5. Results and discussion

The results of the scenarios examined, mainly focus on the optimal investment decision and the analysis of the cash-flow graphs. The investment decision is drawn by the NPVext values presented in figure 8. The optimal power-plant scenario, the one with the highest NPVext, namely the scenario 23, is analysed in detail by examining the operational time schedule, as well as its cash-flow on a daily basis. A sensitivity analysis is further conducted in order to investigate the impact of fuel and emission allowance prices in the economy of the power-plant in respect of the resulting NPVext. The fuel switching schedule is presented in appendix B for each scenario, as resulted from the computational model.

5.1 Comparative Evaluation of Power-plant scenarios 

In Figure 8, the anticipated NPVext of all the scenarios examined is positive, thus indicating profitable investments. However, the power-plant scenarios with fuel switching properties present relatively higher financial yields. From the scenarios considering autonomous operation (without fuel switching), natural gas is qualified as the most promising fuel (using the NGCC technology - scenario 3). The second most profitable fuel is the lignite, using the new lignite unit technology (supercritical boilers - scenario 2) followed by coal, (using the IGCC technology - scenario 4). By far, the worst scenario comprises of an old lignite unit (scenario 1).

< ...... Insert Figure 8 about here  ........>

The comparatively low capital cost of the NGCC unit, its higher efficiencies, as well as the low emissions factor of natural gas, render it as the most competitive fuel, despite its relatively high fuel price (in € per ΚWhfuel). On the other hand, lignite's high emission factor (leading to high emission penalties) may neutralise the advantage coming from any temporary low prices. This is obvious when comparing the financial yields of the two different lignite technologies: an obsolete lignite unit (scenario 1, characterised by high emissions and low efficiency factor) with a new supercritical boiler technology (scenario 2). The new lignite technology clearly leads to higher NPVext. The IGCC coal-fired units require very expensive equipment and high fixed and variable costs, as shown in the input data (table 3). These handicaps render coal (and IGCC technology) not as competitive as the natural gas (NGCC) and lignite (in supercritical boilers). 
As far as the fuel-switching power plants are concerned, the analysis of the results qualified the scenario 23 as the optimal investment decision. This comprises of a hypothetical power-plant, which may be fired by two different fuels: lignite (using a supercritical lignite unit) and natural gas (using an NGCC unit). This proves to be the optimal strategy in terms of economic efficiency, security of supply and operational flexibility. The individual fuel disadvantages are neutralised, by using each fuel when it becomes comparatively cheaper in the energy market. Equivalently, this strategy takes advantage of the low selling price of the lignite and the low emissions factor of the natural gas thus generating the highest possible financial yields. This scenario is analysed in detail in the following section.

5.2 Analysis of the Optimal Investment Decision

Figure 9 shows the annual cash-flow in present values for the optimal case 23. At the beginning of the third year a steep descent is noted, attributed to the ending of the free allowances provided by the EU-ETS system as well as to the activation option costs of the first switching.

< ...... Insert Figure 9 about here  ........>

Figure 10 presents the daily cash-flow for the same power-plant in current prices. The cash-flow of the individual units-fuels, engaged in the power-plant, is also presented in this graph. The cash-flow of the operating unit-fuel (at any time point) coincides with the power-plant’s nominal cash-flow at the same time point. The fuel switching schedule may also be noticed. The financial profit from the fuel switching operation can be observed in figure 10 in contrast to a single-fuelled power-plant. The area between the operating fuel (green curve) and the other curves, indicate the profit gained from the fuel switching. The spikes appearing in yearly intervals (negative green spikes) are attributed to the plant’s shutting down for maintenance activities. Moreover, some negative spikes are spotted during switching periods, indicating moderate switching costs and restricted power production. 
< ...... Insert Figure 10 about here  ........>

The optimal scenario 23 considers power generation based either on lignite or natural gas, depending on which fuel is cheaper. The operating schedule (shown in figure 10) has been derived from the cash-flow comparison among the individual units-fuels. For the first 3 years the financial yields of the lignite unit render it as the most competitive fuel. Between the 5th and the 16th year (approximately day 1600 – day 5500) the curves of the cash-flow of the two operational fuels intersect recurrently, thus indicating fuel switching points. From the 16th year and forward the financial yields of the NGCC technology are superior to those of the lignite unit. The NGCC curve fluctuates more intensively and it generally leads to higher revenues. The optimal operating unit is depicted with the green curve, on top of the other curves.

Based on the model’s inputs and assumptions, at the beginning of the investment the construction of the new supercritical lignite unit is the wiser choice. An additional investment takes place for the provision of the infrastructure needed for a future fuel switching. The relevant initial (capital) costs, which cannot be depicted in the graph of figure 10, are accounted in the NPVext values of figure 8. After the construction of the power-plant, electricity is initially generated by the lignite unit. In that stage, the cash-flow curve of the power-plant actually comprises of the cash-flow curve of the lignite unit. The power-plant operates using lignite for the first 5 years. From this point and for the next 2 years, switching to natural gas (NGCC) is suggested yielding higher profits, mainly due to the lower fuel price; NG is assumed to become cheaper than lignite. The lower emission costs and the higher efficiency of NGCC technology forces even more the switching decision. The activation option cost is invested (negative spike noted in the fifth year in figure 9) since this is the first switching taking place during the plant’s life time. The power-plant operates as a natural gas fired NGCC unit from the 235th day of the fifth year (day 1695) until the 151st day of the 7th year (day 2341). At this point a switch back to lignite is required. The switching cost is immediately invested for this reason and the supercritical lignite unit operates until the 91st day of the 16th year (day 5566). From this point forward, switching back to the natural gas is suggested again taking advantage of the lower natural gas prices, assumed in this period, and yielding higher revenues over the remaining plant’s lifetime. As stated in the computational model description, the switching costs are assumed to be invested prior to any fuel switching decision. 

The value of the switching costs is a critical point of inquiry. The initial option cost is the cost of the basic infrastructure needed to switch fuels sometime in the future, but this is neither restrictive nor obligatory. The initial option cost should be evaluated prior to the investment decision in order to support (or not) the initial idea to invest on fuel-switching technology. By examining the NPVext results it is suggested that if the switching option is activated at the optimal time points (resulting from the computational model), this will be in favour of the overall project’s economy. Consequently, it seems to be wise to include this option at the initial planning of the power-plant in order to optimise its overall financial efficiency. Moreover, the initial option costs are relatively low, compared to the final profits of the plant and the capital cost of the investment. Under this point of view, they wouldn’t significantly affect the economic performance of the power-plant, irrespective of their status (activated or not). As a result, the initial option is recommended for any new (multi-fuelled) power-plant investment.

On the other hand, the activation option costs are relatively high and they may significantly affect the economic viability of the investment. Certain issues might be inquired i.e. if and/or when they should be invested and under which circumstances. If a unit-fuel is about to be operational for a very short period, this seems to be unprofitable, due to the high levels of the activation option costs. As can been seen in Appendix B, all units-fuels included in a power-plant time-plan operate for long periods (i.e. years), although this might not be a strictly restrictive strategy. 

5.3 Sensitivity analysis 

A sensitivity analysis is further performed in order to investigate the sensitivity of the model in the variations of fuel and CO2 allowance prices. A near-optimal scenario (scenario 234) of multi-fuelled power-plant and the best single-fuelled power-plant (scenario 3) have been selected for this analysis. The financial performance of scenario 234 has been proved (figure 8) to be very close to the optimal one but also, scenario 234 offers higher flexibility since the combined utilisation of 3 fuels (lignite, coal and natural gas) is considered. On the other hand, the plant of scenario 3 comprises of an NGCC unit, which has been proved to be the optimal single-fuelled plant (figure 8). 
The sensitivity of the model is investigated in respect of the economic performance of each scenario in terms of NPVext. The independent variables are assumed to range in the limits of ±20%. The importance of fuel switching (as reflected in the sensitivity curves of scenario 234) may be realised by analysing these graphs (figures 11, 12, 13). The analysis confirms higher yields anticipated for scenario 234 (dark red curves), compared to those of scenario 3, (blue curves) under the uncertainty of fuel and CO2 allowance prices. 
One might interestingly note (figure 11) that the NPVext value of the NGCC power-plant is not constant when implying lignite prices variation. Constant NPVext values might be expected in the case that independent natural gas prices were assumed. However, in the present work, fuel prices are subject to an underlying fluctuation, since they are assumed to be endogenously correlated (using a stochastic evolution model and appropriate correlation factors). Therefore, the fluctuation of one fuel’s price, affects the fluctuation of the others and thus, slightly different NPVext values of the NGCC plant are anticipated for the different lignite prices assumed.

< ...... Insert Figure 11 about here  ........>

< ...... Insert Figure 12 about here  ........>

The plant of scenario 234 manages to switch to the cheaper fuel, taking advantage of the fuel price variation, thus succeeding optimality. This holds for almost the entire range of the fuel prices. However, in figure 12, when the natural gas price is assumed to lie in the area of [-20%] to [-10%] lower than the base-line price, the performance of the two plant scenarios seems to be approximately the same. This can be attributed to a possible switching to natural gas: this fuel would be more promising due to its low assumed market price: -10%, or -15%, or even -20% lower than the base-line price, thus resembling the performance of a single-fuelled plant (natural gas - scenario 3). In the same graph (figure 12), the flexibility of the fuel-switching option becomes apparent, as the operator of the plant may change the fuel in case of unexpected fuel prices fluctuation. This is shown in figure 12 when the assumed natural gas prices are increased from [-10%] to [+20%]: the operation is often switched to either supercritical lignite boilers or to IGCC-coal (exploiting the lower lignite and/or coal prices) thus succeeding higher NPVext values for the multi-fuelled plant (scenario 234). It is noted that the utilisation of coal is not recommended under the assumed base-line prices of fuels, as shown in Appendix B - scenario 234. However, in the above sensitivity analysis (figure 12), as the natural-gas prices are increased (≥+10% of the base-line price), coal becomes more competitive, compared to natural gas, and therefore, it should be used during certain time-periods.
< ...... Insert Figure 13 about here  ........>

 In figure 13, the sensitivity of the model is shown in respect of the CO2 allowance price variation. A weak sensitivity is presented with uniform slope for both plant scenarios but yet, the financial performance of the multi-fuelled plant is superior for any CO2 allowance price assumed. 

In Figure 14, the base-case prices of fuels and CO2 are presented. They are comprised of the time-series derived from averaging multiple GBM experiments. The sensitivity analysis was based on these time-series. The fuel prices are measured in monetary units per electricity energy unit produced (€/MWhel). Thus, all three fuel price curves are able to comply to the scale of the left vertical axis and may further facilitate justifying the results of Figure 10. The PCO2 though, is separately scaled in the right vertical axis, in €/tnCO2 units.
< ...... Insert Figure 14 about here  ........>

6. Conclusions

The theoretical possibility for the implementation of the fuel switching concept has been investigated using a time-dependent, operational research model. The numerical analysis has been conducted for different power-plant scenarios of average electricity production capacity. The technical prerequisites as well as the optimal timing for fuel-switching decisions were modelled. The results of the algorithm indicated two potential benefits anticipated for the power-plants with the ability to switch between the available fuels: Firstly, they may present higher financial yields, as shown in the anticipated NPVext graph. Not only the optimal scenario, but also, the majority of the multi-fuelled scenarios indicated higher yields compared to those expected for single-fuelled plants. Secondly, these power-plants may be characterised by enhanced flexibility and security of supply as they are not strictly based on the availability of a single fuel. Instead, the most promising fuel is used in successive periods thus strengthening the viability of the investment. 

As shown in the NPVext results, the consideration of fuel switching technology, may potentially lead to projects with significantly higher NPVext compared to the average of the NPVext of individual single-fuelled plants, fired by only one of the fuels of the corresponding multi-fuelled plants. Actually in some cases, the financial performance of a multi-fuelled plant resembles, or even outbalances the best of the individual single-fuelled plants comprising of the same units-fuels. The explanation of this observation relies on the inherent property of the proposed method to capture the momentary price-difference between the multiple (recursively used) fuel sources, thus taking advantage of the cheaper fuel at any time point. In this way, the volatile market conditions act in favour of the power-plant economy.

From the above, one might realise that the fuel-switching concept may potentially lead to more promising energy investments in the future. The results of the computational model indicated the most promising fuel-technology combinations, currently including natural gas (NGCC technology) as well as supercritical steam generator technology. Nonetheless, assuming a continuous observation of the fuel prices, the switching concept might improve power-plants performance independently of the fuel type or the operating technology. It should be mentioned that similar results have been obtained using the proposed computational algorithm, in several fuel-price scenarios based either on probabilistic simulations or on past data reproduction. The scenarios implying fuel switching strategies through combined fuel supply, have always managed to achieve higher financial yields. This is indicative of the advantages that any power sector might have from exercising the fuel-switching option at optimal timing in multi-fired power plants. Furthermore, heat producers worldwide may benefit from fuel switching, provided that they have already installed multi-fired units. Additional benefits could be mentioned emphasizing on the ability to negotiate on the fuel market prices, when an alternative fuel option is available and on the ability to react on unexpected events, occurring in electricity or emissions trading markets. However, these strategic benefits were not modelled in this work and might constitute an interesting field of further research. The industry may work further, on the direction of designing power-plants in such a way as to offer the option to switch fuel with fewer modifications and less cost-related problems. Embedding some of the actions required in the designing phase would significantly reduce both the activation costs, as well as the time required for the control system to allow fuel switching.
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Appendix A
The labels in each column denote the following:
· “Subunits”: describes the components or the actions required for the operation of the alternative unit.
· “Primary Status”: determines the subunits of the alternative unit that should be built during the construction of the primary operating unit. Some subunits may be built during the initial construction of the power-plant, but they may still be incompatible with the alternative unit. Therefore, a new subunit should be constructed in the future; in that case its primary status is described as “not built”.
· “Compatibility”: indicates the subunits that are compatible with the operating units. Some of the subunits should be installed with specific standards from the beginning of the investment in order to be compatible. The values of this indicator are: Compatible, Compatible specifications, Modifications required, Incompatible. 
· “Time”: Indicates the time point of the actions (constructions, conversions, provision of compatible subunits, etc.). The time of each action may be: “present” or “future”. The time “present” refers to the initial construction of the power-plant. Therefore, these actions are linked with the initial option costs. The time “future” refers to actions that are required sometime in the future, when switching unit-fuel. These actions are linked with the activation option costs.
The actions needed to switch the operation of the power-plant from one technology to another, are summarised in this Appendix. More specifically, the actions needed in order to switch the operation of the power-plant from either an old lignite unit, a new lignite unit, or an IGCC to an NGCC unit may be summarised in the following tables:

	Lignite Old Unit(NGGC Unit

	Subunits
	Primary Status
	Compatibility
	Time
	Comments

	Transformer/ Connection to Grid
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Natural Gas Supply
	Not Built
	Incompatible
	Future
	Natural Gas Supply and Storage

	Environmental protection
	Built
	Modifications required
	Future
	Different wastes

	Steam Pipeline Grid
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Cooling Tower
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Steam Generator
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Combustion Chamber
	Built
	Compatible Specifications
	Future
	Installed as a compatible component from the initial construction

	Steam Boiler
	Not Built
	Incompatible
	Future
	New Boiler needed (different technology)

	Steam Turbine
	Built
	Compatible Specifications
	Present
	Installed as a compatible component from the initial construction

	Gas turbine
	Not Built
	Incompatible
	Future
	Built when needed

	Const. Management
	
	-
	Future
	To convert or build Subunits

	Engin. Management
	Completed
	-
	Present
	Prerequisites for compatibility or  to convert subunits

	Instrumentation/ Control Systems
	Built
	Compatible
	Future
	Included in the initial construction to be realised  when switching

	Contingency
	Accounted
	-
	Future
	Unknown factors

	Land
	Acquired
	-
	Present
	for: Gas turbine, Auxiliary Systems, Natural Gas Supply and Storage, Gas turbine

	Civil Work
	Planned for future action
	-
	Future
	for: Natural Gas Supply and Storage, Gas turbine, Auxiliary Systems, Gas turbine

	Lignite New Unit(NGCC Unit

	The same as the table: “Lignite Old Unit(NGGC Unit”


Table A1: Switching from lignite to NGCC

	IGCC Unit(NGCC Unit

	Subunits
	Primary Status
	Compatibility
	Time
	Comments

	Transformer/ Connection to Grid
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Natural Gas Supply
	Not Built
	Incompatible
	Future
	Natural Gas Supply and Storage

	Environmental protection
	Built
	Modifications required
	Future
	Different wastes

	Steam Pipeline Grid
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Cooling Tower
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Steam Generator
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Combustion Chamber
	Built
	Compatible Specifications
	Future
	Installed as a compatible component from the initial construction (casing, fuel supply and control will be retrofitted)

	Steam Boiler
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Steam Turbine
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Gas Turbine
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Gas Generator
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Const. Management
	
	-
	Future
	To convert or build subunits

	Engin. Management
	Completed
	-
	Present
	Prerequisites for compatibility or  to convert subunits

	Instrumentation/ Control Systems
	Built
	Compatible
	Future
	Included in the initial construction to be realised  when switching

	Contingency
	Accounted
	-
	Future
	Unknown factors

	Land
	Acquired
	-
	Present
	for: Auxiliary Systems, Natural Gas Supply and Storage

	Civil Work
	Planned for future action
	-
	Future
	for: Natural Gas Supply and Storage, Auxiliary Systems


Table A2: Switching from IGCC to NGCC

The actions needed in order to switch the operation of the power-plant from an Old lignite unit, to a New lignite unit with supercritical boilers are summarised as follows:
	Lignite Old Unit(New Lignite Unit

	Subunits
	Primary Status
	Compatibility
	Time
	Comments

	Transformer/ Connection to Grid
	Built
	Compatible
	-
	Installed as a compatible component from the initial construction

	Lignite procurement & treatment
	Built
	Compatible
	-
	-

	Environmental protection
	Built
	Compatible
	-
	-

	Steam Pipeline Grid
	Built
	Modifications required
	Present
	Higher steam conditions for the new lignite unit

	Cooling Tower
	Built
	Modifications required
	Present
	Similar conditions of working medium

	Combustion Chamber
	Built
	Modifications required
	Present
	-

	Steam Boiler
	Not built
	Incompatible
	Future
	From subcritical drum-type to supercritical –once-through- boilers

	Steam Turbine
	Built
	Modifications required
	Present
	Higher steam conditions in turbine inlet (in new lignite unit). 1st stage (High pressure fan) replacement required

	Const. Management
	
	-
	Present
	For the higher steam conditions

	Engin. Management
	Completed
	-
	Present
	Prerequisites for compatibility or  to convert subunits

	Instrumentation/ Control Systems
	Built
	-
	Future
	Included in the initial construction to be realised  when switching

	Contingency
	Accounted
	-
	Future
	Unknown factors

	Land
	-
	-
	-
	No extra land needed

	Civil Work
	-
	-
	-
	No civil work required


Table A3: Switching from an obsolete lignite unit to supercritical boilers
Appendix B
	SWITCHING SCHEDULE

	POWER-PLANT
	STARTING OPERATIONAL UNIT
	SWTCHING UNIT-FUEL 

(with activation option costs)
	SWTCHING UNIT-FUEL        (with switching costs)
	TOTAL OPERATIONAL YEARS

	
	
	
	
	

	
	
	UNIT
	TIME
	UNIT
	TIME
	UNIT

	
	
	From -> To 
	Year
	Day
	From -> To 
	Year
	Day
	1
	2
	3
	4

	1
	1
	-
	-
	-
	-
	-
	-
	30
	-
	-
	-

	2
	2
	-
	-
	-
	-
	-
	-
	-
	30
	-
	-

	3
	3
	-
	-
	-
	-
	-
	-
	-
	-
	30
	-

	4
	4
	-
	-
	-
	-
	-
	-
	-
	-
	-
	30

	12
	2
	-
	-
	-
	-
	-
	-
	0
	30
	-
	-

	13
	1
	1 -> 3
	3
	361
	-
	-
	-
	5


	-


	25


	-



	
	
	-
	-
	-
	3->1
	11
	47
	
	
	
	

	
	
	-
	-
	-
	1->3
	12
	110
	
	
	
	

	14
	1
	1 -> 4
	5
	312
	-
	-
	-
	9


	-


	-


	21



	
	
	-
	-
	-
	4->1
	7
	304
	
	
	
	

	
	
	-
	-
	-
	1->4
	8
	286
	
	
	
	

	
	
	-
	-
	-
	4->1
	10
	318
	
	
	
	

	
	
	-
	-
	-
	1->4
	13
	4
	
	
	
	

	23
	2
	2 -> 3
	5
	235
	-
	-
	-
	-
	14
	16
	-

	
	
	-
	-
	-
	3->2
	7
	151
	
	
	
	

	
	
	-
	-
	-
	2->3
	16
	91
	
	
	
	

	24
	2
	2->4
	16
	237
	-
	-
	-
	-
	16
	-
	14

	34
	4
	4->3
	3
	345
	-
	-
	-
	-
	-
	25
	5

	
	
	-
	-
	-
	3->4
	13
	260
	
	
	
	

	
	
	-
	-
	-
	4->3
	15
	75
	
	
	
	

	123
	2
	2 -> 3
	5
	235
	-
	-
	-
	0
	14
	16
	-

	
	
	-
	-
	-
	3->2
	7
	151
	
	
	
	

	
	
	-
	-
	-
	2->3
	16
	91
	
	
	
	

	124
	2
	2->4
	16
	237
	-
	-
	-
	0
	16
	-
	14

	134
	1
	1->3
	3
	361
	-
	-
	-
	5
	-
	23
	2

	
	
	
	
	
	3->1
	11
	47
	
	
	
	

	
	
	
	
	
	1->3
	12
	110
	
	
	
	

	
	
	3->4
	13
	260
	
	
	
	
	
	
	

	
	
	
	
	
	4->3
	15
	75
	
	
	
	

	234
	2
	2 -> 3
	5
	235
	-
	-
	-
	-
	14
	16
	0

	
	
	-
	-
	-
	3->2
	7
	151
	
	
	
	

	
	
	-
	-
	-
	2->3
	16
	91
	
	
	
	

	1234
	2
	2 -> 3
	5
	235
	-
	-
	-
	0
	14
	16
	0

	
	
	-
	-
	-
	3->2
	7
	151
	
	
	
	

	
	
	-
	-
	-
	2->3
	16
	91
	
	
	
	


Table B1: Fuel-switching time-plan for the assumed base-line fuel prices
FIGURE CAPTIONS
Figure 1: Schematic for the cash-flow comparison procedure

Figure 2: Initial expenditures

Figure 3: Operation using fuel A

Figure 4: First switching to fuel B

Figure 5: Switching back to fuel A

Figure 6: Switching to fuel B

Figure 7: General representation till the end of the operational lifetime

Figure 8. Comparison of the 15 power-plant scenarios in respect of their final NPVext values

Figure 9. Annual cash-flow in present values for the optimal scenario 23.

Figure 10. Daily cash-flow (current prices) for the optimal scenario 23. 

Figure 11: NPVext value of power-plants when lignite price fluctuates between -20% and +20%

Figure 12: NPVext value of power-plants when NG price fluctuates between -20% and +20%

Figure 13: NPVext value of power-plants when Pco2 price fluctuates between -20% and +20%

Figure 14: Average time series of fuel and CO2 prices generated by GBM model
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