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Abstract: 

This research explores the critical role of adaptability in thermal power plants in relation to future low-

carbon energy infrastructures. A stochastic scheduling framework that employs rolling planning is 

adopted to quantify the reductions in operational costs brought about by augmented flexibility. The 

framework proficiently arranges the allocation of energy and ancillary services while directly 

confronting the uncertainties linked to renewable energy generation and production failures. Numerous 

dimensions of flexibility are outlined and evaluated across two representative systems, indicating that 

the assessment of plant flexibility is critically reliant on the unique system context. Sensitivity analyses 

are carried out to scrutinize the influence of heterogeneous scheduling methodologies and carbon 

taxation on the significance of flexibility in addition to these conclusions, the manuscript examines the 

role of flexibility in sustaining grid stability as the integration of renewable energy intensifies, 

highlighting its crucial importance in mitigating the variability and intermittency associated with 

renewable resources. The connection between flexibility and energy storage solutions is explored, 

emphasizing their joint ability to strengthen system reliability. Also, the report probes into the impact of 

flexibility on sustained investment choices, taking into consideration how market setups and policy 

efforts, including carbon pricing and subsidies, can assist in advancing the utilization of flexible 

technologies. 
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Introduction: 

The requirements for operating reserves and the necessity for flexibility amidst elevated penetration 

levels of intermittent renewable generation exhibit a substantial escalation in comparison to conventional 

systems. The provision of supplementary operating reserves is achieved through an increased 

deployment of plant operations at part-load, which is characterized by diminished efficiency, and/or 

through the utilization of plants that incur higher operational  costs,  thereby  resulting  in  an 

augmentation of real-time system balancing expenditures. Furthermore, the demand for additional 

reserves in conjunction with a deficiency in flexibility adversely affects the system's capacity to 

accommodate intermittent renewable generation, especially during instances where elevated outputs of 

renewable generation align with periods of reduced demand. The impact of plant flexibility on the 

performance of low-carbon energy systems is multifaceted, influencing both operational efficiency and 

economic viability. Flexibility in power systems is crucial for integrating renewable energy sources, 
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which are inherently variable and uncertain. This flexibility allows systems to adapt to fluctuations in 

energy supply and demand, thereby maintaining reliability and minimizing costs. The following sections 

explore the various dimensions of plant flexibility and its implications for low- carbon energy systems. 

• Flexibility in power systems can enhance or hinder the effectiveness of CO2 pricing policies. 

Inflexible systems may require higher CO2 costs to achieve emission reductions, while flexible 

systems can switch fuels more efficiently, reducing emissions at lower costs(Rosnes, 2007). 

• The integration of carbon capture power plants (CCPPs) into dispatch models shows that flexibility 

in power output and ramping rates can significantly impact carbon emissions and system dispatch 

efficiency(Ji et al., 2013). 

• The inclusion of system costs associated with variable renewables can increase electricity supply 

costs by up to one-third. This highlights the need for flexible systems to manage these costs 

effectively and ensure 

• the economic viability of low-carbon energy systems(Cometto & Keppler, 2012). 

• Flexibility in thermal power plants can lead to substantial operational cost savings. Stochastic 

scheduling models demonstrate that improved flexibility can optimize energy and ancillary service 

scheduling, reducing costs associated with renewable production uncertainties(Teng et al., 2014). 

• Coal plants can be adapted to become flexible resources, capable of cycling on and off to 

accommodate renewable energy variability. However, this requires significant operational changes 

and can impact plant life expectancy(Cochran et al., 2013). 

• Flexibility indices, such as the Normalized Flexibility Index (NFI) and Loss of Wind Estimation 

(LOWE), provide metrics to assess system flexibility and accommodate wind energy, offering a 

consistent overview of system adaptability(Ma et al., 2012). 

• Coordinated electric vehicle (EV) charging can enhance system flexibility, reduce CO2 emissions 

and wind curtailment. This is particularly beneficial in systems dominated by thermal power 

plants(Pavić et al., 2014). 

• Building energy systems with thermal storage offers additional flexibility options, allowing for the 

adjustment of heat generator operations to match renewable energy availability(Stinner et al., 2015). 

• While plant flexibility offers numerous benefits for low-carbon energy systems, it also presents 

challenges. The need for significant operational changes, potential impacts on plant longevity, and 

the economic implications of integrating flexibility into existing systems must be carefully managed. 

Balancing these factors is essential for optimizing the performance and sustainability of low-carbon 

energy systems. A detailed multi-tiered stochastic scheduling framework has been effectively 

constructed and put into operation to methodically analyze the operational value yielded by flexible 

power generation assets. The inherent variabilities associated with renewable energy sources and 

generator fluctuations are systematically modeled. This manuscript primarily aims to analyze the 

operational advantages of the flexibilities offered by gas-based generation, with particular attention 

to elements such as decreased minimum stable generation, minimized start-up intervals, increased 

ramp rates, advanced frequency response features, and the capability to sustain an idle state. An in- 

depth collection of sensitivity analyses is carried out to assess the relevance of plant flexibilities 

throughout diverse energy systems. Furthermore, the implications of various scheduling strategies 

and the influence of carbon taxation are thoroughly examined. The following segments of this 

document are arranged as follows: Section 2 describes the stochastic scheduling tool, Section 3 

conveys the primary findings, and Section 4 offers a definitive summary of this research. 
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LITERATURE 

[1] The paper indicates that plant flexibility significantly influences the effectiveness of CO2 pricing in 

power markets. Inflexible systems may enhance emission reductions at certain CO2 cost levels, while at 

others, they require higher costs to achieve similar reductions.[2] The report highlights that plant 

flexibility is crucial for managing the system costs associated with variable renewables. It emphasizes 

that without significant changes in management and cost allocation, the coexistence of nuclear energy 

and renewables will face challenges in low-carbon energy systems.[3] The paper discusses how plant 

flexibility, quantified through indices like NFI and LOWE, impacts low-carbon energy systems by 

enhancing their ability to accommodate variations in generation and demand, thereby reducing wind 

curtailment and improving overall system reliability and efficiency.[4] The paper highlights that the 

flexibility of carbon capture power plants (CCPPs) significantly impacts low-carbon energy systems by 

reducing start- up/shut-down operations and minimizing wind curtailment,   ultimately   enhancing   

system performance and reducing total costs and emissions in power dispatch.[5] Plant flexibility enhances 

performance in low-carbon energy systems by enabling coal plants to cycle on and off, accommodating variable 

renewable energy output. This adaptability requires operational modifications, minimizing forced outages while 

balancing maintenance costs and system reliability.[6] The analysis shows that plant flexibility significantly 

enhances performance in low-carbon energy systems by reducing operational costs and accommodating higher 

renewable penetration. Flexibility features vary in value depending on system characteristics, influencing ancillary 

service requirements and overall system efficiency.[7] The paper indicates that plant flexibility, particularly in low 

flexible power systems dominated by thermal plants, significantly enhances performance by accommodating 

variable renewable energy sources, reducing CO2 emissions, and minimizing wind curtailment and operational 

costs through coordinated EV charging strategies.[8] The paper focuses on building performance simulation to 

analyze operational flexibility in energy systems, particularly how heat storage and generators can adapt to 

varying heat demand, thereby enhancing the performance and integration of low-carbon energy systems.[9] Plant 

flexibility enhances low- carbon energy systems by enabling rapid output adjustments, improving efficiency at 

lower outputs, and reducing curtailment of variable renewable energy. This flexibility boosts investor confidence, 

stabilizes revenue streams, and minimizes environmental impacts through optimized resource utilization.[10] The 

paper assesses that extending operational flexibility in gas turbine combined cycle power plants reduces the 

Minimum Environmental Load to 26%, enhancing performance in low-carbon energy systems by maintaining 

efficiency and compliance with emissions while providing rapid frequency response capabilities.[11] The paper 

indicates that low-carbon energy systems exhibit sufficient operational flexibility to manage intermittent 

renewable energy sources (iRES). While dispatchable generators experience reduced capacity factors, their 

efficiency remains largely unaffected, with minimal reductions observed even at high iRES penetration 

levels.[12] The paper assesses how plant flexibility, particularly from gas turbines, impacts low-carbon energy 

systems by quantifying the integrated flexibility of gas and electrical networks, revealing constraints on generator 

dispatch and the effects of heating sector changes on overall system performance.[13] The paper highlights that 

operational flexibility significantly influences capacity planning in low- carbon energy systems, enabling better 

integration of renewable generation and compliance with carbon emission limits, ultimately leading to improved 

performance in meeting demand and regulatory standards.[14] The paper discusses how increasing the flexibility 

of conventional power plants enhances their performance in low-carbon energy systems by effectively 

compensating for fluctuations in the electrical grid caused by intermittent renewable energy sources like wind and 

solar.[15] The paper analyzes how increased wind capacity affects thermal power plant performance, emphasizing 

the need for flexible low-carbon energy systems. It highlights operational constraints, ramping requirements, and 

the role of energy storage in managing variability and ensuring system reliability. 
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METHODOLOGIES 

A detailed stochastic scheduling framework adopting a rolling planning model is created to refine the 

optimization of energy distribution and ancillary services, considering the intrinsic uncertainties in 

renewable energy generation alongside the risks of generation outages. The framework incorporates 

pivotal concepts derived from unit commitment and economic dispatch, with the intent of minimizing 

forecasted operational expenses across various conceivable future scenarios. Emerging evidence [11, 15] 

reveals that the adoption of stochastic scheduling approaches can facilitate decreased operational costs 

and reduced constraints on renewable energy relative to deterministic scheduling, particularly in 

environments with significant renewable energy incorporation. This scenario tree acts as a dynamic 

apparatus, substituting standard exogenous ancillary service specifications within the deterministic 

scheduling structure, thus providing a more adaptable and flexible scheduling framework. Each scenario 

encapsulated in the tree is allocated a weight that corresponds to its likelihood of occurrence, enabling 

the model to evaluate and prioritize various generation strategies. The scheduling process considers not 

only the extent and type of generation capacity demanded for each scenario but also assimilates the 

pertinent costs involved in supplying that capacity. In addition, it encompasses the Value of Lost Load 

(VOLL), which quantitatively assesses the economic ramifications of supply interruptions. By factoring 

in the possible outcomes of differing scenarios and the financial ramifications of both power generation 

and curtailment, this probabilistic scheduling model fosters a more effective and trustworthy operation 

of the energy grid. This strategy further boosts the system's flexibility to cope with the changes in 

renewable resources, assuring a steady and budget- friendly energy solution. involves in the extraction of 

high-level information. This extracts the information from low level sensors. The proposed system uses 

deep learning techniques to enable sensors to differentiate between various human activities based on 

data collected from the environment. The HRC system is designed to be non-intrusive and leverages 

existing wireless infrastructure to detect and recognize human activities in a particular environment. The 

primary objective is to develop a system that can effectively recognize and classify human activities by 

leveraging low-cost Wi-Fi sensors. The proposed system is scalable and can be [7]deployed in various 

environments, such as homes, offices, and public spaces. The system [8]can assist in monitoring the 

health and well-being of individuals and can also be used in security applications. 

 

 
Fig. Discussion on Scenario Tree 

 

Fig.1 Represents the Scenario Tree. The scenario tree entails representative representations of the 

uncertainties that are inherent to the system. Numerous methodologies have been proposed to generate 
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these scenarios. The present analysis employs the quantile-based scenario generation approach. This 

methodology was articulated in [11] via the establishment and weighting of scenario trees contingent 

upon user-defined quantiles sourced from the distribution of wind forecast errors, and subsequently 

augmented to integrate demand forecast errors and generation outages in [12]. Relative to standard 

Monte Carlo approaches, the quantile-based framework adeptly communicates   vital   information   

concerning uncertainties by leveraging a restricted number of scenarios. 

b. Stochastic Unit Commitment Formulation 

The load balance constraint ensures that supply and demand are maintained in equilibrium during each 

hourly interval. Frequency response requirement constraint: this condition affirms that an adequate swift 

frequency response is obtainable to compensate for the non-availability of a generator. Thermal plant 

restrictions: these involve parameters such as maximum production capacity, Minimum Stable 

Generation (MSG), required minimum up/down time, ramp up/down rates, frequency response 

capabilities, and additional factors. A rigorous mathematical formulation of these constraints is 

expounded in [11]. Furthermore, a unique operational mode for thermal generators, known as the idle 

state, has been articulated to signify the condition in which a generator is synchronized yet refrains from 

contributing energy to the grid. It is asserted that a generator possessing idle-state functionality can 

effortlessly transition between an online state and an idle state instantaneously, without incurring 

initiation costs or encountering initiation failures. Storage unit limitations: the output capacity of storage 

is confined by both the power rating and the energy reserves stored within the reservoir. The 

inefficiencies associated with round-trip energy transfer are incorporated into the model. The frequency  

response  supported  by  storage  is governed by the maximum response limits and the energy stored 

in the reservoir. 

c. Additional Features of Flexibility: 

The fundamental attributes of pertinent flexibility to thermal power generation facilities are encapsulated 

.A significant metric is Minimum Stable Generation (MSG), which delineates the spectrum within which 

these facilities can modulate their energy production. Recent investigations [11, 15] have indicated that 

the implementation of stochastic scheduling methodologies results in diminished operational costs and 

alleviate constraints on renewable energy, especially in contexts marked by elevated levels of renewable 

energy assimilation. In contemporary power systems, deterministic scheduling remains the prevalent 

method; however, the escalating prevalence of intermittent energy sources is anticipated to catalyze a 

transition towards stochastic scheduling approaches. The maximum response capability articulates the 

highest segment of the plant's capacity that is able to offer services associated with frequency response. 

An enhanced ramp rate denotes that the plant has the ability to modify its output with greater swiftness 

to meet the demands of system fluctuations. Commitment time encapsulates the timeframe essential for 

thermal plants to change from a non- functional state to an active operational state. A reduced 

commitment time signifies diminished uncertainty  when  making  decisions  regarding startup 

procedures. The idle state conveys the proficiency of the plant to persist in an online position without the 

production of energy. 

 
Table1. Flexible Features Description 
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Fig.2 An Example demonstrating the response attributes of a thermal power facility is exemplified 

by the peak response capacity of discrete generators. 

 

Table.1 Represents the Flexible Feature Description and the Fig.2 Represents the Example for 

Demonstrating the response of thermal power facility 

 

Results and Discussion 

The studies are undertaken across four different stages of wind penetration: 0%, 20%, 40%, and 60%. 

The appraisal of flexibility is gauged through the annual operational cost savings associated with the 

improved flexibility. In a more detailed manner, subsequent to resolving the scheduling conflict for a 

specifically identified baseline, one or more technical  parameters  relevant  to  a  certain 

technology are improved, thus necessitating a reconsideration of the system scheduling. The reductions 

in operational costs that are linked to the improvement of such a technical parameter are referred to as 

the value of flexibility within that designated framework. It is essential for the reader to comprehend that 

this value does not fundamentally denote a revenue stream for the power plant operator, as detailed in 

section 3.7. As an essential case study, 6% of the total plants are refined to adopt enhanced flexibility. 

The stochastic scheduling framework is initially implemented in the baseline systems devoid of any 

additional flexibility elements. The flexible system demonstrates increased operational costs while at the 

same time indicating less wind curtailment. Alternatively, the inflexible system that is largely reliant on 

nuclear energy showcases reduced operational costs in conjunction with a considerable amount of wind 

curtailment. The designation of these two baseline systems, identified by their specific performance 

benchmarks, would aid in fostering a greater awareness of the necessity and importance of flexible 

plants within systems that exhibit diverse characteristics. Conversely, the rigid system reveals 

diminished operational costs (Red), while concurrently encountering substantial wind curtailment (Red 

dot). It is apparent that the value of flexibility escalates in correlation with the increased penetration of 

wind energy. This underscores the escalating significance of adaptable generation systems in preserving 

grid stability and reducing curtailment as renewable energy sources, such as wind, constitute an 

expanding segment of the energy. This phenomenon is explained by the increased need for reserves 

associated with greater wind penetration, thereby making flexibility increasingly advantageous. Yet, the 

value ascribed to high response capability stays insignificant within this system. Given the substantial 

presence of flexible hydroelectric plants that deliver economical responses, there is no requirement for 

facilities endowed with enhanced response capabilities within the system. Furthermore, the results of the 

simulation suggest that the inclusion of flexible plants results in a diminishment of wind curtailment. 

Fig.3 Value in terms of value cost reduction of flexibility in FlexSys. And the Fig.4 Fig. 4 Value in 

terms of value cost reduction of flexibility in IN-FlexSys. Fig.5 Flexibility's Significance in a 60% Wind 
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Capacity Flexible Structure with Various Scheduling Techniques. Hourly Stochastic Scheduling (Blue) 

is Established as the Baseline Case. 

 

 
Fig.3 Value in terms of value cost reduction of flexibility in FlexSys 

 

 
Fig.4 Value in terms of value cost reduction of flexibility in IN-FlexSys 

 

 

 
Fig.5 Flexibility's Significance in a 60% Wind Capacity Flexible Structure with Various 

Scheduling Techniques. Hourly Stochastic Scheduling (Blue) is Established as the Baseline Case. 

 

Conclusion: 

This manuscript explores the importance of flexible power generation facilities within the potential low 

carbon energy framework. Empirical research has illustrated that the significance assigned to the 
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operational flexibility of these facilities increases with the enhanced incorporation of wind energy; 

however, the demands for flexibility differ across various energy systems. In energy systems largely 

reliant on coal and natural gas, the prominence of attributes concerning reserve flexibility (like shortened 

commitment periods, dormant states, etc.) is increased, whereas in systems where nuclear energy 

predominates, the characteristics associated with frequency response flexibility (including substantial 

response potential and lower minimum stable generation) are viewed as more advantageous. In addition, 

the analysis reveals that the array of scheduling methodologies implemented within these systems could 

substantially affect the evaluation of flexibility attributes. In a low base system, the deployment of 

conventional deterministic scheduling is likely to amplify the evaluation of minimum stable generation 

and idle state, while at the same time decreasing the importance of commitment time. An elevated 

carbon price consequently shifts the valuation of flexibility from coal-fired generation facilities to 

natural gas facilities. 
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