energies MBPY

Article

Power Plant Economic Analysis: Maximizing
Lifecycle Profitability by Simulating Preliminary
Design Solutions of Steam-Cycle Conditions

Chul-Seung Hong and Eul-Bum Lee *

Graduate Institute of Ferrous Technology & Graduate School of Engineering Mastership, Pohang University of
Science and Technology (POSTECH), 77 Cheongam-Ro, Nam-Ku, Pohang 37673, Korea; hcs1789@postech.ac.kr
* Correspondence: dreblee@postech.ac.kr; Tel.: +82-54-279-0136

check for
Received: 21 July 2018; Accepted: 24 August 2018; Published: 27 August 2018 updates

Abstract: Many existing financial models for power plants chose a design based on the maximum
thermal efficiency excluding the operational (OPEX) and capital (CAPEX) cost variations of
technical factors. These factors are often fixed because including them in financial assessments
can be burdensome and it is assumed that maximum efficiency equals maximum profit. However,
this assumption may not always be right. Through 19,440 power plant steam-cycle design solutions
and their associated OPEX and CAPEX, this study found the eighth most thermally-efficient solution
to be $1.284 M more profitable than the traditional thermally-optimized design solution. As such,
this paper presents a model incorporating technical factors through parametric estimation by
minimizing the burden on decision makers. While this may reduce precision, it allows for quick
cost assessments across differing design solutions. The data for model development was collected
from a Korean-constructed, operational 600 MW coal-fired power plant in the Philippines. Using the
Thermoflex software, nearly all design configurations” heat rate outputs are simulated. Profitability is
then optimized based on the resultant design configuration’s impact on revenue and CAPEX and
OPEX costs. The simulation inputs included variables found to be most impactful on the steam
generated power efficiency per existing literature. Lastly, the model includes an assessment of cost
impacts among recent environmental regulations by incorporating carbon tax costs and a sensitivity
analysis. The economic analysis model discussed in this paper is non-existent in current literature
and will aid the power-plant project investment industry through their project feasibility analyses.

Keywords: thermal power plant; capital budgeting; economic analysis; project investment; case study;
investment cost; cost estimate

1. Introduction

Electricity demand is steadily increasing globally as the world develops and technology advances.
This increase in demand is not unique to any one country. Developed nations’ technologies are
advancing electricity requirements and developing countries” population and electricity demand is
continuously increasing. World power demand will increase 1.4 times from 19,562 TWh in 2012 to
26,761 TWh in 2025 mainly in developing countries [1]. Worldwide capacity is expected to increase
by a factor of 1.4 from 6117 GW in 2014 to 8370 GW in 2025 to meet these demands. Newly added
capacity in developing countries is expected to account for 70% of this increase [1]. While smart grid
technologies and various renewable energy sources have been developed, they are insufficient for
meeting the increasing demand and cannot replace traditional power-intensive generation [1]. Thus,
the development of traditional power generation methods’ demand is expected to grow.

In particular, coal-fired power plants are expected to experience significant growth within
developing countries such as China and India [1]. Despite international air-pollution regulations,
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coal-fired power generation is the most realistic alternative to ensure a stable supply of electricity [2,3].
To meet worldwide environmental standards, it is still necessary to reduce greenhouse gases and air
pollutants. While carbon dioxide capture and storage and an integrated coal-gasification combined
cycle represent some of the potential solutions, they are yet to become economically feasible [4-6]. Thus,
the most effective and realistic way to solve future global energy demands is to increase the efficiency
and equate to a greenhouse gas reduction of coal-fired power-generation systems [7]. To support
the growth within this industry, this paper presents the most profitable way for newly constructed
coal-fired power plants to use said efficiencies through analyses of power-cycles and associated
life-cycle costs.

Coal-fired power-generation market conditions have deteriorated in recent years due to declining
contracts, falling oil prices, and increased competition due to market saturation. Depending on the
price competitiveness of natural gas, gas plants may replace coal and nuclear power plants in the
future. In the renewable energy sector, policy support is reduced, but the price of power generation
is lowered due to a decrease in system price, which increases its competitiveness [3]. Furthermore,
markets that have historically been dominated by a domestic engineer, construction (EPC) companies
are experiencing competition from international developing countries with lower labor costs [3].
Other countries (such as Japan) are securing the market by becoming independent power producers
(IPP) and self-performing the EPC work. Due to these factors, the number of Korean EPC companies
awarded overseas construction projects have steadily decreased in recent years. The total overseas
power-generation projects awarded has declined from $17.4 billion in 2012 to $4 billion in 2016 [3,8].
First world countries such as Korea have stricter labor laws, which makes them unable to compete
with countries such as China. Thus, most EPC companies in Korea may soon fail if they do not adapt
and convert to the Japanese investment and development business model such as IPP [8].

With the necessary transition into project development, there is a greater need for understanding
and contracting with financial institutions. Due to lowering interest rates, financial institutions
are choosing alternative investments more frequently [9]. “Alternative investment” refers to all
investments except for stocks and bonds and has higher returns than bonds with less risk than stocks.
Alternative investments in Korea began with investments in private equity funds and infrastructure
assets. As the alternative investment market grew, project financing became more active. Private
alternative investments are most frequent with investments within the energy sector gaining the
spotlight [9].

With the need for Korean EPC contractors to evolve their business models to include the
development of projects, their risk and financial analyses become much more complicated. One such
complication is the need to accurately analyze the feasibility of a project within the initial stages of
development [10]. Early-stage decision-making determines the success or failure of a project [11].
To increase project profitability, early cost analyses of coal-fired power plants must be highly accurate
and more accurate than the existing models. It is necessary to incorporate technical elements” impact
on investment costs, increased productivity, etc. into the financial model. Existing reports, published
by the National Energy Technology Laboratory of the U.S. Department of Energy, provide methods
of estimating the equipment costs [12]. In addition, CEPCI (Chemical Engineering Plant Cost Index)
serve as an important tool for professionals when adjusting plant construction costs. The index is
updated regularly to reflect current prices [13]. However, each tool has been developed and used to
calculate the total investment, but it has had a limited impact on project profitability. These factors are
implemented into the project’s cash flow analyses within this paper, which increases the accuracy of
existing coal-fired power plant investment models.

2. Coal-Fired Power Plant: Reheat Cycle Steam Power Production

Concerning coal-fired power plants, the main technical factors and power production of the
plant are based on a thermodynamic cycle called the Rankine cycle. This cycle is depicted in Figure 1
and consists of a turbine, boiler, pump, and condenser. The thermal efficiency of the Rankine cycle
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can be increased by a regeneration cycle, reheat cycle, and a combined regenerative reheat cycle.
The thermal efficiency can be adjusted by changing factors such as the main steam pressure, the main
steam temperature, and the turbine outlet pressure [14].
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Figure 1. Simple Steam power plant [14].

The thermal efficiency of the Rankine cycle is the ratio of the specific network output (W, out)
and the specific heat input (g;,,). The thermal efficiency is determined by the steam enthalpy of the
turbine inlet and the enthalpy of steam at the turbine outlet. To improve the efficiency of the Rankine
cycle, which is the basis of the coal power cycle, the steam temperature and pressure at the turbine
inlet and the pressure at the turbine outlet should be optimized [15,16].

Increasing the efficiency of the power generating cycle is typically accomplished one of three
ways: increasing the boiler pressure, increasing input steam temperature, and/or decreasing condenser
pressure. Increasing the main steam pressure at the turbine inlet (boiler) raises the temperature at
which boiling takes place, which raises the heat added to the steam. Though an efficiency solution,
it also increases the system pressure (increasing condenser pressure) and increases the wet steam at
the turbine outlet, which equates to turbine blade corrosion and reduces efficiency. A reheat cycle
in which a second turbine and reheat-cycle are added mitigates these inefficiencies. With the reheat
cycle, there is no wet steam build up at the high-pressure turbine outlet and the larger second turbine
(requires less pressure, so-called low-pressure turbine) decreases the damages caused by moisture and
has a lower pressured output, which increases system efficiencies.
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The next option to increase efficiency is raising the heat of the boiler’s steam input. As the
temperature of the feedwater is raised, the amount of heat input required of the boiler is reduced.
A feedwater heater is used to heat the wet steam leaving the condenser (feedwater) and the steam that
is expanding in the turbine (extraction steam). This system is called the regeneration cycle (Figure 1c
in red) and includes a deaerator for heating and removing air and several low and high-pressure
feedwater heaters. The cycle efficiency is improved by increasing the number of feedwater heaters.
However, in practice, the optimum number of feedwater heaters is determined by considering the
economics. This paper will study the impact of the system based on the use of six, seven, or eight
re-heaters but most thermal power plants typically have eight water heaters installed.

The use of the regeneration cycle increases the thermal efficiency and the use of a reheat cycle
has the advantage of avoiding corrosion and frictional losses in the turbine. Therefore, combining
these two cycles (shown in Figure 1c) can be very advantageous in terms of the facility operation as
well as efficiency. The last method of decreasing the condenser pressure equates to a lowering of the
temperature at which heat is rejected, which increases the temperature of the feed water and increases
cycle efficiency. This can be achieved by decreasing the main steam pressure or the reheat steam
pressure. This can be achieved through the above cycles and/or manipulating equipment designs
and is, therefore, not shown in Figure 1, but its impact on cycle efficiency is studied within this paper.
The efficiency improvement methods presented above are based on theoretical cycles and losses due
to irreversibility should be considered when considering actual cycles. The causes of irreversibility
are fluid friction and heat loss to the surroundings. Fluid friction causes a pressure drop in the boiler,
condenser, and piping between the various equipment [14].

In addition to the method of improving the steam cycle, various methods for increasing the
power generation efficiency have been developed. There is a combined cycle power plant (CCPP)
type that reuses waste heat from a gas turbine and a cogeneration or combined heat and power
plant (CHP) type that produces commercial steam in that type. This change in power generation has
further improved the thermal efficiency of existing coal-fired power. Gas power generation using this
type is also widely used. In addition, there are other methods such as heat recovery from flu gases
(economizer), preheating of combustion air, optimizing the air-fuel excess ratio, the mixing of fuel and
air, and more [15].

3. Existing Literature

Many scholars have studied and observed changes in the plant efficiency caused by different
system parameters such as the boiler temperature, boiler pressure, mass-fraction ratio, and work
output. Dincer et al. [17,18] observed the energy and exergy efficiencies with the aforementioned
parameters, which confirms the possibility of further improving the plant efficiency. The impact of
technical factors and related efficiencies on project costs have also been presented in previous studies,
which is discussed below.

As a project becomes larger and additional funding becomes necessary, it becomes increasingly
important to determine the investment cost of the project early on in the project. Esty [19] investigates
project financing on mega-projects and Hastak et al. [20] presents an innovative cost management
strategy, which aids decision-makers in their project cost control strategies and planning. However,
as presented by Abadie [21], when the cutting-edge and first time technology is used in the project,
it becomes more difficult for project developers, contractors, and financiers to understand it. Existing
cost-analysis models that derive project profitability have mainly identified the financial aspects [11].
Technical factors have had a limited impact when calculating the total investment cost in existing
practice. This equates to more time and effort required to reflect the various technical factors” impact
on cost during the initial investment decision stage. Conventionally, in the case of a power generation
project, a design model with the highest efficiency or the lowest cost was selected and the project was
conducted. The focus was only on calculating the project profitability for this model [22].
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Alternatively, when calculating power plant investment costs, an accurate estimation of the
equipment constitutes that the plant is required. This cost estimation involves risk due to future
prediction markets [23], which can be reduced through the use of parametric estimation [24].
Parametric estimates use historical data to predict future costs. The assumption of parameter estimates
is that the same factors that affected past costs affect future costs. The main advantage of using
parametric methodologies is that estimations can be performed quickly [25]. This approach has been
studied extensively in the field of oil and chemical engineering and renewable power generation [26,27].
By applying this method to high-capacity power generation, this paper has tried to estimate the cost
of the balance-of-plant (BOP) part among the equipment, which constitutes the power plant using
a top-down estimating approach [28]. The existing literature review for the research topic of power
plant design efficiency and engineering economics is summarized in Table 1 as the initiation of the

study introduced in this paper.

Table 1. Existing literature review summary.

R h . .
esearc Title/Reference * Main Contents Research Gap **
Topic
Power Ene:rgy, ent.ropy, and exergy co-r\cePts and  Studies -on the‘ 1mprovement of power Limited to thermal efficiencies, the
. their roles in thermal engineering [17] generation efficiency. Increased power .
generation . . . L study did not expand from an
. and Thermodynamic analysis of reheat generation efficiencies were found from S .
efficiency S . economic point of view.
cycle steam power plants [18] a thermodynamic point of view.
Emphasized the need to introduce Study was limited to
. Why study large projects? project financing in large projects. A ‘mega-project’ financial models.
Economic ; . . e . .
analvsis An introduction to research on project cost model of project financing methods It was also not specific to power
y finance [19]. involving project sponsors and lenders  generation and excluded
was presented. design discussions.
Presented project cost management Industry and academic guidance
New paradigm for project cost control tools. Tools are used to develop the on cost control/assessment.
strategy and planning [20]. model in this paper when constructing ~ No project assessment models
project costs. are presented.
Evaluated long-term investments. In
addition to the NPV and IRR methods,
ti luated and the val . .
options were evatuated and the vaue The project value was judged on
. . . for the project was studied. The value of 3 1
Valuation of long-term investments in T . R . the financial side, but the
. the project was determined by judging . .
energy assets under uncertainty [21] -y . L influence of technical factors was
additional value in the derivative such not taken into account
as an option. The NPV or IRR method '
used in this study was a reference when
evaluating the project value.
Common factors affecting economic . .
. . . . s . Technical variations were not
The capital budgeting decision: economic  analysis in investment projects are . . .
H . . . S included in the capital
analysis of investment projects [11] mentioned. It was mainly dealt with in . . .
. . . budgeting discussion.
the financial section.
EPC Contracts in the Power Sector [22] . P P technical factors after all elements
financial models for profitability .
had been finalized.
assessment.
The value of risk is assessed and how it  Industry and academic guidance
Cost Risk assessment and contingency is reflected in the budget is assessed. on risk/contingency estimation.
Estimation  estimating [23] The methods presented are used in the  No project assessment models

model development of this paper.

are presented.

Parametric cost estimation based on
activity-based costing: A case study for
design and development of rotational
parts [24]

The parametric method is used for case
studies in design and development of
rotational parts. The cost estimation of
parametric methods is used in the
model of this paper.

Industry and academic guidance
on parametric cost estimation. The
presented model was not used on
power plants.

Chemical Processes Equipment Cost
Estimating Using Parametric Models [26]

Cost estimation of individual
equipment units in a chemical plant is
performed. The research method was
extended to be applied in the field of a
power plant for this paper’s

model development.

Power plant equipment is unique
and dissimilar to petrochemical
equipment. Furthermore, no
thermal assessment or associated
cost impacts are considered.

* The reference numbering might not be in order of appearance due to a citation in the main body of the text; ** The
column is meant to illustrate this paper’s uniqueness, which is described in greater detail below.
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4. Point of Departure

As can be seen in Table 1, existing literature often discusses financial and technical optimization
separately. Financial models have too many variables and are too complex to reflect technological
changes. At the investment stage, rapid decision-making is required and including these factors can be
burdensome. In addition, financial variables are known to have a more significant impact on project
profitability than some technical factors [29]. The design that achieves maximum efficiency is often
set as a fixed value in practice and literature. As such, often in the investment stage, financial and
technical factor assessments are separated.

The uniqueness of this study is the inclusion of both technical and financial variables in a
singular model, which allows decision makers to better understand the financial implications of
design configurations. The complexities of the costs associated with design configurations are reduced
through a less precise yet less burdensome parametric estimation. The model considers all design
configuration variations and their impact on profitability. This allows these two steps to be unified
and the power plant sponsors to optimize the design’s financial capability. This model is designed to
reflect changes in the heat consumption rate, the power capacity, and the total investment, according
to technological variables using Thermoflex simulation software.

5. Data Collection & Research Methodology

The goal of this paper is to discover the conditions of which a coal-fired steam power plant can
receive the highest profitability, which reflects various technical and financial factors. The input data
for the modeling was collected from a case study of one operational 600-MW Philippines coal-fired
power plant. Figure 2 depicts the flow of the research methodology (referencing paper section numbers
for ease of reader), which is described in greater detail below.

(1) Model Development:

Thermodynamic Modeling: The simulation software, Thermoflex (developed by Thermoflow,
headquartered in Jacksonville, FL), calculated coal-fired power plant performance and heat rates using
input variables that affect plant efficiency (ex. temperature and pressure of the steam conditions).
The outputs of this step are used in Section 6.2.2 to calculate the operating costs and electricity
sales revenue.

Proposed Financial Model: The proposed financial model using Thermoflex to simulate technological
changes is presented. Cost considerations include capital expenditures (CAPEX), operational expenditures
(OPEX), and financial data.

Equipment Costs (CAPEX): The total investment costs are calculated for the simulated power
plant consisting of the equipment and installation costs. Equipment costs are calculated using methods
developed by the US National Energy Technology Laboratory (NETL) [12]. The findings are presented
in Section 7.2 Equipment Costs.

Operating Costs (OPEX): Using the outputs of the Thermoflex simulation (Section 6.1) and the
Cost and Performance Assumptions for Modeling Electricity Generation Technologies issued by the
US National Renewable Energy Laboratory of the U.S. Department of Energy [28].

Financial Inputs: The model financial inputs are presented. The assumed values are collected
from an operational Philippines power plant. The analysis is based on the Recommended Project
Finance Structures for the Economic Analysis of Fossil-Based Energy Projects published by the US
National Renewable Energy Laboratory of the U.S. Department of Energy [29].

(2) Model Outputs: The outputs from Section 6 are presented for further analysis. This includes
Section 7.1 Heat Rate Output and Section 7.2 Equipment Cost which are, along with Section 6.2.3
Financial Inputs, used as inputs for Section 7.3 Economic Analysis. The CAPEX and the internal rate
of return are presented for different heat rate output models.

(3) Optimal Model: From 19,440 simulations, the model with the greatest profitability is shown.
The conditions, IRR, and net present value of the said model are presented.
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(4) Sensitivity Analysis: A sensitivity analysis was conducted on the most profitable model
identified in Section 8 to examine the change in profitability of the project with a variable heat rate.
The sensitivity analysis was based on the impacts of a heat rate change between —10% and +10%.

(5) Carbon Cost Impact on Project Profitability: Using a range of carbon costs (based on
international policies), said costs” impact on project profitability is presented.
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Figure 2. Research methodology flow. (Note: Numbers in the box reference the paper section numbers
for ease of reader.).

6. Model Development

6.1. Thermodynamic Modeling

Using Thermoflex, the main factors affecting the efficiency of the power plant were used to
simulate their effect on the heat rate, the thermal efficiency, and the power output. These factors
were identified as a main steam temperature and a pressure and reheat steam temperature, a main
steam pressure drop, a reheat steam pressure drop, the number of feed water heaters in the process
(feedwater heating stages), condensed temperature rise, and the resultant final feedwater temperature.
From the factors, input variables with values based on the case study’s operational data were created.
All combinations of the variable values were used as inputs to the Thermoflex process model, which
result in 19,440 simulations. For all simulations, it was assumed that a surface-type condenser and
a wet-type cooling tower were used. To reach the desired final feedwater temperatures, 2/3 of
the simulations applied a heater above the reheat point (HARP) on top of the 6/7/8 heaters (4320
simulations applied a HARP to six, seven, and eight stages equating to 12,960 simulations in total
applying a HARP). The variations of each variable (9 x 3 x 4 x 4 x 5 X 9 = a total of 19,440 cases) are
shown in Table 2 and are described in greater detail below.

The most basic and most impactful step in optimizing a steam cycle is modifying the main steam
pressure and temperature. As the main steam pressure increases, the heat-consumption rate (measure
of efficiency) improves. However, this results in the steam expanding and increasing the steam
pressure in the condenser. This increases the temperature at which heat is rejected within the condenser
(more heat is released), which decreases the temperature of the feedwater and decreases efficiencies
gained. This means that, with each incremental degree, the increase of the steam temperature is a
diminishing increase in efficiency. To mitigate this diminishing rate of return, the reheat cycle can be
used with benefits described in Section 2. Logically, there exists a main and reheat steam temperature
that equate to an optimal efficiency. In this study, suitable temperatures of 566, 588, and 600 °C were
used under subcritical or supercritical conditions. Furthermore, the steam power-cycle is designed
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for either subcritical (<220 bar) or supercritical (>220 bar) pressures [15,16,30]. As such, this study
tests efficiencies of both a subcritical (160 bar) and supercritical (240 bar) power plant. In combining
the factors into logical combinations of values (ex. 566/600 °C is unlikely), there were nine input
variables defined.

Table 2. Simulation input data.

Factors Variable Values Number of Variables

566/566 °C @ 160 bar
566/588 °C @ 160 bar
588/600 °C @ 160 bar
588/588 °C @ 160 bar

Main/Reheat Steam Condition
(Main Steam Temperature,

Pressure 566/566 °C @ 240 bar 9

Reheat Steam Temperature) 566/588 °C @240 bar

588/588 °C @ 240 bar

588/600 °C @ 240 bar

600/600 °C @ 240 bar
Feedwater Heating Stages 6,7, 8 stages 3
Main Steam Pressure Drop 2,3,4,5% 4
Reheat Steam Pressure Drop 7,8,9,10% 4
Condenser Temperature Rise 7,8,9,10,11 K 5

260, 265, 270, 275, 280, 285,

Final Feedwater Temperature 290, 295, 300 °C

After the main and reheated steam goes through the turbine(s) and condenser (now feedwater),
a significant amount of energy is lost. Thus, it is necessary to increase the feedwater supply heat to
maximize the final feedwater temperature. As stated above, most plants use eight heating stages for
maximum cycle efficiency, but this paper focuses on testing the fiscal impact of all reasonable design
solutions and, therefore, the number of heater stages was set to six, seven, and eight. Cycle efficiency
is also improved when the HARP is used as the HARP increases system temperature. However,
the HARP is not a chosen variable and is only one factor that impacts the variable of the final feed
water temperature.

Another way to increase efficiencies is to decrease pressure or increase temperature of the
condenser, which results in less heat escaping the cycle through the condensation process. The pressure
can be modified by regulating the temperature through a multitude of equipment design choices.
As such, the researchers inputted ranges of pressure drops into the Thermoflex process model to study
the impact that resultant design outputs had on economic efficiency [30]. The authors chose pressure
drops typically desired by designers based on the case study data. The main steam pressure drop was
2% to 5% and the reheat steam pressure was 7% to 10%. Each factor has four input variables with a
1% difference between variables. Lastly, there is a condenser design choice, which results in a lower
condensation temperature. Based off case study data, the condenser temperature factor increases
across five variables between 7 and 11 K with 1 K increments.

The last variable is the final feedwater temperature. This can be impacted by a multitude of
design choices including all of the above and nine variables between 260 °C and 300 °C with 5 °C
increments were created. From the 19,440 simulations of these variables, Thermoflex output the heat
rate (indicating how much heat is required per kW of the unit power [31]), efficiency of the plant
(gross power from the generator end and net power including auxiliary power measured at the power
end) and the design choices of each piece of equipment. These impact costs, sales revenue, and fuel
consumption in the economic analysis.

6.2. Proposed Cost Analysis Model Structure

The financial models currently in use perform a Thermoflex (TFX) and plant engineering and cost
estimation (PEACE) simulation by finding the most efficient power plant design and its associated cost.
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The technological choices are considered as one fixed input into the financial review. Furthermore,
the financial model generally used at the investment stage does not adequately reflect the heat
consumption of the power plant and thus did not reflect the changes in electricity sales revenue or fuel
costs [32]. In an attempt to improve upon these points, a financial model that reflects technical factors
as well as financial factors has been proposed, which is depicted in Figure 3 below.

In general, the conventional method finds a design configuration with the highest power
generation efficiency. Then, based on said configuration, a project investment cost is obtained through
a quote based on fixed technical factors. The financial analysis is performed based on this investment
cost. Alternatively, the financial model presented in this paper enables us to find the optimal return
in a short period of time in determining the investment of the project. If the technical decisions and
the financial decision making steps are separated, the model can combine the separate processes to
quickly find the project profitability.

The proposed financial model consists of four parts: capital expenditure (CAPEX), operations
expenditure (OPEX), debt finance, and economic analysis. CAPEX, which is the investment cost for
the power-generation project, mainly consists of the equipment supply cost and installation cost.
The equipment cost is estimated using base equipment costs, design factors, and reference factors from
NETL [12]. OPEX is the expenditures and revenue incurred during the project period. The project
performance and the heat rate resulting from the thermodynamic model simulation affect the income
and expenditure of OPEX. Debt finance is structured based off the case study data and are used to
calculate the costs of project financing. The CAPEX, OPEX, and debt finance are used to perform an
economic analysis of the net income, cash flow, NPV (Net Present Value), and IRR (Internal rate of
return). The proposed financial model is designed to obtain a project profitability index across multiple
simulated design solutions with an output of an optimal design through the consideration of both
technical and financial factors.
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Figure 3. Proposed cost analysis model structure.

6.2.1. CAPEX Estimates

CAPEX refers to the cost spent to create future profits, which is usually the total investment
cost of a project in the plant construction period and consists of the equipment and installation
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costs [33]. The CAPEX of the financial model of the paper is composed of direct and overhead
costs experienced from the project inception to construction, operation, and plant decommissioning.
The supply cost part of the direct cost is composed of the cost of the equipment installed in the
power plant. The proposed model is different from current power plant CAPEX calculations since
the equipment costs are variable and reflect technical factors. As such, a cost-estimation formula was
required based on the technical factors. This was accomplished using referenced costs from NETL and
the parametric estimation [12]. For example, in the case of the LP (low pressure) heater, which is a steam
cycle equipment, cost estimation was performed using technical factors such as enthalpy and heat duty
and values of the existing project. As shown in Equation (1), a cost estimation formula was made for
each piece of equipment using the technical factor and reference factors. The total cost of the simulated
project is the summation of all equipment (using Equation (1)) plus the equipment of non-steam cycle
equipment, which is estimated as a ratio of the similar projects that were actually performed.

Equipment Cost = Ref. Cost x ( 1)

Technical factor 1 \ ? o Technical factor; b
ref. factory ref. factor;

where:

Equipment Cost = Cost of a singular piece of equipment;

Ref. Cost = Base Equipment Cost;

Technical Factor = Impact desired design characteristic has on cost;

Ref. Factor = Actual design value used in a previous project;

a, b, ... =Scale factor found through equipment cost trend analysis.

The authors analyzed the technical design factors that had the greatest impact on equipment
cost through NETL data [12]. For each piece of equipment, the top two to six variables effecting

equipment were chosen and used as the technical factor for Equation (1) above. Table 3 depicts all of
the technical factors.

Table 3. Selected main design value affecting cost by equipment.

Description Unit Description Unit
Low Pressure (LP) Feedwater Heater Boiler Feed Water Pump
Heat duty kW Pump total flow rate t/h
Steam enthalpy kJ/kg HP discharge head m
High Pressure (HP) Feed Water Heater IP discharge portion of total flow rate %
Heat duty kW IP discharge head m
Shell pressure bar BFP suction flow rate t/h
Super-heated temperature of steam °C Condensate Pump
Terminal temperature difference °C Pump total flow rate t/h
Water-Cooled Condenser Pump head m
Heat duty kW Cooling Water Pump
Temperature rise bar Pump total flow rate t/h
Steam dryness % Pump head m
Cooling water temp. °C Deaerator
Terminal temperature difference °C Water flow at outlet of deaerator t/h
Steam flow t/h Storage tank holding capacity min
Wet-Type Cooling Tower
Heat duty kW
Initial temperature difference °C
Cycles of concentration -
Wet bulb temp. °C
Temperature rise °C

Cooling water flow t/h
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6.2.2. OPEX Estimates

OPEX is the cost of operating an equipped facility and consists of the direct costs (ex. labor,
material, repair/maintenance, etc.) as indirect costs such as the tax burden and revenue [34].
The revenue of power plants are usually electricity, steam, and water sales. In this paper, it is assumed
that only electricity is sold. Among the input values of the cost model, the value corresponding
to the power-generation amount of the power plant comes from the result of Thermoflex and the
determined electricity sales amount is the revenue of the cost-model power plant. Usually expenditure
is composed of fixed costs, variable costs, and working capital, but, in the case of power-generation
projects, it involves a large portion of the fuel cost so it is common to separate them from variable
costs [34]. In the case of thermal power generation, the fuel cost depends on coal consumption.
The correlation between the coal consumption and the heat rate of the power plant is shown in the
following equation.

Coal Yearly Demand (kg)
Plant Power Capacity (MW) x Heat Rate (%) x 0239 ( k)

N Higher Heating Value <kkc—§1) 2)

.. 24 h 365 days
x Coal Efficiency x Ty X —ear

where:

Plant Power Capacity = 600 MW for this paper;

Heat Rate = As determined by Thermoflex;

Higher Heating Value = Energy in purchased coal (Coal Calorie) from NREL [28];
Coal Efficiency = Efficiency of power plant to use coal calories [28].

As shown above, variable and fixed costs were referenced to data of Cost and Performance
Assumptions for Modeling Electricity Generation Technologies issued by the National Renewable
Energy Laboratory (NREL) of the U.S. Department of Energy [28]. These are also changed depending
on the plant capacity. The earnings before interest, taxes, depreciation, and amortization (EBITDA),
as the representative result of OPEX, are calculated by adding the annual income and expenditure
during the operating period.

6.2.3. Finance Structure and Economic Analysis

Due to the large capital required for power plants, external funding acquired from institutions
such as investment banks are required. As such, a financial cost is incurred to procure capital
(ex. interest) [33]. To calculate the cost of procuring investment, which is the CAPEX of the power plant,
many factors are required. These factors were pulled from the case study project and summarized in
Table 4. Not shown in Table 4, this paper assumes that the project capital is partially procured by project
financing. The discount rate was calculated through the capital asset pricing model (CAPM) [35].

These assumptions were used to calculate a cash flow by adding finance costs and tax to the
EBITDA generated by operating a power plant. The discount rate to convert the calculated future
value to the present value was obtained through the weighted average cost of capital (WACC) [36].
The NPV and IRR were derived by adding the calculated present values, which enabled us to judge the
profitability of the project. The project profitability index of each case was obtained by using data from
all Thermoflex simulations as the input value of the 19,440 cost models. By comparing the profitability
by case, an optimal model of 600 MW coal-fired power plant was found.
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Table 4. Assumptions used in economics analysis.

Description Value Unit Description Value Unit
Inflation 4.00 % Grace period (at operations start) 2 years
Fixed costs 42.1 USD/kW Interest capitalization 1 year end
Variable costs (less fuel cost) 4.6 USD/MWh  Repayment period (US$) 10 years
Days of operation * 365 days Base interest rate US$ 5.0 % per year
Operation year 30 years Credit margin US$ 1.0 % per year
Availability * 90 % Interest rate US$ 6.0 % per year
Electricity tariff 0.080 USD/kWh  Credit margin subordinated debt 6.0 % per year
Coal calorie 4500 kcal/kg Interest rate subordinated debt 11.0 % per year
Coal unit price 60 USD/t Weighted average cost of debt 6.5 Y%
Expenses (less EPC cost) 15 % Weighted average cost of debt 6.5 %
Debt financing (%) 70 % CAPEX  Deposit rate 5.0 % per year
Debt (US$, Senior debt) 90 % debt Minority Interest 10.0 % shares
Debt (subordinated debt) 10 % debt Residual value (depreciation) 10.0 % cost

1st year 15 % Useful life (depreciation) 15 years

2nd year 70 Y% TAX 20.0 %
CAPEX 3rd year 10 % CAPM 13.5 %

4th year 5 % WACC 7.70 %

* Net operation days might be down-adjusted by “Availability” to accommodate scheduled and forced maintenances.

7. Model Outputs

The heat rate trend, equipment costs, and economic analysis of all 19,440 configurations are
presented below. Since the plant efficiency is most significantly affected by the main steam and reheat
steam conditions [37], the data is presented in nine groups per the nine main/reheat steam condition
variables. In addition, because the results vary significantly depending on the heater configuration,
each group is sub-divided into three groups of 6/7/8 stages.

7.1. Heat Rate Trend Output

Figure 4 depicts the average heat rate (heat required per kW) outputs of the 19,440 configurations,
which were separated into the steam condition and the number of feed water heaters used. As can
be seen, the heat rate lowers as the main and reheat steam temperature and main steam pressure are
increased, which is expected based on the Rankin Cycle and basic thermodynamics. The efficiency
change is noticeable in the graph between the sixth and seventh stages of the heater configuration.
Between stage 7 and stage 8, the efficiency change due to the regeneration cycle is small. As the
heat-consumption rate decreases, coal consumption will decrease and expenditure will decrease. It is
expected that the increase in the amount of power generation will increase the profit.
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< 9,400
2
o 9300
g
= 9,200 M 8 Stage
3
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9,000 6 Stage
8,900
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o i < & & 0 o0 o & &
& & & ¥ & & < & & &
% % 3 s 2 % b [ ¥
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Steam Condition
Main Steam Pressure (bar) - Main Steam Temp (C) - Reheat Steam Temp (C)

Figure 4. Heat rate average according to the steam condition and the heater number.
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7.2. Equipment Cost Output

This paper proposes that the equipment costs are greatly affected by technical factors. The inability
to account for this is the current model’s failing. Thus, an illustration of the range of effect in
each equipment’s range of technical factor choices has on the CAPEX is shown below (Figure 5).
The maximum, minimum, and average impact on CAPEX of each piece of major equipment within
the steam-cycle are shown. As can be seen, an equipment’s maximum impact as small as 0.04% of the
CAPEX (LP heater 4) to as large as 1.498% (condenser) and 1.766% (cooling tower). Since these two
pieces of equipment have the maximum impact, an investigation and discussion of their impact on
project success (IRR) is shown below.

1%

Percentage of equipment cost in CAPEX

Figure 5. Effect of equipment cost in CAPEX (based on 8HE).

The choice of condenser design factors equated to an impact range of 0.048% on the IRR
(Table 5) and the cooling tower had an impact range of up to 0.12% on the IRR (Table 6). As you
can see, this equates to a swing of about $2.6 M for the condenser and $6.4 M for the cooling tower.
These findings exemplify the major impact the design decisions of just one piece of equipment can
have on a project’s cost/benefit analyses.

Table 5. Influence of condenser cost on IRR.

Condenser Average Maximum Minimum

Cost ($) 10,390,493 11,823,003 9,232,972
Percentage of CAPEX average (%) 1.316% 1.498% 1.169%
IRR (%) 11.636% 11.684%

Table 6. IRR according to cooling tower cost.

Cooling Tower Average Maximum Minimum
Cost ($) 10,518,078 13,940,302 7,520,171
Percentage of CAPEX average (%) 1.332% 1.766% 0.953%

IRR (%) 11.660% 11.778%
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7.3. Economic Output

From the variable inputs described above, the authors conducted an economic analyses. In this
section, the impact of each steam condition has on CAPEX and IRR are presented. The CAPEX was
most significantly impacted by the main steam pressure. This indicates that the price to execute a
supercritical (>220 bar) power generation cycle requires much more expensive equipment than a
subcritical one. Furthermore, it was found that CAPEX increases as the number of stages of heater
increases. This difference comes from the price of each additional feedwater heater. The difference in
CAPEX between 8 stages and 7 stages was the price difference, according to the presence or absence
of an LP heater, and the CAPEX difference between 7 stages and 6 stages occurred due to the price
difference with the presence or absence of an HP heater.

As the steam conditions get hotter, the CAPEX decreases. This is of interest since it requires more
equipment to increase the heat of the system, which should equate to a higher CAPEX instead of a
lower CAPEX. This event may be caused by the fact that, when heat enters into the system, it naturally
creates pressure. However, with a lower heat, the pressure is required to be added through costly
design choices (ex. design choice that equates to significant maintenance).

The results from Figure 4 (heat rate output, which should be an indicator of revenue) and Figure 6
(CAPEX, indicator of cost) give us a possible indication of the profitability of each steam condition.
However, the IRR is a much more exact and economically accepted method of presenting profitability.
The steam conditions’ impact on IRR is, therefore, presented below in Figure 7. The average IRR
for each steam condition increases per reheaters in order from 7-stage, 8-stage, and 6-stage heater.
From Figure 4, showing 6-stage as the greatest earner and Figure 6 showing the 6-stage requiring
the least investment, it is seen that factors other than CAPEX and heat rate such as power capacity
influence the IRR. While Figure 7 shows, on average, the 7-stage has the greatest IRR. The case with
the highest IRR among all simulations had an 8-stage heater. This is discussed in Section 8 below.

CAPEX
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Main Steam Pressure (bar) - Main Steam Temp (C) - Reheat Steam Temp (C)

Figure 6. CAPEX average according to steam condition and heater stage.

The authors also performed an analysis on the impact the CAPEX and heat rate had on the IRR.
The variable CAPEX has a range of impact (CAPEX’s maximum-minimum impact) equating to 0.02%
of the IRR, which is rather negligible. On the other hand, the heat rate has a much greater effect with a
range of impact equating to 0.9% of the IRR. This confirms what has been stated in literature that the
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heat rate has a close relationship with profitability. The relationship was studied further in Section 9.
The sensitivity analysis is shown below.
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Steam Condition
Main Steam Pressure (bar) - Main Steam Temp (°C) - Reheat Steam Temp (°C)

Figure 7. IRR average according to steam condition and heater stage.

8. Optimal Case Selection

From the 19,440 simulations, an optimal project was chosen, which had the greatest IRR,
the best profitability, and thus the optimal configuration of technological factors. Table 7 depicts
the configuration of Case 3856, which was the optimal configuration with an IRR of 11.683% and
NPV of $325,426,000 but is only the eighth most efficient from the perspective of the thermal
efficiency. In comparison, the model with the highest thermal efficiency was equated to an NPV
of $324,141,000. From data collected from the 600 MW power plant, the chosen technical /financial
optimized configuration would have saved the project sponsor (owner) $1,284,000, present value
(i.e., NPV difference of Case 3856 and Case 4016).

The NPV saving (difference) corresponds to 1.02% of the annual fuel cost for the highest IRR case
(Case 3856). This value of about $1.3 M is 0.16% of the total CAPEX, which is an insignificant value.
However, it is 0.42% of annual revenue and 0.67% of annual expenditure. This supports the value
of including technical variations into a financial assessment, which is the unique contribution of the
proposed model.

Table 7. Conditions of the case with the best revenue.

Conditions Unit Value Ranking
Case - Case 3856 -
IRR % 11.683 1
NPV $k 325,426 1
Heat Rate kJ/kWh 9094.703 8
Heater stage - 8 -
HARP - applied -
Main steam pressure bar 240 -
Main steam temperature °C 600 -
Reheat steam temperature °C 600 -

Condenser temperature rise - 11 -
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9. Sensitivity Analysis

Although multiple configurations were analyzed, the costs and revenue of each configuration was
fixed. This does not take into account any risks of variations in execution from the estimate. As such,
a sensitivity analysis was conducted in the most profitable case to examine the change in profitability
(IRR) based on variations in the heat rate.

As a result of the sensitivity analysis, if the heat rate varies between —10% and +10%, the IRR
varies between 10.3% and 13.0%. The IRR sensitivity due to a heat rate change is presented in Figure 8
below. As the heat rate changes, the project profitability was significantly affected.

Heat Rate vs IRR

14%

13%

Base Heat Rate

9,094 kl/kWh
12%

IRR

o
o
5%
Yo

4%
6%
7 0
8%
10%

WA H S AN

Heat Rate Variation

Figure 8. IRR sensitivity due to a heat rate change.

A further extensive sensitivity analysis was conducted with factors that have the most significant
impact on profitability, which is shown as IRR. The factors were identified as follows: (1) variance of
electricity tariff rate, (2) volatility of the fuel (mainly coals) cost, (3) heat rate (duplicated from above),
and (4) the change of CAPEX. Similar to the heat rate trend sensitivity above, the impacts to IRR were
calculated with the change of the parameter range from —10% to +10% for the reference case (case
3856). As summarized in Table 8 below, the result of the extensive sensitivity analysis shows the
IRR variation range from a minimum of 2.514% (from the CAPEX change) to a maximum of 6.412%
(from the electricity tariff change) as the maximum. Please note, the sensitivity analysis was limited
to the deterministic approach versus probabilistic due to limited information available to define the
input parameters’ shape (i.e., so-called probabilistic distribution, function) and a high number of
simulation cases.

Table 8. Summary of sensitivity analysis: IRR from parameter changes.

Parameter Variation IRR IRR Variation Range

—10% 8.297%

Electricity Tariff 0% 11.683% 6.412%
+10% 14.709%
—10% 12.979%

Fuel Cost 0% 11.683% 2.642%
+10% 10.337%
—-10% 12.979%

Heat Rate 0% 11.683% 2.642%
+10% 10.337%
—10% 13.048%

CAPEX 0% 11.683% 2.514%

+10% 10.535%
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10. Impact of Carbon Taxes

Global warming is strengthening regulations on the environment, which equate to costs associated
with producing excess carbon (carbon taxes). Many countries have signed climate change agreements
to address climate change [38]. The characteristic of the power generation industry especially coal-fired
power plants is their burning of fossil fuels, which release significant quantities of carbon dioxide and
affect global warming. Using the above-presented financial findings, this study presents the impacts
carbon policies may have on project profitability.

To present the impacts carbon (CO,) restricting policies may have, this study presents three
scenarios (Low, Base, and High) to determine profitability. The low scenario is the amount proposed
by the Korean government to stabilize the market (8.0 $/ton). The base is the current price of carbon
trading (18.3 $/ton). The high scenario is based on the estimated price of the IEA (International Energy
Agency) emission allowance (35.8 $/ton).

Figure 9 depicts the differing steam conditions impact on CO, emissions. As can be seen, the higher
the temperature/pressure is (the steam conditions that make the plant more efficient), the lower the
CO, emissions are. It can be seen that, as the efficiency of generating the same capacity increases
(if the heat consumption rate is lowered), the amount of coal consumption decreases and the amount
of carbon emissions decreases accordingly. As a result of comparing the simulation results with the
actual reference, it was found that the average of the experiment was 0.82 t/MWh and that of Mainz in
Germany was 0.76 t/MWh, which includes a slight difference of 7.3% [39].
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Figure 9. CO; emissions by steam conditions.

Next, the carbon tax costs were calculated in comparison to variable, fixed, and fuel costs
(Figure 10). When the base case of 18.3 $/ton was applied, CO; costs accounted for 27.16% of
the total OPEX. In this scenario, the average IRR was 0.019%, which means that the plant would not be
economically feasible given the unit price of electricity applied. When the electric sales was applied at
0.090 $/kW, the IRR was 12.488% (a difference of about 12.5% compared to $0.070). Therefore, if the
carbon tax is applied, a raise in the electricity sales unit price is required to ensure that the power plant
is economically feasible.
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OPEX Composition
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Figure 10. Comparison of OPEX composition with carbon cost.

Figure 11 shows the impact of the IRR by the CO; costs (assuming an electricity sales of
0.090 $/kW). It is inevitable to raise the unit price of electric power sales for the project. Since the
profitability of the project is changed, according to the carbon cost, it is applied to the scenario of
carbon cost to grasp the profitability of the project. IRR results of 4.3%, 12.5%, and 16.3% are meant for
the low, base, and high scenarios, respectively.

IRR by Carbon Tax Scenario

18% 16.292%
16%

14% 12.488%
12%
10%

IRR

8%

6% 4.288%
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0%
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Figure 11. IRR by carbon tax scenario (Electricity tariff is 0.09 $/kwh).

It should be noted that the above presented model allows a basic discussion of CO; costs for
illustrative purposes. For proper incorporation into the decision-making process, further research and
deeper policy investigation is required.
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11. Conclusions

A simulation model of the steam cycle of a 600 MW coal-fired power plant was developed and a
cost-analysis model that can reflect the technical factors of the simulation result was suggested. Project
economic analysis was conducted using the proposed cost-analysis model and the project case with
the highest profitability was selected. In the steam-cycle modeling process, the input variables were
selected as factors that could affect the power plant efficiency. These factors were identified as the
main and reheat steam conditions, the man and reheat steam pressure drop, the number of feed water
heaters used, the condenser temperature rise, and the final feed water temperature. From all possible
combinations of the technical factors, 19,440 configurations were identified.

Using these configurations, Thermoflex simulated resultant design requirements, heat rates, and
power outputs. Using the technical factors from the Thermoflex simulation results, the cost of the
equipment in the steam cycle was estimated. The capital expenditures (CAPEX) was constructed by
collecting the equipment costs influenced by the technical factors and operational expenditures (OPEX)
were constructed using operational factors and projected electricity sales. Lastly, an economic analysis
was performed on 19,440 cases by estimating the internal rate of return (IRR) and net present value
(NPV), which are both indicators of profitability.

From the results, the proposed model was found to equate to a $1.284 M increase in NPV versus
the most thermal-efficient technical configuration. Furthermore, the condensers and cooling towers
were found to be the highest cost-estimated equipment with a 1.4% and 1.7% impact on CAPEX,
respectively. Their cost had an impact of up to 0.12% on the IRR. Most existing financial models are
based on a fixed design model that has the greatest thermal efficiency. The above results show that
you can have the best profit in other situations not only and not always when maximum thermal
efficiency is achieved. Multiple variables that could affect the outcome were not considered in this
study. However, in isolating only the steam-cycle design configuration, this study found differences
between the existing practice and the proposed model.

Although the findings are of value to academia and industry alike, there were limitations to
this study. First, the boiler was excluded from the simulation modeling range of the steam cycle.
The technical factors of the boiler per the case study were applied collectively to each case. If additional
studies are performed on the boiler, more accurate results will be obtained by considering more
variables in modeling. Second, the model subject to cost estimation excluded the main equipment
(turbine, boiler) in the steam cycle. In power-generation projects, the price of the main equipment is a
large proportion and there are many additional facilities in addition to the steam cycle. By considering
these facilities, CAPEX will be more accurate. Moreover, if the reference value of the cost estimation
is used for many project values that were actually executed, a more accurate CAPEX value will be
obtained. The financial assumption will also be more accurate if the actual value is used. Additionally,
the parametric estimation method used in this paper can shorten the time to obtain the equipment
cost, but it cannot be adjusted very precisely. There may be several errors and the sum of these errors
can affect the result. In addition, there are many variables that can affect profitability in the financial
model so more time will be required to make the investment cost more accurate.

In the case of mega projects, there is a growing need for capital from other stakeholders not
just at the time of the project with only the sponsor’s capital. In the early stages of an investment
project, decisions about progress are important and the methods proposed in this paper will help make
these decisions.
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Abbreviations

BFP Boiler Feed Water Pump

CAPEX Capital Expenditure

CAPM Capital Asset Pricing Model

ccrer Combined Cycle Power Plant

CEPCI Chemical Engineering Plant Cost Index

CHP Co-generation or Combined Heat and Power Plant

EBITDA Earnings Before Interest, Taxes, Depreciation, and Amortization

EPC Engineering Procurement Construction

HARP Heater Above The Reheat Point

HP High Pressure

P Intermediate Pressure

IPP Independent Power Producers

IRR Internal rate of return

LpP Low Pressure

NETL National Energy Technology Laboratory

NPV Net Present Value

OPEX Operating Expenditure

TEX Thermoflex

WACC Weighted Average Cost of Capital
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