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This paper puts forward a method based on trapezoidal fuzzy numbers and vari-
able risk-free interest rates, and utilizes an improved B - S option pricing model 
to enhance its economic evaluation. By introducing trapezoidal fuzzy numbers 
to deal with uncertainty factors, the model's capacity to handle uncertainty in 
investment decisions is theoretically enhanced. Through the experiment on the 
flexibility transformation of thermal power units, the results indicate that this 

bility of economic evaluation, with an improved performance compared to tra-
ditional methods, thereby providing a new perspective and approach for eco-
nomic evaluation. 
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Abstract. The flexibility transformation of thermal power units is of great sig-
nificance in regulation, and thus it is crucial to study its economic evaluation. 
Traditional investment decision-making methods often neglect the uncertainty 
factors that are difficult to precisely quantify during the evaluation process. 

method demonstrates remarkable superiority in terms of the accuracy and relia-
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1 Introduction 

the outbreak of the "Russia-Ukraine conflict" in 2022, the changes in the 
al energy pattern have highlighted the importance of energy security. 
es great importance to the development of new energy to adapt to the chal
reasing energy dependence. The Central Economic Work Conference in
sized the construction of ecological civilization and green and low-carbo
ent and established the "dual-carbon" goal[1]. By the end of 2023, the ins

 generation capacity in China had increased significantly, the installed ca
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The flexibility of thermal power units is mainly reflected in their deep peak regula-
tion ability and the ability to quickly increase and decrease loads. This is crucial for 
supporting the high-proportion access and large-scale application of new energy such 
as wind energy and solar energy. Polski et al.[2]innovatively used an electric heater to 
preheat the feed water, enhancing the flexibility of the steam turbine and avoiding the 
need for large-scale transformation and heat energy storage facilities. Yang Yinping 
et al.[3]constructed an interval optimization model for flexibility transformation to 
improve economic efficiency and power flow adaptability. Liu Xiang et al. [4] pro-
posed a thermal - storage coupled transformation scheme, analyzed in detail the flow 
charts and efficiencies of three methods, and provided comparison data. Zhao et al.[5] 
simulated a 660MW coal-fired power plant through GSE software and verified that 
measures such as adjusting the high-pressure heater could significantly improve the 
response and regulation ability of the power plant. These technical paths not only 
improve the deep peak regulation and rapid load increase and decrease abilities of 
thermal power units but also have a significant impact on the stability of the power 

el, considering dividend payments, transaction costs, and interest rate changes to im-
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grid and the effective utilization of new energy. However, the choice of technology 
needs to comprehensively consider costs, technical maturity, and operational com-
plexity. With the continuous progress of new energy technologies, the strategies for 
enhancing the flexibility of thermal power units also need to be continuously updated 
and optimized to meet the new demands of the energy system. 

However, the economic rationality of the flexibility transformation of thermal 
power units and the differences in economic evaluation in different scenarios need to 
be further studied. Traditional investment decision-making methods may underesti-
mate the project value and ignore the management flexibility and uncertainty value. 
Wang Bangjun et al.[6] established a real option model for photovoltaic power genera-
tion projects and studied the sequential decisions regarding the optimal investment 
opportunity, optimal installed capacity, and phased investment of these projects. Ma 
et al. [7] considered the random changes in photovoltaic power generation and load 
behavior and utilized Monte Carlo power flow analysis including battery scheduling 
profiles. Rocha et al. [8] evaluated the economy of investing in photovoltaic panels in 
forest nurseries using real option analysis. Fan Jingli et al. [9] combined the CCUS 
optimization model with the trident tree real option model to quantify the critical car-
bon price in different emission reduction scenarios and assist Chinese coal-fired pow-
er plants in reducing emissions. Mou Juan [10] improved the B - S option pricing mod-

prove the market adaptability of the model. Shi Xiaoyao [11] considered the uncertain-
ty of the investment environment and provided support for the investment decision-
making of hydropower projects. These studies demonstrated how to apply financial 
mathematical models to investment decision-making in the energy and environmental 
fields and enhanced the scientific nature and risk assessment of energy project in-
vestment through the optimization of financial models. The improvement of real op-
tion analysis methods and option pricing theories provided powerful tools for evaluat-
ing and optimizing projects, enhancing the scientific nature and accuracy of invest-
ment decision-making. However, the effectiveness of these models and methods may 
be affected by market conditions, policy changes, and technological innovation, etc., 



so it is necessary to adjust and optimize them in combination with specific situations 
when applying them. 

This paper takes the flexibility transformation project of thermal power units as the 
research object. Based on the traditional net present value method and the B - S op-
tion pricing model, by introducing fuzzy theory and considering the change of the 
risk-free interest rate, it makes up for the deficiency of the overly strict assumptions 
of traditional methods and provides a reference for the investment decision-making of 
the flexibility transformation project of thermal power units. 

2 Economic Evaluation Framework for Flexibility Renovation 
of Thermal Power Units 

2.1 Economic Evaluation Indicator System of Thermal Power Unit Flexibility 
Retrofit Project 
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The technical - economic evaluation indicator system of thermal power unit flexibility 
retrofit has three layers. Based on identifying and analyzing relevant influencing fac-
tors, 20 indicators from two dimensions and eight aspects are selected. The first - 
level layer divides the economic influencing factors into cost and revenue indicators. 
The second - level layer subdivides the first - level content to evaluate economic ben-
efits. The third - level layer, the core part, reflects specific influencing factors of the 
retrofit.The specific indicator system is shown in Figure 1. 

Fig. 1. Economic evaluation indicator system of thermal power unit flexibility retrofit projec 



2.2 Economic Evaluation Process of Thermal Power Unit Flexibility 
Renovation Project 

When evaluating the flexibility retrofit of thermal power units, the net present value 
before the retrofit should be assessed first to determine whether to proceed with the 
flexibility retrofit. If the net present value after the retrofit is greater than zero, the 
operational net present value and market value after the retrofit should be further cal-
culated. If the market value is also greater than zero, the retrofit is considered; other-
wise, the retrofit plan is abandoned. The specific steps are illustrated in Figure 2. 

Fig. 2 ect 
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. Economic evaluation process of thermal power unit flexibility renovation proj

3 Model Selection 

et Present Value Before Flexibility Renovation 

rket Electricity Price 
xternal uncertainties faced by thermal power unit flexibility renovatio
 be divided into two categories: the uncertainty of on-grid electricity 
instability of coal prices. This paper assumes that in future scenarios, a



dPele = μePeledt + σePeledWe (1) 

Wherein: μe is the drift rate of coal price; σe is the volatility of coal price; dWe is 
the increment of standard Wiener process, satisfying dWe = εe√dt. dWe is subject to 
standard normal distribution as described in εe.  

3.1.2 Coal Price 
As a bulk energy commodity, the price of coal fluctuates randomly in the spot 

market and futures market. The price movement law of coal is basically consistent 
with geometric Brownian motion, that is, formula (2). 

dPcoal = μcPcoaldt + σcPcoaldWc. (2) 

price; dWc is the increment of standard Wiener process, satisfying dWc = εc√dt. dWc 
is subject to standard nor

When studying actual values under uncertainty, the Monte Carlo simulation meth-

ability distribution of output results, which can serve as an objective reference in ac-
tual operations. Thus, the net present value calculated using Monte Carlo simulation 

onditions is expressed by formula (3). 

Wherein: NPVmc is the net present value under Monte Carlo simulation; Xmc.t is 
the net cash flow in yea

Therefore, before the flexibility renovation of thermal power units, the calculation 

but also consider the value of fuzzy real options. Therefore, the market value of flexi-
bility retrofit projects can be
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ket-oriented electricity price mechanism has been formed. The change of market elec-
tricity prices is random and obeys geometric Brownian motion, that is, Formula (1): 

Wherein:  μc is the expected growth rate of coal price;  σc is the volatility of coal 

mal distribution as described in εc. 

od randomly samples the probability distribution of uncertain variables and uses func-
tional relationships to obtain results. Repeatedly simulating this process yields a prob-

under uncertain c

NPVmc = ∑ Xmc.t
(1+rdis)T

T
t=1 . (3) 

r t; T is the operating life of the unit; rdis is the discount rate.  

formula for its net cash flow is as follows in formula (4): 

Xmc.t = Rele − Ccoal − Cfix − Cenv − CTAX. (4) 

3.2 Fuzzy Real Options Value 

3.2.1 Project Market Value 
The economic value of flexibility retrofit projects should not only be reflected 

through the net present value calculated using the Monte Carlo simulation method, 

 represented by formula (5): 

ENPV = NPVMC + OPV. (5) 



Wherein: ENPV  represents the market value of the flexibility retrofit project; 
NPVMC represents the net present value before the flexibility retrofit; OPV represents 
the fuzzy real options value of the flexibility retrofit project. 

3.2.2 Selection of Fuzzy Numbers 
In this paper, a trapezoidal fuzzy number is used to develop the fuzzy real options 

model. Based on the membership function of the trapezoidal fuzzy number, the mean 
and variance of the trapezoidal fuzzy number are calculated as follows in formulas (6) 
and (7): 

E�A�� = a+b−α+β
2

+ α−β
3

= a+b
2

+ β−α
6

. (6) 

σ2�A�� = (α+β)2

24
+ (α+β)(b−a)

6
+ (b−a)2

4
. (7) 

which is inconsistent with the flexibility retrofit projects of thermal power units. 
Therefore, the dividend yield rate \( q \) is introduced, with \( qSdt \) representing the 

s: 

growth rate of costs; σ represents the volatility of project returns;dz represents the 
increment of the stand

Based on the prop
following: 

df = �(μ − q)S
dS

+
2
σ2S2

dS2
+

dt
� dt +

dS
σSdz  (9) 

Wherein:f represents the option price change function of Brownian motion. 

d = ln(S/X)+�r−q+σ2/2�T
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3.2.3 Calculation of Fuzzy Real Options Value 
In the original Black-Scholes model, it is assumed that no dividends are generated, 

dividend yield per unit of time. Thu

dS = (μ − q)Sdt + σSdz (8) 

Wherein: Srepresents the price of the underlying asset; μ represents the expected 

ard Wiener process. 
erties of Brownian motion and Ito's Lemma, we can derive the 

df 1 df df df

Therefore, the improved Black-Scholes call option pricing model is: 

Vp = Se−qTN(d1) − Xe−rTN(d2) (10) 

�
1 σ√T

(11) 

d2 = d1 − σ√T

Wherein: Vp represents the value of the option; X represents the strike price of the 
underlying asset; T represents the time to expiration of the option; r represents the 
risk-free interest rate. 



4 Example Analysis 

4.1 Parameter Setting 

4.1.1 Basic data 
To validate the effectiveness of the model, this paper takes the data of a 600MW 

thermal power unit as the basis and sets the parameters as shown in Table 1 [12][13]. 

Table 1. Thermal power unit basic data 

Project Unit value 
Installed capacity MW 600 

Annual utilization hours h 4051.16 
Annual maximum operating days day 327 

Minimum output before flexibility retrofit. MW 300 
Minimum output after fle W 120 

Coal consumption parameters a t/MW² 0.0000848 
parameters b t/MW 0.13992 

sumption parameters c t 11.2641 

Rotor crack cycle parameters α .  - 484.8

Rotor crack cycle parameters α .  - -8411

4.1
ent 

co 00 
me ec-
tri on. 
The cost of starting and stopping the unit each time is 700,000 yuan. The steam sup-
ply loss is 0.24 tons per hour. The fuel price is 7,972 yuan per ton, and the environ-
mental surcharge is 534 yuan per ton. The unit cost is 5 million yuan per megawatt. 
Th 27 
mi ur-
an  is 
8%, and the fixed asset investment accounts for 95%. The average worker's wage is 
63,200 yuan per person, and the number of employees is 187. The discount rate is 6%, 
the value-added tax rate is 17%, and the income tax rate is 25%. 

4.1.3 Peak Load Compensation Mechanism 
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xibility retrofitting M

Coal consumption 
Coal con

Rotor crack cycle parameters α1.  - 0.00577

Rotor crack cycle parameters α2.  - -2.682

3

4

.2 Cost Data 
In the flexibility retrofitting project of thermal power units, the unit investm
st is 1030,000 yuan per megawatt. Before the retrofit, the minimum output is 3
gawatts; after the retrofit, this value changes to 180 megawatts. The on-grid el

city price is 259.5 yuan per megawatt-hour. The coal price is 862.1 yuan per t

e water price is 27.59 yuan per ton, and the sewage treatment fee reaches 3.92
llion yuan per year. The desulfurization price is 5.1 yuan per ton·watt. The ins
ce premium rate is 0.25%, the maintenance rate is 2.6%, the salvage value rate

Referring to the trading rules of the current northwest deep peak regulation market, 
thermal power units grade quotes based on different reduced capacity ratios within 



paid peak regulation provisions. When peak load depth exceeds 50%, it enters the 
paid peak load stage. Units are divided into offer gears per 10% capacity, with the 
first and second gears declared by increasing price. The unit determines its maximum 
reduced power, and there's a price cap for each gear's declared price in the early mar-
ket[14]. The compensation rules are in Table 2. 

Table 2. Peak tariff 

Bid stall Load rate of thermal power unit Declared Price/Yuan/(MW·h) 
First gear 40%<Load rate<50% 300 

Second gear Load rate≤40% 800 

ted to Uncertainty Factors 
In addition, for thermal power units, in addition to considering factors such as coal 

prices, there is also a need for market price changes to grasp the changing trend of the 

Project Numerical value/% 
Coal price drif 0.04 
Coal price volatility 0.09 

Market price drift rate 0.1 
Fluctuation rate of market electricity price 0.05 

4.2 Economic Evaluation of Flexible Renovation Projects 

ferent transformation schemes, and the middle value of option value in the range of 
[80%,100% 2 million 
yuan. The probability that the net present value is greater than 0 is 5.33%, which indi-
cates that the thermal power industry is facing fierce market competition. If the ther-
mal power unit does not carry out flexible transformation, it is difficult to adapt to the 
demand change in the peak period, so that the operating cost of the unit in the off-
peak period can not be effectively compensated. 

4.2.2 Market Value 
The calculation results of net cash flow from operations after flexibility transfor-
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market more comprehensively. The relevant parameters of the volatility and drift rate 
of coal price and feed-in tariff are shown in Table 3. 

Table 3. Relevant parameters of coal price and on-grid electricity price 

t rate 

4.2.1 Net Present Value Before Flexibility Retrofit 
Considering the fluctuation of coal price and feed-in price, the present value of 

thermal power units before flexible transformation follows geometric Brownian mo-
tion. In this case, Monte Carlo simulation is used to calculate the option value of dif-

] is taken as the final option value of the scheme, which is -73

mation are shown in Table 4 below: 

4.1.4 Parameters Rela



Year 2024 2025 2026 2027 2028 2029 
Net cash flow 6.87 91.50 163.60 261.40 340.55 415.98 

Year 2030 2031 2032 2033 2034 2035 
Net cash flow 508.74 658.33 748.79 875.98 946.11 1005.80 

Year 2036 2037 2038 2039 2040 2041 
Net cash flow 1035.82 1079.10 1148.67 1215.53 1153.24 1126.45 

Year 2042 2043 
Net cash flow 1097.12 1148.91 
In real option theory, the value of the underlying asset is the net present value of 

the expected cash flow of the project. Since the type of real option specified above is 
the expansion option, for this project, the parameter is the net present value of the 
cash flow durin
power unit. The net present value of the operation is 1.487 billion yuan. 

Due to the large investment cost of the thermal power unit flexibility transfor-
mation project, it is also limited by many factors such as policy changes and market 
fl d 
operation process, and will directly affect the value of the underlying assets. Taking 
this into account, experts believe that the value of the underlying asset of the project 
is likely to fluctuate within the range of 10% up and down, that is, within the range of 
10% of the net present value calculated above. When the market environment is in a 
poor state, it is estimated that it will float downward by about 55 million yuan on this 
basis. When the market environment is in a better state, it is estimated that it will float 
upward about 65 million yuan on this basis. The fluctuation rate of present value of 

obtain the total investment cost of solid thermal storage boiler transformation as fol-

power units was constructed. Through the economic evaluation indicator system and 
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Table 4. Net cash flow from Operations after flexibility transformation 

g the operating period after the flexible transformation of the thermal 

uctuations, which may also lead to greater volatility in the future production an

thermal power unit project is calculated. 
Taking the electrode type electric boiler flexible transformation technology as an 

example, the value of fuzzy real option under this scheme is calculated. Where the 
unit investment cost ktrans=800，Wins=600，Wmin=300，θdep=80%， is calculated to 

lows: 

Ctrans=�Wmin-Wins×�1-θdep��×ktrans=[600-300×(1-80%)]×80=4800 (12) 

The market value of thermal power units under this flexible transformation scheme 
is 3486858.67. 

5 Conclusion 

In this study, an economic evaluation framework for the flexibility retrofit of thermal 

process, combined with the improved B-S option pricing model for case analysis. The 
study found that under the traditional net present value method, the net present value 
of the unretrofitted unit is negative, facing market competition pressure; after the 
retrofit, the market value is affected by many factors. For example, using the elec-
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
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