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Abstract

Integrating growing wind and solar generation while maintaining supply adequacy is a
key challenge for sustainable power systems. However, the effects of different thermal
retrofit pathways on renewable curtailment and modeled unserved energy remain un-
clear as renewable capacity expands. This study compares deep peak-shaving, fast-ramp-
ing, and combined retrofits using a PyPSA baseline and an 8760-h system dynamics sim-
ulation covering 31 Chinese provincial nodes. Doubling renewable capacity increases ac-
tual wind and solar generation by 51.4%, while the utilization rate falls from 91.4% to
69.2%. At baseline renewable capacity, the deep peak-shaving scenario S1 reduces annual
curtailment by 25.0 TWh but produces 45.49 GWh of modeled unserved energy. S1 also
reduces curtailment at renewable capacity multipliers of 1.50 and 2.00, whereas the fast-
ramping scenario S2 has little effect on annual curtailment. At equal 50% retrofit coverage,
the combined scenario S3 preserves S1’s curtailment benefit while nearly eliminating its
supply shortfall. The expanded combined scenario S4, with 80% coverage, further reduces
curtailment to 234.9 TWh at baseline renewable capacity. Considering curtailment and
modeled unserved energy jointly, the combined retrofit provides the most favorable out-
come among the equal-coverage pathways for supporting renewable integration while
maintaining supply adequacy.

Keywords: thermal flexibility; renewable integration; renewable curtailment;
deep turndown; ramping; unserved energy

1. Introduction

By the end of 2025, China’s cumulative grid-connected wind and solar capacity
reached 1.84 TW, accounting for 47% of total installed generation capacity [1]. China’s
power-system flexibility plan for 2025-2027 aims to accommodate annual additions of
more than 200 GW of renewable capacity and achieve a national renewable utilization
rate of at least 90% by 2027 [2]. As wind and solar deployment increases, weather-driven
output does not always coincide with hourly electricity demand [3]. Operational priorities

Sustainability 2026, 18, 11121

https://doi.org/10.3390/su182111121



Sustainability 2026, 18, 11121

2 of 30

are therefore shifting from annual energy adequacy to hourly power balancing. Steep net-
load ramps can occur when renewable output falls or demand rises [3]. Continuous hourly
simulation is needed to identify the timing and mechanisms of supply-demand mis-
matches. For sustainable power-system operation, renewable electricity must be used
more effectively without compromising hourly supply adequacy.

Research quantifying the effects of thermal power flexibility retrofits on renewable
energy integration has evolved beyond comparisons of individual technical parameters.
Retrofits are increasingly assessed alongside dispatch strategies and market mechanisms.
Ye et al. assessed thermal power unit flexibility requirements under future renewable en-
ergy scenarios in China. They found that lower minimum load levels can reduce curtail-
ment, although the benefits depend on the renewable deployment pathway [4]. A plan-
ning study for Yunnan incorporated coal-fired power flexibility retrofits and battery stor-
age into a capacity-expansion and dispatch model. The effects of retrofits on curtailment,
coal-fired generation, and system costs were quantified [5]. Another study combined
mixed-integer linear programming with unit commitment modeling to evaluate thermal
power flexibility retrofits and a deep peak regulation ancillary service market. Retrofit
benefits were found to depend on market rules and operating strategies [6]. Related stud-
ies of marginal curtailment examined how the integration value of additional renewable
generation varies with system conditions [7,8]. Other studies investigated coordination
between storage and thermal power deep peak regulation [9], and flexible capacity re-
quirements in China [10]. Portfolios of flexibility resources were also examined in other
power system [11,12]. These studies demonstrate the importance of retrofits, storage, and
other flexibility resources for renewable integration. However, most focus on specific
planning objectives or resource portfolios. A unified hourly comparison of minimum sta-
ble output, downward ramping, and upward ramping constraints during continuous op-
eration remains limited. In particular, the timing of each binding constraint and shifts in
the dominant constraint require further investigation.

Full-year chronological simulation provides the temporal resolution needed to iden-
tify these constraints. Studies of China’s power system have used chronological operation
or 8760-h production simulation. These studies examined temporal coordination among
peak regulation ancillary services, wind and solar output, pumped storage, and thermal
units [13,14]. Inter-provincial interconnection and reserve requirements in China’s high-
renewable power system have also been assessed. The analysis used multiple years of
hourly wind and solar output and demand data [15]. Optimization frameworks such as
PyPSA can represent multi-period operation and constraints on renewable generation,
storage, and conventional generating units [16]. A multi-energy planning study of China
combined capacity planning with hourly operational analysis to compare investment and
operating outcomes [17]. These studies provide important foundations for chronological
simulation and optimization modeling. Optimization models primarily identify optimal
dispatch or capacity configuration under specified objectives and constraints. Further sce-
nario analysis is needed to determine when individual thermal power constraints become
binding. The effects of shifts between constraints on curtailment and supply shortfalls also
need to be clarified. The limits of retrofit effectiveness at different renewable capacity lev-
els require further examination.

Accordingly, three related questions are addressed in this study. First, how does re-
newable capacity expansion affect hourly profiles of available renewable output and net
load over a full year? Second, when do minimum stable output, downward ramping, and
upward ramping constrain system balancing, and how do their effects differ across sce-
narios? Third, how do alternative retrofit pathways affect curtailment and modeled sup-
ply shortfalls at higher renewable capacity levels? Continuous 8760-h scenario simula-
tions are conducted using baseline operating time series from PyPSA. Actual renewable
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generation, curtailment, utilization rates, and modeled supply shortfalls are compared
across retrofit pathways. The hourly distribution of each outcome is also examined. The
analysis focuses on when constraints become binding and how their effects propagate
through system operation. The aim is to complement optimization studies of optimal dis-
patch and capacity configuration. Different retrofit pathways are compared in terms of
their operational mechanisms, effects, and conditions of applicability.

2. Literature Review
2.1. Renewable Energy Variability and Power System Flexibility Requirements

As wind and solar penetration increases, power systems must balance changes in net
load, defined as demand minus renewable output. Renewable output is influenced by
weather and exhibits variability, uncertainty, and temporal mismatches with demand.
These characteristics may deepen net load troughs, widen peak-to-valley differences, and
increase hourly and sub-hourly regulation requirements [18,19]. Flexibility requirements
must therefore be assessed in terms of adjustment magnitude, response speed, duration,
and forecast uncertainty.

High solar output around midday can depress net load. In the evening, declining
solar output may coincide with rising demand, creating substantial upward ramping re-
quirements [20,21]. High renewable penetration also increases net load variability and
forecast uncertainty, leading to more frequent short-term ramping requirement. Flexible
ramping products have therefore been introduced in electricity markets, including those
in the United States. Upward and downward ramping capacity is reserved to manage
imbalances caused by rapid changes in renewable output [22]. Using Chinese power sys-
tem data, Hou et al. showed that high solar penetration increases uncertainty in net load
troughs and ramping requirements. Conventional representative-day profiles may there-
fore fail to capture the occurrence probabilities of different operating conditions [23]. Ac-
cordingly, both downward regulation during low net load periods and upward regulation
following renewable output declines must be considered.

Flexibility requirements are commonly quantified using net load change rates, ramp
magnitudes, event durations, and occurrence frequencies [24]. Forecast uncertainty has
also been incorporated into assessments of ramping reserve requirements. Li et al. used
probabilistic solar forecasts to estimate ramping requirements dynamically. Their results
showed that reserve allocation based solely on historical net load changes may be insuffi-
cient or excessive. Incorporating updated forecast uncertainty can improve estimates of
the required ramping capability [25]. Comparison of wind, solar, load, and net load ramp-
ing events reveal different patterns, even at relatively low renewable penetration. As pen-
etration increases, net load ramping events can become frequent and temporally complex
[26,27].

These studies hay broadened the geographical coverage of flexibility assessments
and extended deterministic analyses to include forecast uncertainty. Assessment metrics
have also expanded beyond peak-to-valley differences to capture ramp magnitude, dura-
tion, frequency, and reserve requirements. However, much of this literature focuses on
the amount of flexibility required. Further analysis is needed to determine when these
requirements exceed specific thermal power operating limits. The resulting interactions
and shifts in binding constraints during continuous operation also warrant examination.

2.2. Thermal Power Flexibility and Renewable Integration

Rising net load ramps require closer matching between system flexibility require-
ments and available regulating resources [26]. Under the current generation mix, thermal
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power remains important for peak regulation, reserves, and electricity supply. Its flexibil-
ity depends on minimum stable output, the feasible operating range, and ramping capa-
bility. Gonzalez-Salazar et al. compared the technical flexibility of coal- and gas-fired
power plants. Minimum load, ramp rates, start-up and shutdown processes, and mini-
mum downtime were examined. The review showed that flexibility differs across plant
types and cannot be adequately represented by a single peak regulation indicator [28].
Gas-fired units often provide faster ramping and start-up responses, although perfor-
mance depends on plant technology and operating conditions. The dynamic response of
coal-fired units is additionally constrained by thermal inertia.

System-level studies have also examined the economic and dispatch implications of
flexible thermal operation. The National Renewable Energy Laboratory assessed the ad-
ditional costs of cycling and wear associated with low-load operation, frequent starts and
stops, and ramping. In the analyzed scenarios, these additional costs were outweighed by
production cost savings from renewable generation displacing fossil fuel use [29]. Mini-
mum output and ramp rates were also identified as important influences on curtailment.
Their effects varied with solar penetration, indicating that the benefits of thermal flexibil-
ity depend on system conditions [30]. Regional production simulations have further in-
corporated minimum output, minimum up and down times, ramp rates, and start-up
costs into high-renewable scenarios [31].

Minimum stable output determines how far thermal generation can be reduced dur-
ing low net load periods. Research on net load forecasting under high solar penetration
has emphasized the importance of identifying peaks and troughs [32]. When renewable
output is concentrated in low-demand periods, a high minimum output can restrict fur-
ther reductions in thermal generation. Lowering this limit through deep peak regulation
can create additional room for renewable energy integration. However, this additional
operating range can be fully used only if the required output adjustments satisfy other
operating constraints. Lower minimum output alone therefore does not guarantee that all
available renewable generation can be accommodated.

Ramping capability determines whether thermal power units can follow net load
changes within the required time interval [33]. Multi-timescale planning studies have
jointly considered thermal power retrofits and storage when assessing upward and down-
ward flexibility [34]. Insufficient downward ramping can prevent timely reductions in
thermal output as renewable generation increases, thereby causing curtailment. Insuffi-
cient upward ramping can limit supply responses when renewable output falls or demand
rises, potentially affecting supply reliability [35]. Upward and downward ramping per-
formance can differ with thermal processes, control strategies, and operating conditions.
Recent unit commitment studies have therefore modeled the two directions separately to
represent output adjustments across consecutive periods more accurately [36].

The literature has progressed from comparisons of plant-level technical performance
to system-level analyses of dispatch costs and flexibility provision. The international stud-
ies reviewed here emphasize minimum load, ramping, start-up performance, cycling costs,
and emissions. Studies of China have placed greater emphasis on deep peak regulation,
ancillary services, and renewable energy integration. Together, these approaches clarify
both the technical capabilities of thermal units and their economic consequences. Further
comparison is needed to trace when the three constraints dominate and whether relieving
one shifts the bottleneck to another.

2.3. Hourly-Scale Power System Simulation and System Dynamics Applications

Annual, monthly, and representative-day analyses may omit important chronologi-
cal changes in wind and solar output and demand. Full-year hourly simulation preserves
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these changes and enables operating constraints to be evaluated across consecutive peri-
ods. Existing studies have represented unit operating ranges, ramp rates, and storage op-
eration within chronological frameworks to assess curtailment and flexibility require-
ments [13]. Planning models with 8760-h resolution have also been developed to capture
seasonal and hourly variations in demand and renewable output [37]. Chronological pro-
duction studies further indicate that monthly or representative-day approaches may over-
look short but consequential curtailment and supply shortage events [14].

PyPSA has been used to develop provincial, multi-node, and hourly optimization
models of China’s power system. Zhou et al. jointly optimized long-term capacity expan-
sion and operation across 31 provincial-level regions. The analysis covered generation,
storage, transmission, and coupling among energy sectors, revealing interactions among
renewable variability and flexibility resources [17]. The framework has also been com-
bined with agent-based modeling to examine electricity markets, storage deployment, and
low-carbon technology diffusion [38]. More recently, industrial flexible loads have been
incorporated into PyPSA-China implementation. The effects of seasonal demand flexibil-
ity on system costs and resource allocation were evaluated using provincial-level optimi-
zation [39]. These applications primarily address capacity expansion, resource allocation,
market design, and demand-side flexibility. These frameworks can already represent ther-
mal power operating constraints. Further comparison can focus on when constraints be-
come binding and how they interact during continuous operation.

System Dynamics represents interactions among electricity supply, demand, gener-
ation capacity, and policy through stocks, flows, and feedback loops. It has been used to
simulate changes in generation mix and operating conditions under alternative develop-
ment pathways [40]. Renewable penetration, demand response, and generation invest-
ment have also been examined within a common framework. This approach has sup-
ported assessments of the long-term effects of policy changes on reliability and renewable
development [41]. Hybrid models have already embedded optimization within system
dynamics to analyze generation mix trajectories under carbon and capacity policies [42].
Their focus on structural evolution differs from a detailed comparison of constraint acti-
vation during continuous hourly operation. For hourly mechanism analysis, the challenge
is to preserve chronological constraints while explicitly tracking how successive operating
states affect subsequent adjustments.

Supplementary Tables S1 and S2 compare 20 relevant studies in terms of research
design, flexibility constraints, scenario settings, evaluation metrics, and principal findings.
Collectively, these studies establish links among renewable penetration, net load charac-
teristics, and thermal power flexibility. However, the activation and interaction of mini-
mum stable output, downward ramping, and upward ramping constraints remain insuf-
ficiently compared within a consistent chronological framework. To address this gap, this
study evaluates these constraints over 8760 consecutive hours and compares individual
and combined thermal retrofits under baseline and expanded renewable capacity scenar-
ios. Curtailment and modeled supply shortfalls are assessed under the specified resource
configuration and operating rules. The analysis identifies when each constraint becomes
relevant and examines the conditions under which retrofit benefits change. The implica-
tions for coordination with storage, interregional transmission, and demand-side flexibil-
ity are considered within these modeling boundaries.
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3. Methodology and Analysis
3.1. Analytical Framework and Constraint Mechanisms
3.1.1. Changes in Renewable Generation and Thermal Power Flexibility Requirements

Wind and solar output is primarily determined by meteorological conditions. As re-
newable energy penetration increases, the output required from conventional generators
is increasingly determined by net load rather than total system load [3]. The net-load def-
inition follows the standard residual-demand approach used in renewable integration
and flexibility studies [19,24]. The net load in hour ¢ is expressed as

L, (t)=L(t)-P,(t)-P(1) (1)

where L(t) denotes the system load in hour #, and Pw(t) and P (t) denote the

available wind and PV power in the same hour, respectively. As renewable capacity ex-
pands, the overall net-load level declines and its hourly variation becomes pronounced
[4]. Thermal power units therefore shift from relatively stable generation toward more
frequent low-load operation and ramping. These flexibility requirements depend on both
the net-load level and its hour-to-hour variation. The former determines turndown re-
quirements, whereas the latter determines ramping requirements. When wind and solar
output is high and system load is low, net load falls to a low level. Thermal power units
must then reduce their output to create additional room for renewable energy integration.
Lower net-load levels therefore require greater turndown capability from thermal power
units. Here, all load and generation terms are instantaneous hourly average power (GW);
available renewable output refers to generation potential before curtailment.

In addition to the net-load level, changes in net load between consecutive hours de-
termine the system’s ramping requirements. The hour-to-hour difference is calculated fol-
lowing established net-load ramping analysis [24,26]. The change in net load in hour ¢
can be expressed as

ALnet(t):Lnet(t)_Lnel(t_l) (2)

where L, , (t —1) denotes the net load in hour f—1. The absolute value of AL, (t)

represents the magnitude of the hour-to-hour change in net load and determines the re-
quired ramping capability of thermal power units. A rapid increase in PV generation or a
decline in system load causes net load to fall rapidly, creating a downward ramping re-
quirement. By contrast, a decline in PV or wind generation, or a rapid increase in system
load, raises net load and creates an upward ramping requirement. A positive net-load
change indicates an upward regulation requirement, while a negative change indicates a
downward regulation requirement. With a one-hour time step, the difference is expressed
in GW per hour when interpreted as a ramp rate.

High renewable energy penetration therefore increases the requirements for both
deep turndown and rapid ramping by changing the level and variation of net load. These
requirements, however, do not necessarily become binding operating constraints.
Whether they become binding depends on the regulating capability actually available in
the system. A constraint emerges only when the required thermal output falls below the
minimum stable output or when the required hour-to-hour output adjustment exceeds
the available ramping capability. Such constraints may limit renewable energy integration
or reduce supply reliability. Whether thermal power flexibility becomes a system bottle-
neck must therefore be assessed on an hourly basis. This requires comparing net-load lev-
els and variations with the feasible output range and ramping capability of thermal power
units. Annual or monthly energy balances cannot adequately capture this process.
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3.1.2. Mechanisms of Minimum Stable Output and Ramping Constraints

The ability of thermal power units to follow changes in net load is primarily con-
strained by their minimum stable output and upward and downward ramping capabili-
ties. The minimum stable output determines how far unit output can be reduced, whereas
ramping capability determines how much output can change between consecutive hours.
These constraints limit the output level and the rate of output adjustment, respectively.
Their formation and effects are illustrated in Figure 1.

System load L(/) .
Net-load . -

Wind power P, (f Net load L.,(7) = L(t) — P, (#) — P!
Pt power A1) [(2) ei(t) = LU = Rult) = PD)

PV power A(f) Hour-to-hour change
v
Net-load level NE (Y=L (8)— L (F—1)
| ' |
— Low L,() AL (t) <0 AL (£) >0

FIeX|.b|I|ty Deep turndown 1 Downward ramping T Upward ramping
requirements

requirement requirement requirement

v v v

Binding
constraints

Minimum stable output Downward ramping Upward ramping
constraint constraint constraint
Required output falls | <-»| Required hourly decrease |<-»| Required hourly increase
below the minimum exceeds the downward exceeds the upward
stable output ramping capability ramping capability

v v v

Operational
outcomes

Thermal output cannot fall far enough or fast enough Thermal output cannot

Reserve shortfall or
Renewable curtailment unserved load

rise fast enough

[] Downward regulation [1 Upward regulation <«--» Shift of the binding constraint

Figure 1. Net-load-driven thermal flexibility requirements, binding constraints, and operational

outcomes.

When wind and solar output is high and net load remains low, thermal power units
must reduce their output accordingly. If a unit reaches its minimum stable output, no
further reduction is possible. This restricts the space available for renewable energy inte-
gration. Renewable curtailment may then occur when other flexibility resources are insuf-
ficient. Therefore, the minimum stable output constraint mainly reflects insufficient turn-
down range under low-net-load conditions.

In some periods, however, the main limitation is not the minimum output level but
the speed of output reduction. Even when a unit remains above its minimum stable out-
put, it may be unable to reduce generation fast enough. This occurs when the required
hour-to-hour output reduction exceeds its downward ramping capability. Renewable cur-
tailment may therefore still occur. The minimum stable output constraint determines
whether thermal output can be reduced far enough, whereas the downward ramping con-
straint determines whether the required reduction can be achieved within the available
time.
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These two constraints mainly affect renewable energy integration, whereas the up-
ward ramping constraint is more directly related to supply reliability. When renewable
generation declines rapidly or system load rises sharply, net load increases. If this increase
exceeds the upward ramping capability of thermal power units, thermal generation can-
not increase quickly enough. The system reserve margin is then reduced, and unserved
load may occur if other flexibility resources are insufficient.

Different constraints may also interact during continuous system operation, and the
binding constraint may shift over time. A rapid increase in renewable generation may first
trigger the downward ramping constraint. As net load falls further, the minimum stable
output constraint may become binding. If renewable generation subsequently declines or
system load rises, the upward ramping constraint may become dominant. Hourly analysis
can identify when each constraint is triggered and how the dominant constraint changes
over time. This provides a mechanistic basis for comparing the effects of different thermal
power flexibility retrofit pathways.

3.2. Model Boundaries and Data Processing

The study employs a continuous 8760-h simulation for 2025, covering 31 provincial
nodes in China at a 1 h resolution. Chronological simulation preserves consecutive
changes in renewable output, demand, and thermal operating conditions that are relevant
to system flexibility [13,14]. PyPSA (version 1.2.4) first produces an hourly reference dis-
patch under the specified generation capacities, resource profiles, storage operation, and
interprovincial transmission limits [17]. The system dynamics (SD) model, implemented
in Vensim DSS (version 10.4.0), then uses this dispatch as a reference to track how previ-
ous-hour thermal output and online capacity affect the feasible output range in each sub-
sequent hour. This coupling supports the comparison of minimum stable output, bidirec-
tional ramp rates, and retrofit coverage under consistent baseline conditions; hybrid opti-
mization-SD approaches provide a methodological precedent [42]. The framework repre-
sents coal- and gas-fired generation, nuclear power, conventional hydropower, wind
power, solar photovoltaics, pumped-storage hydropower, battery storage, and interpro-
vincial transmission. Table 1 reports the principal numerical inputs and baseline parame-
ters. Figure 2 summarizes the workflow from PyPSA baseline simulation and hourly data
transfer to constraint evaluation and scenario comparison.
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Sustainability 2026, 18, 11121 9 of 30
- Research Workflow
Inputs Outputs
( PyPSA Baseline Operation
@ Basic Data h Generate an 8760-hour baseline series y N
with existing capacity, network, Operating Results
- Load data \_ and resource conditions )

- Installed capacity
- Interprovincial transmission

Resources and Weather

- Wind and solar time series
- Weather conditions

Technical Parameters

- Minimum stable thermal outpu
- Upward/downward ramp rates
- Storage parameters

t

J

Scenario Inputs
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+ Renewable energy curtailment
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Renewable utilization rate
* Power supply shortfall
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* Applicability limits
G /)

Figure 2. Workflow of the hourly scenario simulation framework. The dashed line indicates the

association between the hourly constraint simulation and its core constraints.

Table 1. Numerical Inputs and Baseline Parameters of the Power System Model.

Input Parameter Baseline Value Temporal Scale Spatial Scale Data Source and Model Treatment
Base year 2025 Annual National Model setting
Simulation horizon8760 h 1h National Continuous full-year hourly simulation
Power sys’cem3 1 B Provincial Eacjh Pr9v1nc1al—level region is represented as
nodes an individual node
Annual  electricit Total electricity consumption in 2025; provin-
demand y10,368.2 TWh  Annual/hourly Provincial cial hourly load profiles are used for chronolog-
2 ical simulation
Wind power ca Installed capacity at year-end 2025; onshore
acit P 640.01 GW Annual/hourly  Provincial and offshore wind are represented separately in
pactty the model
Solar PV capacity 1201.73 GW Annual/hourly  Provincial Installed capacity at year-end 2025
1 -
}I:Ia:lc(ijtgar POWET € 6r 48 GW Annual/hourly  Provincial Installed capacity at year-end 2025
Coal-fired power o .
capacity 1191.07 GW Annual/hourly  Provincial Installed capacity at year-end 2025
-fi
ga;saclirt;d POWET140.00 GW Annual/hourly  Provincial Installed capacity at year-end 2025
Conventional by— 382,08 GW Annual Nat19nal/ pro- Conventlonél hydropower capacity at year-end
dropower capacity vincial 2025, excluding pumped storage
Pumped-storace Existing capacity stock at year-end 2024 used as
P 8¢ 58.69 GW Annual/hourly  Provincial the model input; national pumped-storage ca-

capacity

pacity reached 58.69 GW at year-end 2024
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Reference hydro- Average utilization hours of large-scale hydro-
power utilization3367 h Annual Provincial power in 2025, used to define the annual hydro-
hours power energy constraint
Wind capacity fac-8760 values per o Calculat.ed from‘ hourly ERA5 @eteorological
tors province 1h Provincial data us'mg spatial weights derived from the
GEM wind-farm database
. Calculated from hourly ERA5 meteorological
f::jr capacity fac-izg(‘)zin\;aelues PeI Provincial data using spatial weights derived from the
GEM solar-farm database
Baseline minimum
stable output of e Minimum operating levels of coal- and gas-
coal-/ gas—firFe)d gen-30%/30% Lh Provincial fired units beﬂore fle%(ibility retrofits °
eration
Baseline upward
ramp rates of coal- 60%/90% 11 1h Provincial Maximum permissible increase in thermal out-
/gas-fired genera- put between consecutive hours
tion
Baseline down-
ward ramp rates of 60%/90% 11 1h Provincial Maximum permissibh.e decrease in thermal out-
coal-/gas-fired gen- put between consecutive hours
eration
Maximum hourly
start-up  capacity 10%/30% h-1 1h Provincial Limit the maximum hourly increase in thermal
shares of coal-/gas- capacity online
fired generation
Maximum hourly
shutdown capacity 15%/40% h-t 1h Provincial Limit the maximum hourly decrease in thermal
shares of coal-/gas- capacity online
fired generation
szgeijéoziigy@.ﬂ GW/473.77 Annual/hourly  Provincial Total capacity represented in the PyPSA base-
. GWh line simulation
capacity
Ezt:;? and 22232573.76 GW/168.00 Annual/hourly  Provincial Total capacity represented in the PyPSA base-
. GWh line simulation
capacity

Hourly available wind and solar output is calculated from installed capacity and

technology-specific capacity factors. These factors are derived from 2025 ERA5 hourly me-

teorological data and spatially weighted using facility locations reported by Global En-

ergy Monitor (GEM). The PyPSA reference model also accounts for the annual energy

limit of conventional hydropower, nuclear availability, storge power and energy limits,

and existing interprovincial transfer capacities. Table 1 specifies the capacity parameters

and their data sources.

After the PyPSA baseline simulation, hourly nodal load, generation by technology,

available wind and solar output, storage charging and discharging power, initial stored

energy, and interprovincial power flows are transferred to the SD model. Using PyPSA

thermal generation as a reference, the SD model calculates feasible thermal output in each

hour from the previous hour’s output and online capacity. Feasible output is constrained

by minimum stable output, maximum available output, upward and downward ramp

rates, and hourly limits on changes in online capacity. Storage dispatch and interprovin-

cial power flows retain their PyPSA baseline schedules. The SD scenarios therefore eval-
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uate changes in renewable availability and thermal operating parameters under these re-
tained schedules. They do not re-optimize the entire system for each scenario. The renew-
able capacity multiplier is applied to available wind and solar output, not to PyPSA’s ac-
tual renewable generation. In retrofit scenarios, minimum stable output and ramp rates
vary by retrofit type and coverage. The baseline scenario uses a renewable capacity mul-
tiplier of 1.00 and no thermal retrofit.

At baseline, available wind and solar energy is 3165.62 TWh in both models. Actual
wind and solar generation is 2888.12 TWh in PyPSA and 2892.23 TWh in the SD model;
the corresponding curtailment is 277.50 and 273.39 TWh. The SD estimate of actual gen-
eration is approximately 0.14% higher than the PyPSA value. PyPSA reports no unserved
energy, whereas the SD model reports 0.0025 MWh, which is treated as a numerical resid-
ual. This comparison establishes close agreement in annual energy totals and supply bal-
ance, but does not imply identical hourly dispatch. The reported 2025 utilization rates
were 94% for wind power and 95% for solar photovoltaics [43]. These technology-specific
figures differ from the modelled combined wind-and-solar utilization rate of 91.4%. Be-
cause interprovincial transfer capacity is represented using available public data, the base-
line is used for scenario comparisons rather than as an estimate of observed national cur-
tailment.

3.3. Hourly Thermal Operating Constraints and Power Balance

The SD model uses the hourly PyPSA dispatch as a reference and calculates thermal
generation and the resulting power balance in chronological order. For each province and
thermal technology, online capacity in the current hour is determined by online capacity
in the preceding hour, capacity started, and capacity shut down. Hourly limits constrain
both changes in online capacity. The previous hour’s generation and online capacity then
determine the feasible output range in the current hour. Thermal output therefore de-
pends on both current net demand and the preceding operating state.

The minimum stable output is determined by online capacity and the minimum sta-
ble output ratio [13,36]:

B ™ = Cloukt, ©)

.8, .8,

where C"

;¢ denotes the online capacity of thermal power technology & in province I

athour f,and [, denotes the minimum stable output ratio. Reducing 4, expands the

static downward operating range. Whether a unit can reach the lower output within a
given hour also depends on its downward ramping capacity.

The effective lower and upper output bounds combine the physical operating range
with the preceding hour’s generation and the bidirectional ramp rates [13,36]:

eff ,min _ phys,min th l ~on

Pi’g” = max (P’?g" > Pi,g,r—l —T Ci,g,t—lAt) 4)
eff ,max __ : phys,max th T ~on

Pi’g" = min (P’?gl > Pi,g,l—l T Ci,g,tAt) )

In Equations (4) and (5), f[y Z,t—l is actual thermal generation in the preceding hour,

JITEX
and

; g’t“ is the physical maximum available output in the current hour. I’gi and I’gT

are the downward and upward ramp rates, and Af =1/ . Consistent with the imple-
mented model, the downward ramp allowance is based on online capacity in the preced-
ing hour, whereas the upward allowance is based on online capacity in the current hour.
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Required thermal output below the effective lower bound may increase renewable cur-
tailment. Required output above the effective upper bound may contribute to unserved
demand.

The model first adjusts PyPSA reference thermal generation to the feasible output
range. Any further adjustment is allocated between coal- and gas-fired generation accord-
ing to their available operating headroom. Under a deep-turndown retrofit, recoverable
baseline curtailment is limited by PyPSA baseline curtailment, the reduction in effective
minimum thermal output, and contemporaneous demand that can absorb additional
wind and solar generation. The minimum-output violation is calculated first, and the
downward-ramping violation is measured after this component has been separated. Cur-
tailment associated with thermal constraints is allocated between these components in
proportion to their calculated magnitudes. An analogous allocation is applied to unserved
demand associated with capacity and upward-ramping constraints. Attributed curtail-
ment and unserved demand are each capped by their respective actual totals, with any
remainder reported separately. These attribution shares are diagnostic measures, not in-
dependent estimates of the benefit from removing each constraint.

Figure 3 presents the stock—flow structure of thermal power operation and flexibility
adjustment. Online capacity and actual output in the preceding hour determine the cur-
rent operating state and the feasible output bounds. Coal- and gas-fired output adjust-
ments are then allocated within these bounds using PyPSA baseline generation as the ref-
erence. Minimum stable output, ramp rates, and retrofit coverage affect final thermal out-

put by changing the feasible operating range.

Thermal Power Operation and Flexibility Adjustment Module
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Figure 3. Stock—flow structure of the thermal power operation and flexibility adjustment module.
Grey text in angle brackets denotes shadow variables referencing variables defined elsewhere in the
model. Grey arrows indicate initialization dependencies, blue arrows indicate information depend-

encies, and black pipe arrows represent flows into stocks.

In the PyPSA baseline, pumped-storage hydropower and battery energy storage are
dispatched subject to power, energy, efficiency, and state-of-charge constraints. No sepa-
rate evening-peak state-of-charge reservation rule is applied in the SD scenarios. The SD
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model retains the resulting hourly charging and discharging schedules across scenarios
and updates stored energy to check the energy balance [44]:

dis
E.  =E.,,  +10 P At——At (6)

N

where F, , denotes the stored energy of storage technology S. P“" and P™ denote

1,5,

the charging and discharging power, respectively, and UCh and ﬂdls denote the charg-
ing and discharging efficiencies, respectively. In the scenarios examined here, initial
stored energy and hourly charging and discharging power are taken from the PyPSA
baseline results. Stored energy is measured in GWh, charging and discharging powers in
GW, and the charging and discharging efficiencies are dimensionless. Charging increases
stored energy after efficiency losses, whereas discharging decreases it after accounting for
conversion losses; the hourly time step is 1 h.

After thermal generation is adjusted and renewable curtailment is determined, Equa-
tion (7) describes the hourly power balance for each province [13,14]:

_ pth nonth sto netimp uns
Li,t - Pi,z + Pt,t + Pt,t + Pz‘,z + Pz‘,z (7)

L is demand. P" is actual thermal generation. P""" comprises nuclear
power, hydropower, and actual wind and solar generation after curtailment. P™ is stor-

age discharge minus charging, pretmp

is net interprovincial imports, and U 20 is re-
sidual unserved demand. Positive net storage output and positive net imports both in-
crease supply available to the province. The difference between available and actual wind
and solar generation is recorded as curtailment. Equation (8) calculates annual renewable

utilization from annual available generation and curtailment [19].

ZBjurtAt
UR=1-&—— (8)

AR

it
where E;m and Piim denote renewable energy curtailment power and available renew-
able energy output, respectively. Both quantities are non-negative hourly power values in
GW. The utilization rate is dimensionless; for annual reporting, the corresponding hourly
energy terms are summed before calculating the ratio. This is the renewable generation
utilization measure used in integration studies [19].

Figure 4 shows how available wind and solar output enters the hourly power balance
and is converted into actual generation or curtailment. Load, nuclear and hydropower
output, final thermal output from Figure 3, storage net output, and net imports jointly
determine the hourly surplus or shortfall. The model then calculates wind and solar gen-
eration, curtailment, and unserved load and identifies the associated operating con-
straints. Storage net output and net imports retain their hourly PyPSA baseline schedules
across scenarios.
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Figure 4. Stock—flow structure of the wind and solar integration and power balance module. Grey

text in angle brackets denotes shadow variables referencing variables defined elsewhere in the

model. Grey arrows indicate initialization dependencies, blue arrows indicate information depend-

encies, and black pipe arrows represent flows into stocks.

Accordingly, the model links hourly changes in renewable output and demand to
thermal operating constraints, renewable curtailment, and modeled supply shortfalls. Us-
ing the PyPSA baseline as a common reference, the SD layer updates online thermal ca-
pacity through hourly startup and shutdown flows. Previous-hour thermal output and
online capacity determine the feasible output range in the current hour. The model rec-
ords constraint activation and calculates associated curtailment, unserved energy, and re-
newable utilization. Retrofit scenarios change the feasible output range through minimum
stable output, bidirectional ramp rates, and retrofit coverage. Here, SD serves as an hourly
stock—flow scenario simulation rather than a model of endogenous investment or policy
feedback. Its role is to make inter-hour adjustments and constraint attribution explicit, not
to introduce operating constraints unavailable in PyPSA.

3.4. Scenario Design

Four sets of scenarios are defined to distinguish the effects of renewable capacity ex-
pansion and thermal power flexibility retrofits: a baseline, renewable capacity scenarios,
thermal flexibility scenarios, and combined scenarios (Table 2). The baseline has wind and
solar capacity multipliers of 1.00 and no thermal retrofit. It is denoted RO or S0. All sce-
narios use the same hourly demand, wind and solar resource profiles. Nuclear, hydro-
power, and other non-scenario inputs remain unchanged. Storage charging and discharg-
ing and interprovincial transfer follow the hourly PyPSA baseline schedules.

Table 2. Renewable energy capacity and thermal power flexibility scenario settings.

Scenario
Type

Scenario

Renewable Energy =~ Thermal Power

Capacity Multiplier Flexibility Retrofit

Minimum Stable
Output Ratio
(Coal/Gas)

Downward .
Retrofit

Coverage

Upward Ramp

R Rat
Rate (Coal/Gas) amp fate

(Coal/Gas)

Baseli
aseINe Ro/so 1.00 No flexibility retrofit  30%/30% 60%/90% 01 60%/90% b1 0
scenario
Renewable R1 1.25
energy ca- R2 1.50 o .
. No flexibility retrofit 30%/30% 60%/90%-h! 60%/90%-h! 0
pacity sce- R3 1.75

narios R4

2.00
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In R1-R4, wind and solar capacities are increased together to 1.25, 1.50, 1.75, and 2.00
times their baseline levels, while thermal operating parameters remain at R0 values. Equal
increments allow the additional available renewable energy to be compared with changes
in actual generation and curtailment. The combined scenarios pair S0-S4 with R2 and R4
to examine retrofit effects at intermediate and high levels of renewable expansion. These
multipliers are system stress-test assumptions, not forecasts of future installed capacity.

The thermal flexibility scenarios vary the minimum stable output ratio and upward
and downward ramp rates. In the PyPSA baseline, the minimum stable output ratio is 30%
of rated capacity for both coal- and gas-fired generation. The SD baseline sets the coal-
and gas-fired ramp rates at 60% and 90% of rated capacity per hour, respectively. These
values correspond to 1.0% and 1.5% of rated capacity per minute. The baseline coal-fired
ramp rate follows a previous scenario study of China’s power system [4]. S1 applies a
deep peak-shaving retrofit, S2 applies a fast-ramping retrofit, and S3 combines both, each
at 50% coverage. S4 examines a broader combined-retrofit case at 80% coverage. Retrofit
coverage denotes the assumed share of coal- and gas-fired capacity assigned the retrofit
target parameters. This share is applied uniformly across provincial nodes; individual
generating units are not selected, and no provinces are prioritized. The effective operating
parameters reflect the baseline values, retrofit target values, and assumed coverage. 54 is
an exploratory high-coverage scenario, not a projection of achievable retrofit deployment.

To assess the influence of the baseline ramp-rate assumption, only the upward and
downward ramp rates of coal-fired generation were varied under the unretrofitted R0/SO
conditions; all other inputs were held constant. A0 used the baseline rate of 60% of rated
capacity per hour. A1, A2, and A3 used 48%, 72%, and 90% per hour, respectively, with
Al serving as a lower-rate stress test. Relative to A0, Al increased annual curtailment by
3.519 TWh and produced 5.010 TWh of unserved energy. Curtailment decreased by only
0.005 and 0.007 TWh in A2 and A3, respectively, while unserved energy remained negli-
gible. Under the 1 h resolution and operating limits used here, increases above the baseline
rate had little effect on annual outcomes, whereas reducing the rate to 48% per hour sub-
stantially affected supply balance. This test concerns the baseline parameter assumption
and is separate from the retrofit scenarios in Table 2.

4. Results
4.1. Isolated Effects of Renewable Capacity Expansion

To isolate the effect of renewable capacity expansion, installed wind and solar capac-
ity was scaled stepwise from 1.00 to 2.00 across scenarios RO-R4. Thermal flexibility pa-
rameters and other system conditions were held constant. Annual available wind and so-
lar energy increased with capacity, but the additional energy was not converted propor-
tionally into actual generation. Available energy rose from 3165.6 TWh in RO to 6331.2
TWh in R4. Actual generation increased from 2892.2 to 4379.5 TWh, a gain of 51.4%. Over
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the same scenarios, curtailment rose from 273.4 to 1951.7 TWh (Figure 5a). Of the addi-
tional 3165.6 TWh available in R4, 1487.3 TWh was converted into actual generation and
1678.4 TWh was curtailed. These amounts accounted for 47.0% and 53.0% of the increase
in available energy, respectively.

a b
7000
[ Actual generation [ Curtailment 6331 91.4% =@=Annual utilization
—_ == Marginal utilization
§ 6000 - Bar total = available energy 90 A 56.5%
5540
=
>
D 5000 e
o
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Figure 5. Effects of renewable capacity expansion on annual wind and solar energy and utilization.
(a) Actual generation and curtailment under scenarios R0-R4. The value above each stacked bar
represents total available energy, equal to actual generation plus curtailment. (b) Annual utilization
rate and marginal utilization rate. Marginal utilization is calculated between adjacent scenarios and
is therefore not defined for RO.

Renewable energy utilization declined as installed capacity increased. The annual
utilization rates for RO-R4 were 91.4%, 86.5%, 80.2%, 74.4%, and 69.2%, respectively. This
represented a decrease of 22.2 percentage points between the baseline and highest-capac-
ity scenarios (Figure 5b). To distinguish average utilization from the contribution of addi-
tional capacity, a marginal utilization rate was calculated for each consecutive scenario
pair. It was defined as the increase in actual generation divided by the increase in available
energy. The marginal rates for RO-R1, R1-R2, R2-R3, and R3-R4 were 67.1%, 49.0%,
39.1%, and 32.8%, respectively. Available energy increased by approximately 791.4 TWh
at each step. However, the increase in actual generation fell from 530.7 TWh in the first
step to 259.5 TWh in the last. The corresponding increase in curtailment rose from 260.7
to 531.9 TWh. Under unchanged system flexibility conditions, additional capacity there-
fore produced progressively less actual generation per unit of additional available energy.

The hourly results revealed when the increase in curtailment occurred. Mean cur-
tailed power was calculated for each hour of the day across the full year (Figure 6a). In
every scenario, curtailment rose during the morning, peaked at approximately 13:00, and
declined thereafter. The midday peak increased with installed capacity. It was approxi-
mately 150 GW in R0 and nearly 790 GW in R4. Mean curtailed power was lower at night
and in the early morning, when differences among scenarios were also smaller. With ca-
pacity expansion, the midday profile rose and high curtailment persisted over more hours.
The annual increase was thus concentrated in particular hours rather than distributed uni-
formly throughout the year.
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Figure 6. Intraday distribution and regional variation in curtailment under renewable capacity ex-
pansion. (a) Annual mean curtailed power by hour of day in R0O-R4; (b) the 10 provincial-level re-

gions with the largest increases in curtailment from RO to R4.

Additional curtailment was also unevenly distributed across regions. Provincial in-
creases between R0 and R4 are compared in Figure 6b. Curtailment increased by approx-
imately 204 TWh in Inner Mongolia, 148 TWh in Xinjiang, 144 TWh in Hebei, 138 TWh in
Shandong, and 106 TWh in Gansu. Together, these five regions accounted for approxi-
mately 740 TWHh, or 44% of the national increase. Curtailment also rose in other regions,
but their absolute increases differed substantially. The national utilization rate therefore
concealed the concentration of additional curtailment across both hours and regions. An-
nual energy totals, hourly power profiles, and regional contributions should be consid-
ered together when assessing the operating effects of capacity expansion.

4.2. Isolated Effects of Thermal Power Flexibility Retrofits

With the renewable capacity multiplier fixed at 1.00, scenarios S0-S4 were compared
to isolate the effects of different thermal power flexibility retrofits. No retrofit was applied
in S0. Minimum stable output was reduced in S1, while upward and downward ramp
rates were increased in S2. Both measures were applied in S3. Retrofit coverage was set at
50% in 51-53. In S4, the combined retrofit used the same target parameters as S3, but its
coverage increased from 50% to 80%. This increased coverage changed the coverage-
weighted effective operating parameters.

The retrofit pathways had markedly different effects on renewable energy utilization.
In S0, actual renewable generation was 2892.2 TWh, curtailment was 273.4 TWh, and the
utilization rate was 91.4%. Following the deep-turndown retrofit in S1, actual generation
increased to 2917.3 TWh. Curtailment fell to 248.4 TWh, a reduction of 25.0 TWh, or 9.2%,
relative to SO. By contrast, increasing ramp rates alone in S2 reduced annual curtailment
by only approximately 0.007 TWh. Actual generation and the utilization rate remained
nearly unchanged from S0. Curtailment in 53 was 248.3 TWh, approximately 0.06 TWh
below that in S1. Thus, at 50% retrofit coverage, adding ramp-rate improvements pro-
vided little additional annual curtailment reduction. In S4, curtailment declined further to
234.9 TWh, while actual generation rose to 2930.7 TWh. The utilization rate reached 92.6%.
Compared with SO, curtailment was reduced by 38.5 TWh, or 14.1% (Figure 7a).
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Figure 7. Attribution of renewable curtailment and unserved energy under thermal power flexibility
retrofits. (a) Annual curtailment and its attribution to operating constraints in S0-S4; (b) annual un-

served energy.

The attribution of curtailment to operating constraints was consistent with these sce-
nario differences. Annual curtailment attributed to the minimum-stable-output constraint
declined from 110.1 TWh in SO to 84.8 TWh in S1. It fell further to 71.2 TWh in S4. In S2,
curtailment attributed to the downward-ramping constraint decreased from approxi-
mately 0.049 to 0.001 TWh. This constraint accounted for little curtailment in the baseline,
so its relaxation had limited effect on total curtailment. Under the capacity and operating
conditions examined, lowering minimum stable output yielded a greater annual utiliza-
tion benefit than increasing ramp rates alone.

Improvements in renewable utilization were not always accompanied by improve-
ments in supply reliability. Annual unserved energy was close to zero in SO, S2, §3, and
54. By contrast, 45.49 GWh of unserved energy was recorded in S1 (Figure 7b). The model
attributed this shortfall to the upward-ramping constraint rather than insufficient in-
stalled capacity. When ramp-rate improvements were added to deep turndown in S3, un-
served energy approached zero. The curtailment reduction remained close to that
achieved in S1. Thus, although a lower thermal output limit increased renewable accom-
modation, upward adjustment capability remained important in subsequent hours.

The hourly profiles identified when these effects occurred. Mean curtailed power
peaked around midday in every scenario, and the timing of the peak changed little after
retrofitting. The SO and S2 profiles nearly overlapped, as did those of S1 and S3. Midday
curtailment was lowest in 54 (Figure 8a). The additional unserved energy in S1 was con-
centrated at 18:00-19:00. At 18:00, the cumulative shortfall over the year was approxi-
mately 27.0 GWh. The shortfall at the same hour was nearly eliminated in S3 (Figure 8b).
The utilization benefit of deep turndown was therefore concentrated around midday,
whereas the shortfall associated with deep turndown alone occurred mainly in the even-

ing.
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Figure 8. Effects of thermal power flexibility retrofits on the intraday distribution of curtailment and
unserved energy. (a) Annual mean curtailed power by hour of day in each scenario; (b) annual

unserved energy in S1 and S3, aggregated by hour of day.

Retrofit benefits also varied across regions. Relative to SO, curtailment in 54 was re-
duced by approximately 8.16 TWh in Xinjiang, 6.41 TWh in Inner Mongolia, 5.97 TWh in
Shanxi, and 5.21 TWh in Shandong. These four regions accounted for approximately 67%
of the national reduction (Figure 9b). The utilization rate increased by 5.57 percentage
points in Shanxi and 4.39 percentage points in Ningxia, while smaller changes were ob-
served in some other regions (Figure 9a). Thus, even under the same scenario parameters,
the annual utilization benefit of thermal flexibility retrofits differed substantially across
regions.

4.3. Combined Effects of Renewable Capacity Expansion and Thermal Power Flexibility Retrofits
The S0-54 thermal flexibility retrofits were applied at renewable capacity multipliers
of 1.50 and 2.00. R2S0 and R4S50 corresponded to the no-retrofit R2 and R4 scenarios, re-
spectively. They served as reference cases for assessing retrofit effects at each capacity
level. Available wind and solar energy was held constant within each group. Conse-
quently, increases in actual generation corresponded to reductions in curtailment.
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Figure 9. Provincial variation in the renewable utilization effects of thermal power flexibility retro-
fits. (a) Provincial increases in utilization rate relative to SO under each retrofit scenario; (b) provin-

cial reductions in annual curtailment in 54 relative to SO.

The combined retrofit reduced annual curtailment at both capacity levels, although
its absolute and relative effects differed. In the R2 group, curtailment declined from 938.0
TWh in R2S0 to 782.5 TWh in R254. This was a reduction of 155.5 TWh, or 16.6%. Actual
renewable generation increased from 3810.4 to 3966.0 TWh, and the utilization rate rose
from 80.2% to 83.5%. In the R4 group, S4 reduced curtailment from 1951.7 to 1760.0 TWh,
areduction of 191.7 TWh, or 9.8%. Actual generation increased from 4379.5 to 4571.2 TWh,
while the utilization rate rose from 69.2% to 72.2% (Figure 10a). The relative curtailment
reduction was 14.1% at the baseline capacity level, 16.6% in R2, and 9.8% in R4. Thus,
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absolute curtailment savings increased across the capacity levels examined, but the rela-
tive reduction was not monotonic. The relative effect was smaller in R4 than in R2.
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a

o
16.6% = 200 4
177.2

150 +
9.8%

100 88.9

Annual unserved energy (GWh
<

Curtailment reduction vs SO (%)

T T T T T 0 T T T T

SO0 S1 S2 S3 S4 SO S1 S2 S3 S4
Thermal retrofit scenario Thermal retrofit scenario

Figure 10. Annual operating outcomes under combined renewable capacity and thermal flexibility
scenarios. (a) Curtailment reduction rates for each retrofit relative to SO within the R2 and R4 groups;

(b) annual unserved energy under each combined scenario.

The effects also differed among retrofit pathways. Deep turndown alone in S1 re-
duced curtailment by 100.7 TWh in the R2 group and 122.7 TWh in the R4 group. By com-
parison, ramp-rate improvements alone in S2 reduced curtailment by only approximately
0.04 and 0.14 TWh, respectively. When ramp-rate improvements were added to deep turn-
down in S3, annual curtailment remained close to the S1 level in both groups. Further
reductions were achieved under the expanded combined retrofit in S4 (Figure 10a). Under
the specified capacity levels and baseline parameters, lower minimum stable output ac-
counted for most of the annual curtailment reduction. Increasing ramp rates alone had
little effect on total curtailment.

Curtailment benefits were assessed alongside unserved energy. Annual unserved en-
ergy was close to zero in R250 and R450. Under S1, however, it reached 177.2 GWh in the
R2 group and 88.9 GWh in the R4 group. It remained close to zero under S2, S3, and S4
(Figure 10b). The S1 shortfalls were concentrated at 18:00-19:00 and were larger in R2 than
in R4 (Figure 11b). Compared with S1, S3 retained a similar curtailment reduction while
eliminating the shortfall. This difference shows the reliability effect of adding ramp-rate
improvements. Unserved energy did not increase monotonically as the capacity multi-
plier rose from 1.50 to 2.00.

—e— R2S0 =e— R4S0

a —&— R2S4 —m— R4S4 I R2S1 W R4St

®
o
L

800 -

D
o
1

600

'S
{=3
L

400 A

n
o
1

200 o

Mean curtailed power (GW)

Annual unserved energy by hour (GWh) o
o

0 3 6 9 12 15 18 21 23
Hour of day (CST) Hour of day (CST)

Figure 11. Intraday distribution of renewable curtailment and unserved energy under combined
scenarios. (a) Annual mean curtailed power by hour of day in R250, R254, R4S0, and R4S4; (b) an-
nual unserved energy in R251 and R4S1, aggregated by hour of day.
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The hourly profiles showed that the combined retrofit mainly reduced midday cur-
tailed power without changing when curtailment was concentrated. Mean curtailed
power peaked at approximately 13:00 in both R250 and R450. Under S4, the midday pro-
files declined in both groups. Nevertheless, curtailed power at and around the peak re-
mained substantially higher in R454 than in R254 (Figure 11a). This pattern was consistent
with the annual results. Although curtailment in R454 was 191.7 TWh below that in R4S0,
1760.0 TWh remained.

To examine how the evening shortfall arises under S1, Figure 12 presents an hourly
operating sequence for Shandong on 23 January 2025. This case exhibits both reduced
midday curtailment and an evening supply shortfall. In the R2 and R4 groups, S1 reduced
midday thermal output and wind and solar curtailment relative to S0. At 18:00, required
thermal output reached 93.28 GW in R251 and 92.43 GW in R4S1. The maximum output
feasible under the upward-ramping constraint was 88.91 GW in both cases, leaving mod-
eled shortfalls of 4.37 and 3.52 GW, respectively. Physical maximum thermal output was
94.14 GW in both groups and exceeded the required output. The shortfall was therefore
associated with the rate of output recovery rather than insufficient available capacity. Un-
der S3, the shortfall at this hour was nearly eliminated. This case illustrates how deep
turndown can create room for renewable generation at midday while increasing the sub-
sequent requirement for upward adjustment.

Shandong, 23 Jan 2025
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Figure 12. Hourly thermal output, renewable curtailment, and supply shortfalls under combined
scenarios. Hourly results for Shandong on 23 January 2025. (a,b) Actual thermal output under SO,
S1, and S3, together with required thermal output and the ramp-constrained feasible maximum un-

der S1, for the R2 and R4 groups, respectively. (¢,d) Wind and solar curtailment under SO and S1.
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(e,f) Modeled unserved load under S1 and S3. The selected day illustrates a high-shortfall event and
does not represent an annual average. Red shading highlights the evening ramping period from
17:30 to 19:30.

Retrofit benefits also varied by region. In the R2 group, the largest curtailment reduc-
tions under 54 relative to SO were recorded in Shandong, Xinjiang, Shanxi, and Inner Mon-
golia. The respective reductions were 17.71, 16.58, 13.42, and 13.21 TWh (Figure 13a). In
the R4 group, the reduction in Shandong rose to 20.01 TWh. The corresponding values for
Xinjiang, Shanxi, and Inner Mongolia were 16.44, 14.63, and 13.12 TWh (Figure 13b). Ben-
efits in the main benefiting provinces did not increase in the same proportion across the
two capacity levels. Changes in the national annual reduction therefore also reflected
shifts in regional contributions.

b
5 10 15 20 0 5 10 15 20
Curtailment reduction (TWh) Curtailment reduction (TWh)
R2S0 - R2S4 R4S0 - R4S4

Figure 13. Provincial reductions in curtailment under the combined retrofit scenarios. (a) Reductions
in annual curtailment in R254 relative to R2S0; (b) reductions in R454 relative to R4S0.
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5. Discussion
5.1. Temporal Mismatch and the Limits of Renewable Capacity Expansion

The utilization benefit of renewable capacity expansion depends on the temporal and
spatial alignment of additional generation with the system’s capacity to accommodate it.
When the capacity multiplier increased from 1.00 to 2.00, available wind and solar energy
doubled. Actual generation increased by 51.4%, while the utilization rate fell from 91.4%
to 69.2%. Additional curtailment was concentrated around midday. During these hours,
surplus generation increased faster than the available flexibility could accommodate it.
Hu et al. showed that wind-solar complementarity and regional coordination can affect
the level of renewable integration [45]. The continuous hourly results presented here fur-
ther indicate that utilization gains from capacity expansion are constrained by operating
conditions during high-output periods. For renewable deployment, installed capacity
alone does not indicate how much of the available electricity the system can actually use.

Regional variation in curtailment growth was also obscured by the national utiliza-
tion rate. Inner Mongolia, Xinjiang, Hebei, Shandong, and Gansu together accounted for
approximately 44% of the additional curtailment in R4 relative to R0. These regions merit
particular attention when accommodation constraints are identified and flexibility re-
sources are allocated. However, appropriate measures depend on local generation profiles,
demand, and the generation mix. Spatial planning research has likewise emphasized that
renewable deployment should be assessed jointly with transmission and storage provi-
sion [46]. Notably, unserved energy remained close to zero in all renewable-capacity-only
scenarios. Under the conditions modelled here, capacity expansion primarily increased
curtailment pressure. Renewable utilization and supply reliability therefore represented
distinct dimensions of system performance.

5.2. Coupled Thermal Constraints and Asymmetric Retrofit Effects

Minimum stable output and ramp rates determine the lowest attainable thermal out-
put and how quickly that output can be reached, respectively. Retrofit benefits therefore
depend on how often each constraint binds during operation. Deep turndown alone re-
duced annual curtailment by approximately 25.0 TWh. By contrast, increasing bidirec-
tional ramp rates alone reduced it by only about 0.007 TWh. The model attributed much
less baseline curtailment to downward ramping than to minimum stable output. In these
scenarios, the utilization gain was therefore driven mainly by a lower thermal operating
limit. Research on coal-fired power retrofits has likewise distinguished the technical and
cost implications of minimum-load capability, ramping performance, and retrofit scale
[47].

Deep turndown also changed the thermal output adjustments required in subsequent
hours. S1 reduced midday curtailment but produced approximately 45.5 GWh of un-
served energy, mainly in the evening. The model attributed this shortfall to the upward-
ramping constraint. After ramp-rate improvements were added in S3, a similar curtail-
ment reduction was retained, while unserved energy approached zero. This comparison
illustrates the inter-hour nature of thermal flexibility. Lower midday output created more
room for renewable generation, but output had to recover as evening net load increased.
Unit-level research under deep-turndown conditions has also linked low-load operation
to permissible upward ramp rates [48]. Thus, deep turndown should be evaluated against
both curtailment and supply balance. The value of bidirectional ramp-rate improvements
is not fully captured by annual curtailment alone.
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5.3. Scale-Dependent Retrofit Benefits and Coordination with Other Flexibility Resources

The combined retrofit reduced curtailment at each renewable capacity level, but its
absolute and relative benefits followed different patterns. At capacity multipliers of 1.00,
1.50, and 2.00, S4 reduced curtailment by approximately 38.5, 155.5, and 191.7 TWh, re-
spectively. The corresponding relative reductions were 14.1%, 16.6%, and 9.8%. Higher
capacity levels created more surplus generation that could be accommodated by reducing
thermal output. However, the amount of surplus energy remaining beyond the effect of
the specified retrofit parameters also increased. Retrofit value therefore depends on both
the absolute curtailment reduction and its share of total curtailment. Research on the tran-
sition of coal power from baseload generation to flexibility provision has similarly em-
phasized its dependence on regional generation mixes and system transition pathways
[49].

After the 54 retrofit, curtailment remained at approximately 782.5 TWh in R254 and
1760.0 TWh in R4S4. These residual amounts warrant assessment of additional flexibility
options at higher renewable capacity levels. Thermal retrofits can expand the low-output
operating range of existing units and support responses to changes in net load. Storage,
interregional power exchange, and demand-side flexibility may address inter-hour en-
ergy shifting, spatial imbalances, and load timing, respectively. Their incremental effects
and interactions with thermal retrofits are not quantified in the present scenarios. Previ-
ous hourly analysis has compared the roles of flexible coal generation and battery storage
[50]. Spatial planning research has also linked renewable deployment with transmission
and storage provision [45]. For the system examined here, the incremental effects of these
resources should be tested separately, with attention to curtailment hours and regions re-
ceiving the largest benefits. Operating gains and retrofit costs can then be assessed within
a common allocation framework.

6. Conclusions

Under high renewable penetration, the effects of capacity expansion and thermal
power flexibility retrofits depend on hourly operating conditions. Annual generation, re-
newable curtailment, and supply reliability do not necessarily improve together when a
single parameter is changed.

Renewable capacity expansion increased actual wind and solar generation, but it also
substantially increased curtailment. As the capacity multiplier rose from 1.00 to 2.00,
available wind and solar generation doubled, whereas actual generation increased by
51.4%. Annual curtailment rose from 273.4 to 1951.7 TWh, and the utilization rate fell from
91.4% to 69.2%. Additional curtailment was concentrated around midday and was une-
venly distributed across regions. Annual unserved energy remained close to zero in all
capacity-expansion scenarios. Under the load and operating conditions examined here,
further capacity expansion therefore increased the accommodation pressure during high-
output hours without a discernible improvement in supply reliability.

The retrofit scenarios revealed distinct roles for minimum stable output and ramping
capability. At the baseline renewable capacity level, lowering minimum stable output
alone reduced curtailment by 25.0 TWh, whereas increasing upward and downward ramp
rates alone reduced it by approximately 0.007 TWh. Curtailment associated with mini-
mum stable output was much greater than that associated with downward ramping in
the baseline scenario. However, improved renewable accommodation did not ensure sup-
ply balance in subsequent hours. Scenario S1 reduced midday curtailment but resulted in
45.49 GWh of unserved energy, mainly in the evening. When ramping capability was also
increased in S3, a similar reduction in curtailment was retained while unserved energy
fell to nearly zero. Lower minimum stable output thus expanded the accommodation
space during periods of high renewable generation, whereas the principal contribution of
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greater ramping capability in these scenarios was to support output recovery after low-
output operation.

The effects of the combined retrofit varied with renewable capacity. At capacity mul-
tipliers of 1.00, 1.50, and 2.00, S4 reduced curtailment by 38.5, 155.5, and 191.7 TWh, re-
spectively, relative to the corresponding no-retrofit scenarios. These reductions repre-
sented 14.1%, 16.6%, and 9.8% of baseline curtailment at each capacity level. Thus, the
absolute reduction increased across the capacity levels examined, whereas the relative re-
duction rose and then fell. Even with 54 at a capacity multiplier of 2.00, annual curtailment
remained at 1760.0 TWh. Thermal power retrofits can therefore improve renewable ac-
commodation, but they cannot offset a fixed proportion of the additional curtailment
caused by capacity expansion.

7. Implications and Future Works
7.1. Theoretical and Practical Implications

Thermal power flexibility cannot be characterized by minimum stable output or
ramping capability alone. The former defines the lower operating limit during periods of
low net load. The latter determines whether the required output can be reached in time
and whether generation can subsequently be restored. The difference in unserved energy
between S1 and S3 indicates that these constraints interact across successive hours. Eval-
uations of retrofit value should therefore identify when each constraint is binding and
assess its distinct effects on renewable curtailment and unserved energy.

These findings inform the selection of retrofit pathways. Where curtailment is pri-
marily associated with the minimum-stable-output constraint, lowering the operating
limit can expand renewable accommodation. However, upward regulation capability
must also be assessed for the evening hours. Where rapid changes in net load are the main
constraint, ramping capability in the relevant direction should be prioritized. The provin-
cial results further show that additional curtailment and retrofit benefits are concentrated
in certain regions. A uniform national retrofit coverage rate may therefore obscure differ-
ences in regional benefits. Retrofit targets and coverage should be determined using local
hourly net-load profiles, constraint attribution, and unserved energy. The potential con-
tributions of storage, interregional transmission, and demand response to the curtailment
remaining in high-capacity scenarios require separate scenario tests; they cannot be in-
ferred from residual curtailment alone. Retrofit planning should therefore consider cur-
tailment and modeled supply shortfalls together, using local hourly conditions to identify
where flexibility improvements are most useful.

7.2. Limitations and Future Works

The study uses one year of load and weather data and does not capture interannual
variability, extreme events, or forecast errors. Thermal operating limits are represented
parametrically, without explicit unit commitment, heat-power coupling, or forced out-
ages. Storage dispatch and interprovincial exchanges retain their PyPSA baseline sched-
ules across scenarios. Retrofit coverage is applied uniformly to aggregate provincial ca-
pacity; the model does not identify eligible units or test alternative regional allocations.
Retrofit costs and plant-level technical feasibility are also not assessed. Thus, the 80% cov-
erage in 54 is a conditional operating scenario, not evidence that deployment at this scale
is technically or economically feasible.

Future research could test the robustness of these findings using multi-year data and
extreme-event scenarios. Unit-commitment modelling could provide a more detailed rep-
resentation of thermal output recovery after deep turndown. Alternative storage dispatch
strategies, including evening-peak state-of-charge reservation, could be compared with

https://doi.org/10.3390/su182111121



Sustainability 2026, 18, 11121 27 of 30

the fixed baseline schedule. Unit-level technical and cost data could then be used to assess
retrofit eligibility, achievable performance, and province-specific allocation. Finally, stor-
age, interregional transmission, and demand response could be jointly optimized while
accounting for retrofit investment, operating costs, fuel consumption, and carbon costs.
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