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ABSTRACT: The integration of renewable energy introduces significant uncertainty into daily power system operation
scenarios. Traditional deterministic unit commitment methods struggle to adapt to these conditions, often resulting
in poor economic performance and high curtailment rates in planning outcomes. To address these challenges, this
paper proposes a coordinated thermal power-energy storage planning methodology for managing renewable energy
uncertainty. First, the operational effectiveness of daily unit commitment under uncertain renewable energy scenarios
is analyzed, with quantitative assessment of how different commitment strategies impact supply-demand balance and
economic performance. Subsequently, by conducting flexibility evaluation under multiple renewable energy output
profiles in typical days, an entropy weight-based method for determining daily unit commitment is developed. This
approach evaluates the performance of commitment strategies across multiple uncertain scenarios using various
flexibility metrics, enabling the identification of strategies that effectively accommodate uncertainty. Furthermore,
building upon the entropy weight-based unit commitment methodology, a coordinated thermal power-energy storage
planning model is formulated with the objective of minimizing expected costs across all scenarios. Finally, using actual
measurement data from a Northeast China power grid, multiple typical-day uncertainty scenarios are constructed, and
case study analysis validates the effectiveness of the proposed methodology.
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1 Introduction
The output of renewable energy is highly volatile and uncertain due to its dependence on meteo-

rological and geographical conditions. The large-scale integration of renewable energy intensifies system
uncertainty [1,2], making real-time power balance increasingly difficult and leading to frequent extreme
events of supply–demand imbalance [3], Consequently, high-penetration renewable energy power systems
are facing the dual challenges of ensuring supply security and renewable energy utilization.

The deployment of flexible resources such as energy storage is an effective measure to enhance system
flexibility and mitigate the impact of renewable energy uncertainty. During planning, underestimating the
degree of renewable output uncertainty may reduce investment costs in flexibility resources but could
result in insufficient regulation capability, frequent power shortages, and large-scale curtailment events.
Conversely, overestimating uncertainty could lead to excessive investment in flexibility resources, resulting
in redundancy and economic inefficiency. Therefore, configuration schemes based on a single deterministic
renewable output scenario are insufficient to address the wide range of possible fluctuations. Properly
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considering multiple uncertainty scenarios of renewable generation is essential for ensuring the secure and
economic operation of future high-renewable energy power systems.

Extensive research has been conducted on power generation and energy storage planning under
renewable energy uncertainty, mainly categorized into stochastic programming, robust optimization, and
multi-scenario analysis methods. Stochastic programming represents renewable energy variability through
probabilistic distributions. For example, reference [4] models net-load uncertainty using probability dis-
tributions and incorporates it into optimization through the concept of admissible regions. Reference [5]
introduces probabilistic intervals to represent wind power uncertainty and evaluates risks using Conditional
Value-at-Risk (CVaR). Reference [6] considers uncertainties in generation, load, and market factors under
a power market environment and solves probabilistic constraints via a Monte Carlo simulation-based
heuristic algorithm. However, the accuracy of stochastic programming largely depends on the correctness
of the assumed probability distribution. Given the complex and non-stationary characteristics of wind and
solar output [7,8], it is difficult to model their distributions precisely. Moreover, extracting distribution
functions from historical data or Monte Carlo-generated scenarios may distort the temporal correlations
inherent in renewable energy output, thus diminishing the effectiveness of the resulting planning schemes
in addressing uncertainty.

Robust optimization approaches model renewable energy uncertainty as uncertainty sets and seek opti-
mal solutions under worst-case conditions. Reference [9] develops a three-level robust planning model that
employs energy storage to mitigate the impact of wind power investment uncertainty and the retirement of
thermal units on system reserves. Reference [10] introduces a leader–follower game approach with ellipsoidal
uncertainty sets to model offshore wind generation uncertainty. Reference [11] constrains forecast deviations
within bounds determined by system uncertainty levels, while reference [12] incorporates energy storage
lifetime constraints to prevent overly optimistic planning results, though uncertainty is only considered on
the load side. Robust optimization effectively enhances system security [13]; however, its focus on worst-case
scenarios often leads to overly conservative and economically suboptimal solutions.

Multi-scenario analysis methods have also been widely applied in uncertainty-based power system
planning [14–16]. Reference [17] employs a high-resolution assessment model to capture the multidimen-
sional impacts of renewable output uncertainty on system operation. Reference [18] uses machine learning to
generate renewable output scenarios with temporal characteristics, developing a coordinated planning model
for wind–solar–storage systems that preserves long-term correlations. Reference [19] applies the K-Medoids
clustering method to reduce scenario numbers and guide energy storage configuration for wind and solar
smoothing. However, most existing studies focus on “one-to-one” relationships between load and renewable
generation, which become inadequate as renewable penetration increases and system uncertainty diversifies.

As an objective weighting approach, the entropy weight method has been widely applied across various
fields [20,21]. At the same time, compared with the analytic hierarchy process (AHP), the entropy weight
method is completely based on the degree of data variation to determine the index weight, which avoids the
deviation caused by subjective judgment in AHP and makes the weight distribution more objective. When
dealing with multi-index decision-making related to renewable energy uncertainty, the objectivity of data
is very important, and the entropy weight method can better reflect the actual importance of each index.
Compared with the fuzzy comprehensive evaluation method, the entropy weight method is more concise and
clear in the face of complex index system, and does not need to construct complex fuzzy relation matrix and
fuzzy synthesis operation, which has significant advantages in dealing with large-scale data and multi-index
power system planning problems. Through these comparative analyses, the rationality and applicability of
choosing entropy weight method to manage the uncertainty of renewable energy and apply it to the joint
planning model of fire and energy storage are highlighted.
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In summary, to address the challenge of efficient thermal–storage co-optimization under high renewable
penetration and strong uncertainty, this paper proposes a thermal–storage coordinated planning method
based on the entropy weight theory. First, the adaptability of conventional unit commitment plans under
different renewable scenarios is analyzed. A set of flexibility evaluation indices is established to assess the
adaptability of various unit commitment schemes, and the entropy weight method is employed to assign
objective weights to these indices, thus identifying the most comprehensive and robust unit commitment
plan. Second, based on a “one-to-many” principle, multiple renewable generation scenarios are associated
with each typical load curve. The optimal storage configuration is then determined by minimizing the
expected total cost over the entire planning horizon. Finally, a case study based on a regional power grid in
Northeast China is conducted to validate the effectiveness and superiority of the proposed method.

2 Determining Thermal Power Unit Commitment Based on Entropy Weight

2.1 Rational Selection of Daily Unit Commitment
The power output of a thermal power unit must be maintained within its maximum and minimum

technical limits. Consequently, its regulation capability is constrained by the daily unit commitment
schedule. Under a given scenario, this section illustrates the relationship between the daily commitment
of thermal power units and the resulting power curtailment and power shortage, without considering the
impact of unit ramping rates for now.

As shown in Fig. 1, two different unit commitment schedules under the same net load curve are
illustrated. In Fig. 1a, the maximum value of the net load is set as the daily unit commitment. The blue area
represents the adjustable range of the thermal power units. The portion of the net load curve below the blue
area indicates power curtailment, while power shortage does not occur in this case. In Fig. 1b, the committed
capacity of the thermal power units is reduced, with the minimum output set as close as possible to the daily
minimum net load. The adjustable range of the thermal power units then becomes the red area. The portion
of the net load curve above the red area corresponds to power shortage, and power curtailment is absent
under this configuration.
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Figure 1: The effect of different start-up plans in a certain scenario: (a) Maximum net load plan; (b) Minimum net load
plan

Based on these two daily unit commitment schedules, the role of energy storage systems is analyzed,
under the assumption that the system is equipped with adequate energy storage capacity.

Fig. 2 illustrates the system’s power curtailment and power shortage scenarios with the participation of
energy storage. The green dashed line in the figure represents the net load curve after the action of the energy
storage system. In Fig. 2a, the energy storage charges during periods of power curtailment and discharges
during peak net load periods, thereby resolving the power curtailment issue. However, in this case, the
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regulation range of the thermal power units significantly exceeds the maximum value of the adjusted net load.
If the committed capacity were reduced, both the system’s power curtailment and the demand for energy
storage would be further decreased. Fig. 2b presents a scenario under a different daily unit commitment
schedule. Here, the committed capacity of the thermal power units is too low, leaving no charging headroom
for the energy storage system and thus failing to alleviate the power shortage. In practice, an appropriate daily
unit commitment schedule for thermal power units should exist, which would enable the thermal power–
energy storage system to avoid both power curtailment and power shortage, without overstating the system’s
requirement for energy storage capacity.
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Figure 2: Impact of different unit commitment schemes on the action space of energy storage: (a) Maximum net load
scheme; (b) Minimum net load scheme

As shown in Fig. 3, a slight reduction in the committed capacity of thermal power units leads to the
coexistence of both power curtailment and power shortage. However, sufficient charging and discharging
headroom is available for the energy storage system. With the participation of energy storage in regulation,
both power curtailment and power shortage can be fully mitigated without requiring excessive energy storage
resources. By properly determining the daily unit commitment schedule for thermal power units to achieve
effective coordination between thermal generation and energy storage, the system’s regulation capability can
be fully utilized. This approach ensures adequate system flexibility while optimizing investment costs.
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Figure 3: Schematic diagram of coordinated operation between thermal power units and energy storage

2.2 Impact of Renewable Energy Uncertainty on Daily Unit Commitment
In conventional power systems with low renewable energy penetration, the generation side is nearly

fully dispatchable, and the primary source of system uncertainty lies in load variability. In contrast, in
future power systems with a high share of renewable energy, the uncertainty of renewable generation
will become the dominant factor affecting system operation. Currently, in power system operation and
planning, load forecasting has achieved a high level of accuracy. Therefore, the major challenge in operating
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a high-renewable power system will be addressing the significant uncertainty associated with renewable
energy sources.

Fig. 4 illustrates three renewable energy scenarios considered in the scheduling day. Scenario 3 rep-
resents a conventional case with a high probability of occurrence, while Scenarios 1 and 2 correspond to
scenarios with extremely high and extremely low renewable energy generation, respectively. Each scenario
presents distinct operational challenges. In Scenario 1, characterized by high renewable generation, the
output profile closely aligns with the system load curve. Although generation resources are sufficient in this
case, there is a risk of renewable energy curtailment. In Scenario 3, where renewable output is very low and
even approaches zero during certain periods, the system experiences significant supply pressure, leading to a
risk of power shortage. Developing an appropriate unit commitment strategy to comprehensively address the
varying flexibility requirements across these multiple scenarios will significantly influence both the security
and economic efficiency of system operation.
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Figure 4: Schematic diagram of a daily dispatchable load profile and renewable energy profile: (a) Load curve;
(b) Renewable energy curve

Fig. 5 illustrates the net load curves under three scenarios and schematic representations of two unit
commitment strategies. In Strategy 1, the maximum net load value across all possible scenarios is selected
as the committed capacity. Strategy 2, in contrast, adopts the maximum net load value from Scenario
3, which has the highest probability of occurrence. Although Strategy 1 ensures power supply security
during periods of extremely low renewable energy generation, it significantly exceeds the net load curve
in conventional scenarios. Furthermore, the energy storage system lacks sufficient operational headroom,
leading to substantial renewable energy curtailment. Strategy 2, however, fails to maintain power supply
security in Scenario 1. In this scenario, the net load exceeds the maximum output of the thermal power units
at 18 time intervals, resulting in a power shortage of 4633.73 kWh, which accounts for 14.11% of the total
energy demand. Relying solely on energy storage is insufficient to ensure power supply security under these
conditions. The unit commitment strategy derived from Scenario 1 is clearly impractical and is therefore
excluded from further discussion.

2.3 Flexibility Evaluation Metrics
Power system flexibility must be evaluated from multiple dimensions, as it involves distinct require-

ments in terms of regulation direction, regulation capacity, and ramping rate. Fig. 6 provides a schematic
diagram of these system flexibility requirements.
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Figure 5: Comparison of the two unit commitment strategies: (a) Strategy A; (b) Strategy B
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Figure 6: Schematic diagram of flexibility requirements

As shown in Fig. 6, the gray areas represent power curtailment while the yellow areas indicate power
shortage, corresponding to the system’s flexibility requirements in the downward and upward directions,
respectively. Although both gray regions denote power curtailment, they originate from distinct causes,
reflecting different aspects of system flexibility needs. The first gray area, where the net load falls below
the adjustable range of the thermal power units, signifies a deficiency in regulation capacity. This issue can
be addressed either by reducing the committed capacity of thermal power units or by deploying energy
storage systems. The second gray area, occurring within the adjustable range of the thermal power units,
results from insufficient downward ramping capability and highlights a need for enhanced regulation speed.
Increasing the committed capacity to improve ramping rates would raise the lower regulation limit, making
energy storage the only viable solution to mitigate this type of curtailment. Similarly, power shortage
incidents may also arise from either insufficient regulation capacity or inadequate ramping rates. Therefore,
to comprehensively evaluate the flexibility of different unit commitment strategies across various scenarios,
this paper introduces eight flexibility evaluation metrics, considering two directions (upward and downward
regulation), two dimensions (capacity and ramping rate), and two attributes (energy volume and duration).
The specific metrics are as follows.

2.3.1 Expected Upward/Downward Flexibility Capacity Deficiency

ΔP j
UFC,t = {

0 , P j
NET,t ≤ U max

i
P j

NET,t −U max
i , P j

NET,t > U max
i

(1)
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Ei
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j
Pr

j
⋅

T
∑
t=1

ΔP j
UFC,t (2)

ΔP j
DFC,t = {

U min
i − P j

NET,t , P j
NET,t ≤ U min

i
0 , P j

NET,t > U min
i

(3)

Ei
DFC = ∑

j
Pr

j
⋅

T
∑
t=1

ΔP j
UDC,t (4)

where, Ei
UFC, Ei

DFC represent the expected upward and downward flexibility capacity deficiency of the
system, respectively; U max

i , U min
i denote the upper and lower output limits of the units under the i-th unit

commitment strategy; and Prj indicates the probability of occurrence of the j-th scenario.

2.3.2 Expected Upward/Downward Flexibility Ramping Deficiency

ΔP j
NET,t = P j

NET,t − P j
NET,t−1 (5)

ΔP j
UFR,t = {

0, ΔP j
NET,t ≤ RUi

ΔP j
NET,t − RUi , ΔP j

NET,t > RUi
(6)

Ei
UFR = ∑

j
Pr

j
⋅

T
∑
t=1

ΔP j
UFR,t (7)

ΔP j
DFR,t = {

RDi − ΔP j
NET,t , ΔP j

NET,t ≤ RDi

0 , ΔP j
NET,t > RDi

(8)

Ei
DFR = ∑

j
Pr

j
⋅

T
∑
t=1

ΔP j
DFR,t (9)

where, ΔP j
NET,t represents the net load variation of the system at time interval t; Ei

UFR, Ei
DFR denote the

expected upward and downward flexibility ramping deficiency of the system, respectively; RUi , RDi indicate
the maximum upward and downward ramping capabilities of the units under commitment strategy i.

2.3.3 Expected Duration of Upward/Downward Flexibility Capacity Deficiency

Ei
UCH = ∑

j
Pr{P j

NET,t > U max
i }T (10)

Ei
DCH = ∑

j
Pr{P j

NET,t < U min
i }T (11)

where, Ei
UCH, Ei

DCH represent the expected duration of upward and downward flexibility capacity deficiency
in the system, respectively; Pr{ } denotes the probability of scenario j satisfying the expression within the
brackets; and T represents the scheduling horizon for a typical day, which is set to 24 h in this study.

2.3.4 Expected Duration of Upward/Downward Flexibility Ramping Deficiency

Ei
URH = ∑

j
Pr{RUi ≤ P j

NET,t − P j
NET,t−1}T (12)
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Ei
DRH = ∑

j
Pr{P j

NET,t − P j
NET,t−1 ≤ RDi}T (13)

where, Ei
URH, Ei

DRH denote the expected duration of upward and downward flexibility ramping defi-
ciency, respectively.

2.4 Evaluation and Formulation of Unit Commitment Based on Entropy Weight Method
As indicated by the preceding analysis, the selection of the daily unit commitment for thermal power

units influences the operational space of energy storage systems. Moreover, when confronting uncertain
scenarios, a commitment strategy designed for a single scenario is often inadequate to meet the flexibility
requirements of other scenarios. Based on the eight flexibility evaluation metrics introduced in the previous
section, the entropy weight method is employed to determine the weight of each metric, thereby enabling
the selection of a daily unit commitment strategy capable of comprehensively addressing all scenarios. A key
advantage of the entropy weight method lies in its ability to derive the weights of each metric in a rapid,
robust, and entirely objective manner. Since the fundamental principle of this method is to measure the
dispersion degree of data, it can effectively identify the evaluation metrics that exert the most significant
influence on system flexibility—that is, the most critical regulation requirements of the system.

Y =
⎡⎢⎢⎢⎢⎢⎣

y11 ⋅ ⋅ ⋅ y1 j
⋮ ⋮ ⋮

yi1 ⋅ ⋅ ⋅ yi j

⎤⎥⎥⎥⎥⎥⎦
(14)

where, Y represents the standardized matrix, and yi j denotes the value of the standardized metric. After
performing the standardization procedure, the proportion of data for each metric and the corresponding
information entropy can be derived, as shown in Eqs. (15) and (16):

pi j =
yi j

∑
i

yi j
(15)

e j = − ln( 1
n
)

n
∑
i=1

pi j ln pi j (16)

where, pi j represents the proportion of the value corresponding to commitment strategy i in metric j;
e j denotes the information entropy contained in metric j, and n indicates the number of data points in
each metric. The information entropy is then utilized to determine both the weight of each metric and the
comprehensive score of each commitment strategy.

w j =
1 − e j

m −∑ e j
(17)

Si = ∑w j ∗ yi j (18)

where, wj represents the weight assigned to each metric, and Si denotes the comprehensive score for each
commitment strategy.

2.5 A Coordinated Planning Method for Thermal Power-Energy Storage Systems with Daily Unit Commit-
ment Formulation
The core of determining the daily unit commitment lies in utilizing the flexibility metrics proposed in

the previous section to quantify the flexibility imbalance under a given commitment strategy across multiple
dimensions. The entropy weight method is then applied to assign corresponding weights to these metrics,
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enabling a comprehensive evaluation of the strategy. Ultimately, the strategy with the highest comprehensive
score—capable of adapting to multiple potential scenarios—is selected.

Upon determining the daily unit commitment for each typical day, the required new capacity of thermal
power units can be established. Based on the finalized unit commitment schedules, energy storage system
planning is subsequently performed. The detailed solution procedure is illustrated in Fig. 7.
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Figure 7: Flowchart of daily unit commitment and coordinated thermal power-energy storage planning
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3 Thermal Power-Energy Storage Coordinated Planning Model

3.1 Objective Function
This paper adopts economic optimality as the planning objective. By comprehensively considering

potential scenarios across all typical days, the economic performance of the planning outcome is evaluated
based on the energy storage system construction cost and the expected operational cost throughout the
planning horizon.

min C = COP + (CTH + CESS) ⋅
r (1 + r)Tplan

(1 + r)Tplan − 1
(19)

where, CTH represents the construction cost of new thermal power units; CESS indicates the construction
cost of energy storage device; COP represents the operating cost; r is discount rate.

CTH = cthPnew (20)

where, cth denotes the unit capacity construction cost of thermal power units, and Pnew represents the
capacity of newly installed thermal power units.

The construction cost of the energy storage system comprises two components: the energy capacity cost
and the power capacity cost, expressed as:

CESS = ceEess + cpPess (21)

where, ce, cp denote the unit energy capacity cost and unit power capacity cost of the energy storage system,
respectively; Eess, Pess represent the energy capacity and power rating of the energy storage system in the
planning solution.

The operational cost of the system should account for coal consumption costs, power curtailment
costs, and power shortage costs across different scenarios. Considering the probability of each scenario, the
expected operational cost is formulated as follows:

COP = E [ccoal∑Pg] +E [cw∑Wc] +E [cL∑ Lc] (22)

where, E [⋅] denotes the mathematical expectation operator; ccoal represents the unit generation cost of
thermal power units, and Pg indicates the corresponding power generation; cw is the unit penalty for power
curtailment, with Wc representing the curtailed power; cL denotes the unit penalty for power shortage, and
Lc signifies the power shortage level.

3.2 Operational Constraints
The model primarily considers the operational constraints of thermal power units, renewable energy

units, energy storage systems, and system power balance. The detailed mathematical formulations are
provided in Appendix B, while the economic and technical parameters for each unit type are summarized
in Table A3.

4 Case Study

4.1 Fundamental Data and Typical Day Selection Methodology
Based on historical operational data from a power grid in Northeast China, where the current installed

capacity of thermal power units is 16.5 GW, typical days have been extracted, with the projected renewable
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energy penetration rate in the target year being approximately 41%. The original profiles of load, wind power,
and photovoltaic output are presented in Fig. 8.
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Figure 8: Original data profiles: (a) Load profile; (b) Wind power profile; (c) Photovoltaic power profile

Given the consistent fluctuation patterns of load curves across the system, which differ primarily in
magnitude, this study identifies five distinct load profile types corresponding to five typical days. To account
for the pronounced uncertainty of renewable energy, each typical day incorporates five renewable energy
scenarios. A bi-level k-medoids clustering approach is employed to derive both the five typical days and the
associated renewable energy generation scenarios for each day. The specific procedure is outlined as follows:

Step 1: Perform clustering on the annual load profiles from 365 days to obtain five cluster centers and
their corresponding clusters, where each cluster member is indexed by its actual calendar date.

Step 2: Based on the resulting load clusters, categorize the annual wind and photovoltaic power profiles
into five groups. Within each group, perform a second-level clustering to identify five cluster centers for wind
and PV profiles, representing the potential renewable energy scenarios for each typical day.

The load and renewable energy generation profiles for each typical day are shown in the figure
below, while the occurrence frequency of each typical day and the corresponding scenario probabilities are
summarized in Table 1.

Table 1: Occurrence frequency of typical days and corresponding scenario probabilities

RE 1 RE 2 RE 4 RE 5 Number
of Days

Day 1 13.8% 19.5% 13.0% 9.8% 43.9%
Day 2 4.1% 10.8% 21.6% 27.0% 36.5%
Day 3 15.6% 44.4% 15.6% 8.9% 15.6%
Day 4 20.0% 25% 15.0% 10.0% 30.0%
Day 5 40.8% 20.4% 10.7% 19.4% 8.7%

The load and renewable energy output profiles for each typical day are presented in Appendix A Fig. A1.
Based on this dataset and following different methodologies for determining the daily unit commitment of
thermal power units, the following three planning cases are defined:

Case I: Considering renewable energy uncertainty, the entropy weight method is applied to determine
the daily unit commitment for each typical day and the capacity of new thermal power units, followed by
energy storage sizing.
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Case II: Considering renewable energy uncertainty, both the capacity of new thermal power units and
the energy storage system are determined by setting the daily unit commitment equal to the maximum
possible net load value across all scenarios in each typical day.

Case III: Considering renewable energy uncertainty, the daily unit commitment is set as the maximum
net load value from the most probable scenario within each typical day.

4.2 Planning Results for Case I
This case study incorporates the uncertainty of renewable energy and potential extreme scenarios

encountered during actual system operation. The daily unit commitment for thermal power units is
determined using the entropy weight method.

As illustrated in Fig. A1, considering the five net load scenarios within each typical day and assuming
a unit capacity of 300 MW per thermal power unit, a set of candidate unit commitment strategies is
constructed. This set ranges from the minimum number of units to the maximum number required to meet
the peak net load (rounded up) across all scenarios for that typical day. Each candidate strategy is evaluated
using the eight flexibility metrics proposed earlier. The entropy weight method dynamically determines the
weight of each metric according to the specific conditions of each typical day. These weights are then used
to calculate a comprehensive score for each candidate, enabling the selection of a final unit commitment
strategy that is robust against varying load and renewable energy fluctuations.

As can be observed from Table 2, due to renewable energy fluctuations, significant variations exist in
the maximum net load values across different typical days and even among various scenarios within the
same typical day. Consequently, a unit commitment strategy based solely on the maximum net load of a
single scenario proves inadequate for addressing the variability present in other scenarios. For instance, in
Typical Day 2, the commitment strategy derived from Scenario 5 (the most probable scenario) fails to meet
the power supply requirement in Scenario 2, while significantly exceeding the net load in Scenario 1, leading
to substantial renewable energy curtailment.

Table 2: Maximum net load by scenario and typical day (GW)

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Day 1 10.52 5.78 10.95 7.63 11.77
Day 2 4.31 15.17 12.19 9.77 14.45
Day 3 16.50 17.1 11.92 13.93 9.21
Day 4 15.02 19.46 15.58 10.85 18.82
Day 5 12.87 7.43 13.11 9.76 7.27

The entropy weight method is applied to determine the weight of each metric and to comprehensively
evaluate the adaptability of each candidate strategy to multiple scenarios. The resulting metric weights and
the corresponding optimal unit commitment strategy are presented in Tables 3 and 4, respectively.

Based on the optimal unit commitment strategy derived from Table 4, the capacity of new thermal
power units is determined. Production simulation is then performed to obtain the required energy storage
capacity and power rating, along with corresponding operational simulation results.

As shown in Table 5, the total annualized construction cost for the thermal power and energy storage
systems amounts to 3.42 billion CNY/year, while the annual operating cost totals 23.39 billion CNY/year.
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Table 3: Metric weights for Case I

Day 1 Day 2 Day 3 Day 4 Day 5
EDCH 0.031 0.046 0.049 0.039 0.034
EDFC 0.053 0.064 0.076 0.056 0.069
EUCH 0.103 0.098 0.083 0.065 0.164
EUFC 0.192 0.175 0.151 0.122 0.280
EURH 0.169 0.109 0.200 0.154 0.099
EUFR 0.264 0.160 0.227 0.165 0.166
EDRH 0.078 0.155 0.093 0.188 0.075
EDFR 0.109 0.193 0.120 0.211 0.113

Table 4: Daily unit commitment for Case I

Day 1 2 3 4 5
Daily unit commitment (GW) 10.5 15 13.2 17.4 12

Table 5: Case I planning results

Capacity Cost/billion CNY
New thermal power

units 0.9 GW 0.58

ESS 3.38 GW/13.5 GWh 2.84
EPg 73,473.56 GWh 16.9
EWc 7329.93 GWh 6.08
ELc 40.50 GWh 0.41

Total cost 26.81

4.3 Case II Planning Results
In this case study, the entropy weight method is not employed. Instead, the maximum net load value

from all forecast scenarios in each typical day is directly adopted as the unit commitment strategy for energy
storage sizing. The resulting daily unit commitment schedules for all typical days are provided in Table 6.

Table 6: Daily unit commitment for Case II

Day 1 2 3 4 5
Daily unit

commitment
(GW)

12 15.3 17.4 19.5 13.2

As presented in Table 7, the maximum net load commitment strategy is implemented, requiring 3 GW
of new thermal power capacity. However, due to the severe compression of the operational space for energy
storage, the configured energy storage capacity is limited to only 0.5 GWh. The total construction cost
amounts to 2.05 billion CNY/year, representing a 40.06% reduction compared to Case I.
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Table 7: Case II planning results

Capacity Cost/billion CNY
New thermal power

units 2.4 GW 1.55

ESS 0.5 GW/1 GWh 0.23
EPg 76,492.51 GWh 17.59
EWc 10,308.67 GWh 8.56
ELc 0.30 GWh 0.003

Total cost 27.933

Although Case II ensures full power supply adequacy and completely resolves power shortage issues,
the high thermal power commitment in certain low net load scenarios results in insufficient downward
regulation capability. The limited energy storage capacity, coupled with a lack of discharge headroom,
prevents the energy storage system from functioning effectively, leading to inadequate downward flexibility
in the system. Compared with Case I, this case exhibits a 48.04% increase in curtailed energy, causing a
corresponding rise in power curtailment costs of 2.93 billion CNY/year. Due to the inability to fully integrate
renewable generation, thermal power output must increase by 3562.10 GWh to meet electricity demand,
resulting in an additional 0.82 billion CNY/year in coal consumption costs. The annual operating cost reaches
26.73 billion CNY/year, an increase of 14.28%. Consequently, the total annualized cost rises by 1.97 billion
CNY/year compared to Case I.

4.4 Case III Planning Results
In this case study, the scenario with the highest probability within each typical day is selected, and its

maximum net load value is used to determine the daily unit commitment for thermal power units. The
resulting thermal power committed capacities are presented in the Table 8, while the corresponding scenario
probabilities can be found in Appendix A Table A1.

Table 8: Daily unit commitment for Case III

Day 1 2 3 4 5
Daily unit commitment (GW) 12 14.7 17.4 18.9 12.9

As shown in Table 8, in Case III where the unit commitment is determined based on the most probable
scenario, the resulting daily commitment levels across all typical days are less than or equal to those in
Case II, and exceed those in Case I in all cases except for Typical Day 2. This approach essentially yields
a commitment strategy tailored to a single specific scenario, without accounting for renewable energy
fluctuations in other scenarios.

The planning results for Case III are summarized in Table 9. This case yields the lowest construction
cost for new equipment at only 1.78 billion CNY/year. However, compared to Case I, its operating cost is
significantly higher at 26.15 billion CNY/year, representing an increase of 11.8%. Since the unit commitment
strategy is derived from a single scenario without considering other potential renewable energy scenarios,
the system requires greater energy storage capacity and power rating to maintain power supply reliability
compared to Case II, despite both cases avoiding power shortages.
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Table 9: Case III planning results

Capacity Cost/billion CNY
New thermal power

units 24 GW 12.00

ESS 0.5 GW/1.5 GWh 2.5
EPg 763.45 billion kWh 175.59
EWc 101.61 billion kWh 84.33
ELc 0 0

Total cost 274.42

From an economic perspective, the total cost of this case falls between those of Case I and Case II.
Regarding operational costs, however, while Cases II and III show minimal difference, Case I demonstrates
a clear advantage.

4.5 Production Simulation Analysis for Typical Days
This section presents a comparative analysis of all scenarios in Typical Day 2 and Typical Day 3,

examining the operational performance of equipment under the three planning cases. First, Fig. 9 illustrates
the net load profiles for all scenarios in Typical Day 2.
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Figure 9: Net load profiles for all scenarios in typical day 2

For Typical Day 2, the total load energy consumption amounts to 335 GWh with an average load
of 13.95 GW. Across the renewable energy scenarios, the penetration rate ranges from 20.06% to 83.72%.
Scenario 1 exhibits the highest penetration rate, while Scenario 5 shows the lowest; notably, Scenario 5 also
has the highest probability of occurrence.

As shown in Table 10, during Typical Day 2, all three cases successfully avoid power shortages. Case I
achieves the lowest expected thermal power generation and the lowest expected wind curtailment among
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the three strategies. In Scenario 5, which has the highest probability of occurrence, all three cases—with
support from their respective energy storage systems—operate without any power curtailment or shortage.
In Scenario 1, characterized by the highest renewable energy penetration, Case III, which employs the lowest
committed capacity, results in the minimum curtailment volume across all cases. However, given the very
low probability of Scenario 1 and its significant deviation in RE penetration from other scenarios, its overall
impact on the typical day remains limited. In the remaining scenarios, Case I consistently demonstrates the
lowest levels of both thermal power generation and renewable energy curtailment. A detailed analysis based
on the production simulation results for Scenario 4 is provided below.

Table 10: Comparison of operational results across cases for typical day 2

Scenario 1 2 3 4 5 Expectation

Pg/GWh
Case I 180.00 242.47 194.76 180.00 260.49 219.31
Case II 183.60 250.60 204.31 194.53 260.49 226.33
Case III 176.40 248.45 199.24 189.43 260.49 223.33

Wc/GWh
Case I 155.69 13.11 46.65 15.31 0.00 21.95
Case II 159.29 21.23 56.20 29.84 0.00 28.97
Case III 152.09 19.08 51.13 24.74 0.00 25.97

Lc/GWh
Case I 0.00 0.00 0.00 0.00 0.00 0.00
Case II 0.00 0.00 0.00 0.00 0.00 0.00
Case III 0.00 0.00 0.00 0.00 0.00 0.00

As shown in Fig. 10, subfigures (a–c) illustrate the power balance conditions for the three cases,
respectively. In Scenario 4, which has a renewable energy penetration rate of 50.83%, the net load remains at
a relatively low level throughout. In Case I, the sufficient energy storage capacity enables the absorption of
surplus renewable energy during low net load periods (e.g., hours 1–6), thereby reducing power curtailment.
During high net load periods (e.g., hours 7–12), the system maintains low thermal power output while
preserving discharge headroom for the energy storage system. This approach reduces generation from
thermal power units and enhances renewable energy integration. In Scenario 4, the total curtailed energy in
Case I amounts to 15.31 GWh, representing reductions of 48.68% compared to Case II and 38.10% compared
to Case III.

(a) (b) (c)

Figure 10: Scenario 4 production simulation results: (a) Case I; (b) Case II; (c) Case III

In summary, for Typical Day 2, Case I demonstrates significant advantages in high-probability scenar-
ios. It successfully avoids power shortages while simultaneously reducing thermal power generation and
enhancing renewable energy utilization. Specifically, compared to Case II, Case I reduces energy curtailment



Energy Eng. 2026;123(5):17 17

by 24.2% and decreases thermal power generation by 3.10% throughout the typical day. When compared to
Case III, it achieves reductions of 15.46% in curtailment and 1.80% in thermal generation.

The net load profiles for all scenarios in Typical Day 3 are presented in Fig. 11, while the corresponding
production simulation results are summarized in Table 11.
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Figure 11: Net load profiles by scenario in typical day 3: (a) Case I; (b) Case II; (c) Case III

Table 11: Comparison of operational performance across cases for typical day 2

Scenario 1 2 3 4 5 Expectation

Pg/GWh
Case I 229.97 300.08 205.59 222.58 158.40 245.55
Case II 251.74 302.11 225.73 238.36 209.14 262.26
Case III 251.43 302.11 224.83 237.63 208.81 261.96

Wc/GWh
Case I 10.06 0.00 4.68 0.00 36.13 7.91
Case II 31.82 0.00 24.81 15.78 86.87 23.72
Case III 31.52 0.00 23.91 15.05 86.54 23.42

Lc/GWh
Case I 0.00 2.03 0.00 0.00 0.00 0.90
Case II 0.00 0.00 0.00 0.00 0.00 0.00

(Continued)
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Table 11 (continued)

Scenario 1 2 3 4 5 Expectation
Case III 0.00 0.00 0.00 0.00 0.00 0.00

For Typical Day 3, the total load energy consumption reaches 371 GWh with an average load of 15.46 GW.
The renewable energy penetration rate across scenarios ranges from 18.56% to 67.04%. Scenario 5 exhibits
the highest penetration rate at 15.56% probability, while Scenario 2 shows the lowest penetration rate but the
highest probability of occurrence at 44.44%.

As summarized in Table 11, during Typical Day 3, Case I—which also adopts a relatively conservative
unit commitment—achieves reductions in both thermal power generation and energy curtailment across
most scenarios. However, it experiences a minor power shortage in Scenario 2. Given the limited magnitude
of this shortage, the resulting economic impact remains marginal. The production simulation results for
Scenario 2 and Scenario 4 are analyzed in detail below.

Fig. 12 illustrates the power balance results for Scenario 2. In Case I, the minimal unit commitment
results in the net load exceeding the maximum output capacity of the thermal power units during peak hours
(16–21 h). However, with support from the energy storage system, only a minor power shortage occurs. The
total energy shortage in this scenario amounts to 0.203 GWh, whereas no power shortages are observed in
other scenarios where the net load also surpasses the thermal generation limit.

(a) (b) (c)

Figure 12: Production simulation results for scenario 2: (a) Case I; (b) Case II; (c) Case III

Fig. 13 illustrates the power balance results for Scenario 4. In this scenario, Case I completely eliminates
both power curtailment and power shortage, demonstrating clear advantages over the other two cases.

For Typical Day 3, compared to Case II, Case I reduces energy curtailment by 66.65% and decreases
thermal power generation by 6.37%. When compared to Case III, it achieves reductions of 66.22% in
curtailment and 6.26% in thermal generation. Although Case I experiences a minor power shortage in
Scenario 2, the overall expected energy shortage across Typical Day 3 amounts to only 0.9 GWh.

The expected operating costs for all cases across the typical days are summarized in Figs. 6 and 14,
while detailed values for thermal power generation, curtailed energy, and power shortage are provided
in Appendix A Table A2.



Energy Eng. 2026;123(5):17 19

(a) (b) (c)

Figure 13: Production simulation results for scenario 4: (a) Case I; (b) Case II; (c) Case III

As shown in Fig. 14, employing the entropy weight method to determine the daily unit commitment for
thermal power units enables coordinated planning with energy storage systems. This approach effectively
balances the dual requirements of ensuring power supply reliability and promoting renewable energy
utilization under multiple renewable energy uncertainty scenarios, while simultaneously reducing overall
system operating costs.
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Figure 14: Summary of operating costs of each typical day

5 Conclusion
This paper proposes a coordinated thermal power-energy storage planning methodology to address the

challenges posed by multiple renewable energy uncertainty scenarios in future power systems. The main
conclusions are as follows:

(1) The entropy weight method is employed to determine the daily unit commitment of conventional
thermal power units, forming the basis for coordinated thermal power-energy storage planning. The
resulting planning scheme effectively balances power supply security and renewable energy utilization
across multiple scenarios.

(2) Future power systems with high renewable energy penetration will face “one-to-many” relationships
between load profiles and renewable energy scenarios. A unit commitment strategy derived from a
single scenario may lead to unnecessary curtailment or shortage losses in other scenarios. Therefore,
appropriate unit commitment strategies combined with energy storage deployment enable systems to
flexibly accommodate renewable energy uncertainties.

(3) Comparative analysis with the maximum net load method and the most probable scenario method
demonstrates the effectiveness of the proposed approach. The methodology achieves cost savings and
reduced curtailment across all typical days, with only minor power shortages occurring in extremely
low renewable energy scenarios during Typical Day 3, accounting for merely 0.32% of the daily total
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load—manageable through demand-side response measures. Compared to Case II, the total planning
period cost is reduced by 6.84%, and by 4.02% compared to Case III.
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Figure A1: (Continued)
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Figure A1: Load and renewable energy profiles for typical days (a) Load; (b) RE in Day1; (c) RE in Day2; (d) RE in
Day3; (e) RE in Day4; (f) RE in Day5

Table A1: Scenario probabilities within each typical day

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Day 1 13.82% 19.51% 13.01% 9.76% 43.90%
Day 2 4.05% 10.81% 21.62% 27.03% 36.49%
Day 3 15.56% 44.44% 15.56% 8.89% 15.56%
Day 4 20.00% 25.00% 15.00% 10.00% 30.00%
Day 5 40.78% 20.39% 10.68% 19.42% 8.74%

Table A2: Production simulation results for typical days

Day CPg/GWh CWc/GWh CLc/GWh

1
I 177.14 15.68 0.00
II 185.44 23.98 0.00
III 185.26 23.80 0.00

2
I 219.31 21.95 0.00
II 226.33 28.97 0.00
III 223.33 25.97 0.00

3
I 245.55 7.91 0.90
II 262.26 23.72 0.00
III 261.96 23.42 0.00

(Continued)
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Table A2 (continued)

Day CPg/GWh CWc/GWh CLc/GWh

4
I 309.88 9.94 0.00
II 316.24 16.30 0.00
III 314.35 14.43 0.02

5
I 176.79 31.28 0.00
II 187.88 42.38 0.00
III 185.48 39.97 0.00

Appendix B

Appendix B.1 Thermal Power Unit Constraints

U min ≤ Pg ,t ≤ U max (A1)
RD ≤ Pg ,t − Pg ,t−1 ≤ RU (A2)

where, U min and U max are the upper and lower limits of the output of the thermal power unit under the
selected comprehensive startup plan; Pg ,t represents the output of thermal power unit at time t; RU, RD are
the power limits for upward and downward ramping of thermal power units.
Appendix B.2 Renewable Energy Unit Constraints

0 ≤Wt ≤Wt
max (A3)

0 ≤Wc ,t ≤Wt
max (A4)

where, Wt is the actual output of renewable energy at time t, and Wt
max is the upper limit of renewable energy

output; Wc ,t is the renewable energy curtailment at time t.
Appendix B.3 Energy Storage Constraints

0 ≤ Pch,t ≤ Pessnch,t (A5)
0 ≤ Pdis,t ≤ Pessndis,t (A6)
nch,t + ndis,t = 1 (A7)

where, Pch,t , Pdis,t are the charging and discharging power of the energy storage device at time t, respectively;
nch,t , ndis,t are the charge and discharge state of the energy storage device at time t.

SoCt = SoCt−1 + (Pch,t ηch − Pdis,t/ηdis)Δt (A8)
SoCmin ≤ SoCt ≤ SoCmax (A9)
SoC24 = SoCini (A10)

where, SoCt is the state of charge of the energy storage device at time t, ηch, ηdis are the charging and
discharging efficiency of the energy storage device, respectively, and Δt is the unit time, which is 1 h; SoCmax,
SoCmin limit the maximum and minimum interval of the state of charge of the energy storage; the SoCini is
the initial state of charge of the energy storage device.
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Appendix B.4 Power Conservation Constraints

Pg ,t +Wt + Pdis,t + Lc ,t = Lt + Pch,t (A11)
Wc ,t +Wt =Wmax (A12)
Lc ,t ≤ Lt (A13)

where, Lc ,t is the load shedding power at time t.

Table A3: Basic parameters of calculation example

Parameter name Value
Thermal power unit capacity/GW 0.30

Thermal power unit construction cost/(million CNY/GW) 500.00
Climbing rate of thermal power unit/p.u. 0.17

Coal-fired cost of thermal power unit/(CNY/kWh) 0.28
The penalty cost of power curtailment/(CNY/kWh) 0.83

The penalty cost of power shortage/(CNY/kWh) 10.00
Energy storage unit capacity cost/(million CNY/GWh) 150.00

Converter unit power cost/(million CNY/GW) 50.00
Energy storage charging efficiency/% 95

Energy storage discharging efficiency/% 95
Upper SoC Limit for Energy Storage 0.95
Lower SoC Limit for Energy Storage 0.05

Planning cycle/year 20.00
Discount rate/% 5
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