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ABSTRACT: The increasing penetration of renewable energy sources (RES) imposes stringent flexibility requirements
on thermal power units (TPUs). Integrating molten salt thermal storage systems (MSTS) and thermal-electric coupling
technologies into TPUs has the potential to improve their operational flexibility and regulation capability. However,
existing research seldom investigates the combined effects of MSTS retrofitting and thermal-electric output coupling
on short-term dispatchability, especially under rapid load variation conditions. This study proposes a comprehensive
modeling and multi-timescale optimization framework for MSTS-retrofitted TPUs with rapid load variation capability,
enabling coordinated thermal and electrical dispatch in both day-ahead and real-time stages. The TPU model incorpo-
rates steam heating, electric heating, MSTS charge and discharge characteristics, and ladder typer ramping constraints,
enabling detailed representation of thermal-electric coupling interactions. The proposed scheduling framework consists
of a day-ahead economic dispatch model and a minute-level intraday rolling optimization. In the day-ahead stage, the
model maximizes operational revenue while considering flexibility reserve requirements, multi-period peak shaving,
reserve allocation, and thermal-electric coupling strategies that coordinate steam and electric heating with MSTS
charging and discharging. In the intraday rolling stage, real-time RES fluctuations and load variations are incorporated
to update dispatch decisions, ensuring continuous power-heat balance and eflicient use of stored thermal energy.
Simulation results verify that thermal-electric coupling enhances the system’s capability to maintain real-time power
balance, while MST'S operation effectively mitigates output fluctuations and supports stable, economical operation for
addressing RES variation.

KEYWORDS: Coal-fired thermal power unit; molten salt thermal storage; thermal-electric coupling; multi-timescale
operation

1 Introduction

The global pursuit of carbon neutrality has significantly accelerated the deployment of renewable
energy sources, with wind and solar power experiencing rapid growth in installed capacity [1]. However,
the intrinsic intermittency and volatility of renewable energy sources (RESs), particularly wind power (WP)
and photovoltaic (PV) generation, pose substantial challenges to the stability of modern power systems.
These fluctuations intensify the demand for flexible resources capable of providing rapid load-following,
peak shaving, and frequency regulation services [2].
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In regions with limited hydropower potential, retrofitting coal-fired thermal power units (TPUs) to
enhance their flexibility has emerged as a viable solution to accommodate variable renewable generation [3].
Such flexibility upgrades primarily include improvements in low-load stable combustion, rapid start-
up/shutdown, and fast ramping capabilities [4]. Among them, fast ramping enables real-time adjustment of
power output to track load or renewable variability [5]. However, frequent load changes impose considerable
thermal and mechanical stress on the system, leading to increased equipment wear and lifecycle degradation.
Moreover, operational data indicate that coal consumption during rapid ramping deviates significantly
from that during steady-state operation, with efficiency losses in condensate flow and turbine performance
resulting in higher fuel usage and more mechanical fatigue [6]. Meanwhile, rapid start-up and shutdown
allow units to respond swiftly to dispatch signals or emergency needs, but such frequent cycling also
places substantial thermal and mechanical stress on critical components, shortening equipment lifespan
and increasing maintenance requirements [7]. To mitigate such impacts and improve ramping performance,
molten salt thermal storage (MSTS) retrofits have been introduced to TPUs [8]. By absorbing surplus thermal
energy during low-load or high-renewable periods and releasing it during peak demand, the storage system
enables rapid electrical output adjustment without frequent thermal cycling of the boiler. However, the
flexibility provided by thermal storage alone is often limited by its storage capacity, which restricts its ability
to respond to prolonged or large-scale fluctuations. Therefore, a hybrid approach that combines multiple
retrofit measures can be developed. By coordinating these strategies, TPUs can dynamically adjust their
operation in response to real-time system needs and RES variability, achieving a more balanced trade-off
among flexibility, efficiency, and equipment reliability.

However, with the increasing penetration of RES, TPUs are facing growing pressure to enhance their
regulation capabilities. It becomes increasingly difficult for TPUs to achieve both wide-range load-following
and low coal consumption under rapid ramping conditions. Moreover, the volatility of RESs calls for more
precise and responsive adjustments from thermal units within short timescales. These challenges highlight
the importance of developing optimized dispatch strategies for TPUs. In [9], alook-ahead economic dispatch
model is proposed for wind and thermal power systems, which incorporates tightened ramping constraints
for retrofitted TPUs, aiming to mitigate tie-line power fluctuations under high RES penetration. In [10], a
coupled dispatch framework is developed for RES and TPUs systems, where ladder-type ramping constraints
and flexible reserve constraints are introduced to enhance TPU participation in deep peak regulation.

The above studies primarily focus on optimizing dispatch strategies from the perspective of improving
TPU flexibility under rapid load variation. In terms of coordinated scheduling involving TPU and MSTS,
several studies have proposed. In [11], a steam-extraction-based TPU retrofitting scheme integrated with
MSTS is proposed to enhance low-load flexibility, and a multi-objective grey wolf optimization algorithm is
employed to optimize operational parameters and trade-offs between efficiency and ramping performance.
In [12], a novel power-to-heat energy storage and power generation system using molten salt is developed
to achieve rapid load regulation, with dynamic modeling and exergy analysis revealing its superior ramping
capability and potential for control strategy optimization. In [13],a MSTS is embedded in combined heat and
power plants (CHPs) to improve load adjustability and reduce coal consumption, and operation scheduling
models are developed to quantify flexibility and energy efficiency enhancements. In [14], a multi-stage
optimization-based dispatch model is proposed for multi-coupled generation systems integrating TPUs
with MSTS retrofitting and rapid load variation capabilities, enabling coordinated peak regulation and
improved daily revenue performance. In [15], a three-step decision support method is presented for sizing
and optimizing MSTS in CHP plants, demonstrating that retrofitting with storage significantly improves
flexibility and long-term economic benefits.
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The coupling of power generation and heat supply in TPUs has potential for further improving
regulation capability through. The coordinated adjustment of steam heating and electric heating offers
additional degrees of freedom for balancing supply and demand in systems with high-RES penetration [16].
In [17], a flexibility retrofit scheme for CHP units integrating internal and external thermal storage is
proposed, and a coordinated operation and reserve risk optimization model is developed for a power-heat
integrated energy system, demonstrating improved wind accommodation and reserve capacity. In [18], an
operation scheduling model for coal-fired CHP stations equipped with electric boilers and heat pumps
is established, showing that optimal load allocation among units can reduce coal consumption and CO,
emissions while improving operational flexibility. In [19], a novel cascade reheat steam extraction system
with MSTS is designed for CHP plants, with simulation results indicating enhanced peak shaving capability,
higher thermal and exergy efficiency at low loads, and expanded adjustable load ranges.

Although previous studies have explored the integration of MSTS to enhance TPU flexibility, most have
focused on relatively long timescale optimization. Few have systematically analyzed how MSTS retrofitting
influences TPU flexibility and regulation capability under rapid load variations and multi-timescale oper-
ation scenarios. While some works address operation optimization under steady-state or representative
scenarios, few consider how TPU flexibility and thermal-electric coupling, i.e., the coordination between
thermal and electrical outputs, can be enhanced and fully exploited at shorter time intervals such as minute-
level dispatch. However, the thermal-electric coupling significantly increases the dimensionality of the
scheduling problem, making real-time optimization more complex than conventional single-energy storage
dispatching. These gaps call for a unified optimization framework that captures the dynamic interaction
among TPU flexibility, MSTS operation, and thermal-electric coupling across multiple timescales.

To address these limitations, this paper develops a comprehensive modeling and optimization frame-
work for TPUs retrofitted with MSTS and thermal-electric coupling capabilities under multi-timescale
scheduling requirements. Unlike general energy-storage-based dispatching models that focus solely on
electrical balance, the proposed model simultaneously coordinates both heat and power flows in TPUs
integrated with high- and low-temperature MSTS systems. The optimization can satisfy the coupled thermal
and electrical equilibrium constraints, where the charging/discharging behavior of the MSTS affects both
steam and electrical outputs. The main contributions are as follows:

(1) A detailed TPU model is established that integrates steam heating, electric heating, MSTS retrofitting,
and rapid load variation retrofitting, enabling a more accurate representation of operational flexibility
and thermal-electric coupling effects.

(2) A multi-timescale scheduling framework is proposed, incorporating both day-ahead optimization and
minute-level intraday rolling dispatch, to coordinate TPU flexibility, MSTS operation, and thermal-
electric coupling for enhanced system adaptability.

(3) The proposed framework is validated using a real-world power grid case study, the results demonstrate
the effectiveness of thermal-electric coupling in improving both day-ahead scheduling efficiency and
intraday real-time balancing under RES variations.

2 Operation Model for Thermal Power Unit Considering Molten Salt Thermal Storage Retrofit and
Thermal-Electric Coupling

This section presents an operation model for TPUs that integrates a MSTS retrofit and thermal-electric
coupling. The model is intended for flexibility retrofit of TPUs operating in power systems with high
renewable penetration, aiming to enhance overall system stability and renewable-energy accommodation.
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2.1 Operating Characteristics of Thertmal Power Unit after Rapid Load Variation Retrofit

Rapid load variation denotes the ability of a TPU to ramp its output at a significantly higher rate.
Achieving this capability requires retrofits in equipment, control systems, and operational strategies. Specif-
ically, optimizing the structure and materials of the boiler and cooling systems reduces thermal inertia
and accelerates load-response speed. Advanced control strategies based on artificial intelligence and model
predictive control are introduced to improve efficiency under rapid load variation conditions, allowing the
unit to ramp quickly and respond promptly to renewable-power fluctuations.

After these retrofits, the unit possesses a rapid ramping capability, its output change rate is markedly
increased, enabling swift response to system demand. This capability effectively compensates for the
intermittency of wind and solar power, enhancing power-system stability and regulation capacity.

Rapid load variation in TPUs poses major challenges to both control and equipment integrity. When
ramping at 2%-3% of rated capacity per minute to follow sharp load or renewable fluctuations, frequent
changes in steam pressure and temperature gradients cause thermal fatigue in boiler tubes, creep in
turbine blades, and wear in valves and seals. Bearings also experience temperature swings and vibration,
reducing their lifespan. Transient mismatches between steam extraction and main flow lead to heat-transfer
inefficiency and higher auxiliary power use for feedwater pumps and fans. As a result, the overall efficiency
drops during ramping, and maintenance frequency increases. Field tests on subcritical units show efficiency
losses of about 0.5-1.5 percentage points and additional degradation costs [20].

2.2 Operation Model of Thertmal Power Unit after Molten Salt Thermal Storage Retrofit and Thermal-
Electric Coupling

To overcome the high coal consumption and mechanical wear associated with conventional rapid
load variation retrofits, and to meet external heat-supply requirements, thermal-storage retrofitting has
become a key flexibility retrofit pathway. The storage system absorbs surplus thermal energy from the TPU
and releases it during peak-load periods, improving peak-shaving capability while maintaining rapid load
variation on the electrical side. Thermal storage also optimizes unit operation, reducing coal consumption
and carbon emissions.

Among storage technologies, molten salt operates stably at high temperatures and is compatible with
the high-temperature steam systems of TPUs. Economically, molten-salt materials are low-cost, chemically
stable, and long-lasting. Therefore, MSTS-based retrofitting offers clear advantages: thermal efficiency
exceeds 90%, and charge/discharge cycles are completed within minutes [21].

The MSTS system comprises storage tanks, heat exchangers, pumps, and piping. Hot and cold tanks
form a dual-loop configuration: the high-temperature tank is located between the boiler and the high-
pressure turbine cylinder, and the low-temperature tank is located between the turbine working cylinder and
the boiler.

Charging occurs during low-load or surplus-generation periods. The high- and low-temperature tanks
absorb excess heat from the boiler and turbine working cylinder, respectively, transferring it via heat
exchangers to the molten salt, thereby reducing the unit's minimum or surplus output. Discharging occurs
during peak-load or renewable-shortfall periods. Stored heat is released: the high-temperature tank increases
steam flow to the turbine, while the low-temperature tank preheats feedwater, boosting unit output and
heat supply.

After retrofit, the TPU can meet external heat demand through boiler-side steam heat supply P}* and
generator-side electric heat supply PEH. Unlike traditional cogeneration units with fixed heat output, molten-
salt-retrofitted units realize thermal-electric coupling, meaning that steam and electric heating can be flexibly
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coordinated to participate in peak shaving and frequency regulation while mitigating intra-day fluctuations
from renewable generation and load variations.

Through charge/discharge of the molten salt storage, the unit can alter boiler-side steam heat supply
P! and generator-side equivalent electrical output P/ without adjusting thermal input PPYRN, thereby
influencing net electrical output P*Y and net electric heat supply PEH. The retrofitted unit energy-flow
diagram is shown in
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Figure 1: Energy flow diagram of thermal power unit integrated with molten salt thermal storage

In , PHC/PHD and PF¢ /PP denote charging/discharging power of the high- and low-temperature
storage systems at time t, respectively. PEL is the thermal power delivered to the turbine at time ¢. P57 is the
thermal power transferred from the turbine to the generator at time ¢.

When the unit must vary its output to meet electrical and thermal load fluctuations, molten salt storage
is used for adjustment. The operating model of the retrofitted unit can be expressed as [14]:

S = (1= ™) S+ (7PCPHC - B ) A
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where SH, SI' are state of charge of the high- and low-temperature storage at time t, respectively. #t,
n* are self-discharge rates of the high- and low-temperature storage, respectively. 71, #1P, #-¢, 4D
are charging/discharging efficiencies of the high- and low-temperature storage, respectively. #°°% is coal
combustion efficiency. M is coal mass consumed at time t#; Q<°Y is calorific value of coal; T is

thermo-electric conversion efficiency.
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3 Multi-Time-Scale Coordinated Dispatch Model

This section considers a TPU retrofitted with MSTS and thermal-electric coupling as the research object
and develops a multi-timescale coordinated dispatch model. The model is designed to maximize the TPU’s
integrated daily operational profit through day-ahead and intraday optimal real-time power balance.

3.1 Overall Multi-Timescale Scheduling Framework

The proposed multi-timescale scheduling framework consists of two stages. In the day-ahead optimiza-
tion, the model takes the predicted net electrical load (difference between total electrical demand and RES
generation) and thermal load, as well as their possible fluctuation ranges within a 95% confidence interval, as
inputs. The objective is to maximize the overall operational economy of the TPUs with MSTS by determining
the optimal 15-min baseline schedules for electrical output, thermal output, and flexibility reserves over a
24-h horizon.

In the intra-day rolling optimization, each 15-min period is used as the scheduling window. A neural
network model predicts the minute-level real-time variations of the net load and thermal load, based on
which the real-time optimization minimizes the deviations between actual and planned power balance, as
well as the deviation from the day-ahead dispatch results. This enables TPUs and MSTS to respond to short-
term RES fluctuations while maintaining thermal-electric balance and economic operation.

3.2 Day-Ahead Scheduling Optimization Model
3.2.1 Objective Function

The objective of the day-ahead scheduling optimization model is to maximize the TPUs integrated daily
operational profit, denoted as f*

max A = 3 £V - f5F )

uelU

where f,/PU is the integrated generation profit of the TPU, calculated as

u

fTPU — fUB + UD _fUO _fUF _ ¢fUE _ (UM _fUH (3)

u u u u u u u u

where fU® is the basic electricity-sale revenue. f,”" is the deep-peak-regulation ancillary-service compensa-
tion. fU° is the operating cost. f ¥ is the flexibility reserve cost. fUE is the pollution-emission cost. f M is
the MSTS integrated operating cost. ! is the additional external heat-purchase cost when internal supply
is insufficient. Specific formulation are detailed as follows.

(1) RES penalty: When the TPU cannot meet the net load, RES output may be curtailed, and the TPU
incurs the associated cost fRE [22]:

T
RE _ Z [CRE,D(thn _ PtWT +PPVr - Pth)] (4)
t=1

where C*EP is the RESs (e.g., WP and PV) curtailment cost coefficient. PXVtT*, P} V" and PN, PPy are
the maximume-available and actual WP and PV outputs, respectively.

(2) Integrated electricity-sale revenue f® and f°: The comprehensive electricity sales revenue of a TPU
can be expressed in the form of the sum of f”® and fP. When the generation output is above the
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(3)

(4)

compensation benchmark, only the basic revenue f,”® applies:
T

£° =2 GoPY 5)
=1

where, G, represents the electricity selling price per unit of base power generation. TPUs can obtain
this part of the revenue regardless of their power generation status.

When the units generation power is less than the compensation benchmark, in addition to
the basic revenue fU®, the electricity sales revenue also includes the compensation revenue for
participating in peak regulation ancillary services f,°° [23], expressed as:

T
£ = (6)
t=1
0 , 1 < y}:EU <1
e =1 Gk (PP - P < < (7)
Czk;FnPU (#IP;FPU,maX _ PEEU) , 0< “E’I;U < s
PTPU
TPU _ u,t
HBut = pTPU,max (8)
u

where PMT)P:U’maX is the maximum electrical output of the TPUs. C; and C, are the unit electricity sales
prices corresponding to different compensation benchmarks. y. %V is electrical load rate of the TPU.
p1 and p, are the load rate benchmarks corresponding to the first and second stages of peak regulation
compensation, respectively. kIFU is the revenue correction coefficient related to the season.

Operational cost of TPUs f,'°: This cost considers two states, regular peak regulation (RPR) and deep
peak regulation (DPR). In the RPR state, the operational cost only considers the unit’s power generation
coal consumption. In the DPR state, the operational cost includes not only power generation coal
consumption but also additional loss costs due to reduced output. f7° is calculated as [23]:

T
0= 1k 9)
t=1

2
Ccoal aRPRPlBIMJIt{N + bRPRPIBIuJIt{N + CRPR) ,
TPU
Uo _ H1<Auu,t Sl (10)
u,t = 2
Ccoal aRPRPlBIIjlt:{N + bRPRPiBLHt(N + CRPR

+ aDPRPEERN + bDPR,O < ,uu,tTPU < th

where C°° is the unit price of coal per ton. a®"}, bBR*R, and **R are the fitting function coefficients for
coal consumption of TPU. a®*® and bPPR are the fitting function coefficients for DPR losses.
Flexibility reserve cost of TPUs f"F': The flexibility reserve cost of TPUs is calculated as:

T

UF UFU UFD

fu :qu,t + u,t (11)
t=1

where f,/}V and f,’; are the costs required for providing upward and downward flexibility reserves
for the system at time t, respectively. Since the units rapid load-following ramp rate upper limit is

divided into multiple stages, the flexibility reserve costs vary accordingly at different output stages [24].
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Pollutant emission cost of TPU f,’F: The pollutant emission cost of TPUs is as follows [9]:

LA T PZE T T

UE E E pBURN E

fE =0 TR (ap P+ b,"). (12)
=1 h=1 h

where CEE, pZE, and T};E are the unit treatment cost, emission coefficient per unit of electricity
generation, and pollutant conversion coefficient for pollutant ki, respectively. a; * and b} © are the fitting
coeflicients for pollutant emissions of the TPU, respectively. h is the type of pollutant, H is the total
number of pollutants. The pollutants considered in this model are particulate matter (PM), SO,, and
NO,.

Comprehensive operational cost of MSTS f,"M: For TPUs retrofitted with MSTS, the internal high/low-
temperature incur comprehensive operational costs, including operational and maintenance costs fuO B
and life loss costs u“? [14]:

T
UM OB , (LB
fu = Z (fu,t + u,t) (13)
t=1
During the charging and discharging processes of the MSTS, certain operational and maintenance
costs are incurred:

OB HD HC LD LC OB
¢ =sum ([P} + P + PLY + PG| C (14)

where C9P is the operation and maintenance cost of the MSTS.

External Heat Purchase Cost of Thermal Power Units fUM: TPUs retrofitted with MSTS can export
thermal power externally. When the unit cannot meet external heat load demand through steam
heating and electric heating, it must purchase heat externally. The external heat purchase cost f ™ is
as follows [25]:

T
H,b
FUH - > CupuyP, (15)
t=1

where Cy by is the unit price of external heat purchase. P,fl P jst the difference between the thermal

N

power exported by the TPU and the external heat load demand.

3.2.2 Constraints

The constraints of the day-ahead scheduling optimization model for thermal and renewable power units

can be categorized into power balance, TPU generation constraints, RES constraints, and MSTS constraints.

1)

Power balance constraints: The power balance constraints of this operational model include electrical
power balance and thermal power balance.

The electrical power balance constraint requires that the total generation power of TPU and net load
(difference between total electrical demand and RES generation) at each time step and under different
probability scenarios must meet the load demand:

U
PNET — PTH _ PEH
= 2 (P - ) (16)

PRV - B - pT - PPV
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(2)

(3)

where P} is the electrical load demand at time ¢.
The thermal power balance constraint indicates that TPUs retrofitted with MSTS can meet external
heat load demand through steam heating, electric heating, and external heat purchase:

U
H,b
P 3 (4 PER 4 g Ip, )+ P )

u,t
u=1

EHS and 411 are the efficiency of EHS and boiler-side

where P/ is the heat load demand at time .
steam heat supply.

TPU generation constraints: TPUs generation constraints include unit output upper and lower limits
constraints, ramping constraints, and flexibility reserve constraints. First, TPUs must satisfy the output

limits and the ladder type ramping rate constraints under rapid load-following conditions [26]:

BURN BURN,min BURN,max
Pt € (Has Bas1) > sy € (o> o+1) > € (e pren)
a-1
BURN re pBURN re _ re) pPRx
PRYRN < r AT + 2 PRVRN _ 5 (e — 22 P
X=C
b-1
BURN » pPBURN p p PR,x
Pu,t > _rbAT + Epu,t—l + z_: <T+1 - Z)P“
x=a (18)
a-1 r T PR,x _ —
R (e - ) PIRr =0, Va=c
bl L\ ok
Y (- 2) PPR* = 0,¥a=b
x=a Tx+1 I'x
BURN,min BURN BURN, max
Pu,t Spu,t Spu,t
where yPURNmaxX gpd BURNmIN 5re ypper and lower limits of the load rate for the TPUs as calculated

in (8) at time ¢, respectively. y,, p, and g, are the lower benchmarks of the load rate of TPUs in the peak
regulation interval at time t, respectively. P"®* is the lower limit of the x-th (x < X) output interval. r,
is the upper limit of the ramp rate in the x-th output interval. P, ; "™ and P} "™ are upper and
lower limits of the TPUs, P, JRN-™i = pPRx=X,

Second, TPUs must reserve flexibility reserves at each time AT to address uncertainties and power
imbalances between operational output and load [24]:

r r r
x=c x+1 x

b-1
DN (L PPRx
—a Tx+1 Tx u

X

a-1
U : BURN,max BURN re gD,n BURN e e PR,x
FY, < min (Pu)t ~ PRYRN, p AT + ZFDf - PEVRN = 5 (L5 ) pf )
(19)
D : BURN PR,n BURN r, pU,n
F,;; < min (Pu’t - P AT + P - 2R -

where F! , and F,, are the upward and downward flexibility reserves of the TPUs, respectively.

RES generation constraints: When TPU can’t meet the power balance, RES can actively reduce part of
its output to improve system output stability and operational economy. However, the RES curtaliment
in each time step and within one day must not exceed specified limits:

‘uREPtRE,pre < PtRE SPtRE,pre

4 4 20
‘uRE,d El PtRE>Pre < PtRE < Zl PtRE»Pre ( )
t= t=

where yRE is the minimum utilization rate of renewable power units; u*Ed

renewable power reduction within one day relative to predicted output; Pff’p
of renewable power units.

is the proportion of the

T

¢ is the predicted output
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MSTS constraints: The MSTS has capacity constraints and operational constraints [27]. The high/low-
temperature constraints are formulated as follows.

max
Stin < SE < Sk @D

min

{ S <sH<sH

max

where S, and S!! are the minimum and maximum thermal storage capacity of the high-temperature

system at time ¢, respectively; St. and Sk are minimum and maximum thermal storage capacity of
the low-temperature system at time ¢, respectively.

The operational constraints of MSTS are formulated as:

i +ui <1
/’lf{D < ‘utcoal #HC < ‘ucoal
t = "t >t = "t
LD coal ,, LC coal
Peo Sp TSP S
Otg PtHDtS #?BGHDI;PURN (22)
0 < PHC < yHCpHE
0< PtLD < /J%DGLDPFURN
0 < PF¢ < ytepLe

t max

where pfP, uH¢ and ulP, k€ are the 0-1 variables indicating whether the high/low-temperature
thermal storage system is operating, respectively (If in operation, the value is 1; otherwise, it is 0); 6"
and 6P are maximum heat release coefficients of the high/low-temperature thermal storage systems,

respectively; PHC and PLS are the maximum heat release power of the high and low-temperature

thermal storage systems, respectively.

Thermal-electric coupling constraints: TPUs retrofitted with MSTS can adjust steam heating and
electric heating power through thermal-electric coupling to meet external heat load demand. The
steam heating and electric heating power constraints of the TPUs are as follows:

EH,min EH EH,max
{ Py <SPy SHPu,t (23)
0< P, <P
= T u,t = " u,t
EH,min EH,max
Pu t Pu t

where and

H,max
Pu

are the minimum and maximum electric heating power, respectively;
, is the maximum steam heating power.

3.3 Intra-Day Rolling Scheduling Optimization Model

Building on the day-ahead scheduling optimization model, this stage incorporates real-time intraday

thermal and electrical load data as well as renewable power fluctuations into the optimization process and
dispatch strategy. Using the optimal day-ahead schedule at the pre-set time resolution as a reference, an LSTM
network is applied to forecast intraday thermal and electrical loads and RES generation [28]. The LSTM
approach, which has been widely adopted in power system forecasting, offers high prediction accuracy for
capturing short-term variations. Based on these forecasts, a rolling optimization is performed at one-minute
intervals within the specified time resolution. The model continuously updates the daily dispatch plan in real
time, thereby enabling effective frequency regulation and maintaining power balance.
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3.3.1 Objective Function and Constraints

In the intra-day rolling scheduling optimization model, the balance between supply and demand at
every single moment is not strictly enforced. The objective function is to minimize, at every temp step, the
deviation between generated power and load demand, the deviation between heat supply and heat load, and
the deviation between the initial and final intra-day moments and the day-ahead dispatch schedule [29].

t+T’
minfi' = Y (Bufit + BofIE) + BafiEt =12, T, T = At/AY (24)
T=t'
FE NET,RT J TH,RT EH,RT
fr =P _Z(Pu,r) _Pu,r’ ) (25)
u=l1
U
H,buy,RT
S8 = (PR ST (P P - P (26)
u=l1
FE J TH EH J TH,RT EH,RT
f‘r = Z(PM,T_PM,T)_Z(PL{,T) _Pu,‘r) ) ’T:t,’t,+T, (27)
u=1 u=1

where At is the time interval between ¢ + 1 and ¢, At is the time interval between 7 + 1 and 7. fF is the
deviation between generated power and net electrical load demand at each real-time dispatch time step 7.

HE is the deviation between heat-supply power and heat-load demand at each real-time dispatch moment
7. f°F is the deviation between generated power and the generation schedule at the time steps 7 = ¢ and
7=t + T'; B1, B2, and f; are weighting coeflicients for the different objectives.

At each intra-day optimization, the constraints are consistent with the operational constraints of TPUs
and MSTS in the day-ahead scheduling model in Section 3.2.2.

3.3.2 Model Linearization

Since the objective function of the intraday rolling optimization model contains absolute-value terms
for deviation minimization, the big-M method [30] is adopted in this study for the linearization of absolute-
value and logical constraints. This approach is widely applied in mixed-integer linear programming due to
its simplicity and generality. However, it may introduce numerical sensitivity if the parameter M is chosen
excessively large, leading to ill-conditioned matrices and increased integrality tolerance errors. To ensure
stability and accuracy, the value of M is determined through multiple tests.

Taking Eq. (25) as an example, this objective-function component minimizes the deviation between
generated power and load demand at each time step. To achieve this, two binary variables, ut*? and ufEN,
are introduced to indicate whether the deviation at each real-time dispatch time step 7 is positive or negative,
respectively. These binary variables satisfy the following relationship:

FEP ,  FEN
u; +u; =1 (28)

After introducing a sufficiently large positive number M, the original objective-function term can be

decomposed into:

ffE: fEP+ fEN (29)
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Then the following constraints are obtained:

U
fFEP 5 pNET.RT _ Zl (PMT’I;I,RT _ Pllilj,RT) M (1 _ uEEP)
u=
U
FEP _ pNET,RT TH,RT _ pEH,RT FEP (30)
. <P _Zl(Pu,T _Pu,r )+M(1_uf )
u=
Muf™ > fF¥ > 0

U
FEEN 5 | pNET.RT _ Zl (P;F’I;I,RT B PLIIE’I;I,RT) M (1 _ uEEN)
u=
FEN NET.RT _ © ( pTH,RT _ pEH,RT FEN (31)
fT <- P‘r _Zl(Pu,T _Pu,r )+M(1_ur )
u=

FEN FEN
Mu ™" > f75N >0

where fIEP and fEN are the positive and negative absolute deviations of generated power and load demand
at moment 7, respectively. When the deviation between generated power and load demand is positive, u==?

T
=1and pfEN = 0, so fFEP is positive and f/EN is zero. When the deviation is negative, uf*? = 0 and pfEN

T T
=1, so fFEP is zero and fFEN is positive. When the deviation is zero, the big-M constraints force the entire
value of f* to be zero [31]. Thus, the absolute-value terms in the objective function of the intra-day rolling

optimization model can be solved at the minute-by-minute time resolution.

T

3.4 Solution Method

The proposed day-ahead and intraday optimal dispatch models for MSTS retrofitted TPUs with
thermal-electric coupling are implemented in MATLAB, utilizing the YALMIP toolbox as the modeling
interface and Gurobi 12.0 as the solver [32].

4 Case Study
4.1 Basic Data

To validate the proposed model, a real-world combined heat and power coal-fired thermal power
plant in Jiangsu Province, China, is simulated. The system represents a city-level high-voltage distribution
area, where two 600 mw TPUs are located close to the main load centers, supplying electricity and heat to
nearby residential and industrial consumers. After retrofitting, the TPUs achieve a minimum output of 30%
PPYRNM with a maximum RPR ramp rate of 1.8 P "™ /h, DPR ramp rate 1.2 P, ;"™"™®* /h. Meanwhile,
the TPUs are equipped with both high- and low-temperature MSTS systems, each providing a maximum
charge/discharge power of 100 mw and an energy storage capacity ranging from 30 MWh (minimum) to
300 MWh (maximum). TPUs are equipped with MSTS and incorporate steam heating, adjustable within the
range of 0 to 90 mw, and electric heating, adjustable within the range of 40 to 80 mw. The net load of this
power plant must accommodate 300 mw of WP and 100 mw of PV. For clarity in presenting the results, the
thermal load is converted to MW.

A typical winter day is selected to represent conditions of high thermal demand and high RES output,
during which TPUs often experience low net load and deep peak-shaving requirements. This scenario is
particularly suitable for evaluating the effectiveness of thermal-electric coupling in ensuring coordinated
power and heat supply and enhancing operational stability under high RES variability. The case study adopts
a day-ahead scheduling time resolution AT =15 min and an intraday scheduling interval AT’ =1 min, with a
total scheduling horizon of T = 24 h N1y = 96 comprising discrete time intervals. For intraday optimization,
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T’ = 15 min and rolling optimization is performed every 15 min based on 1-min updates. The simulation
utilizes actual operational data, including daily load demand profiles and forecasted PV and wind power
generation curves, as illustrated in Fig. 2. Although this study adopts T = 24 h, corresponding to the typical
time frame used in day-ahead power system scheduling, the proposed model is applicable to any total
scheduling horizon by adjusting T.

1500
Electric load :
Wind Two peak periods
Photovoltaic
Net electric load
<1000 - Heat load
z
S
’g One valley period
& 500
0 L | | | | | |
0 16 32 48 64 80 96
0:00 4:00 8:00 12:00 16:00 20:00 24:00

Time step (15 min)
Figure 2: Forecasted load demand and RES (WP/PV) generation profiles

As illustrated in Fig. 2, thermal load demand remains relatively stable throughout the day. Wind power
generation exhibits significant fluctuations between 5:15 and 11:00. Electrical load reaches its minimum
at 4:00 and peaks at 19:30. The net load of the thermal-storage integrated system drops to its trough at
12:15, primarily due to the high volatility of PV generation between 8:00 and 16:00. This scenario effectively
demonstrates the rapid peak-shaving and frequency regulation capabilities of the molten salt thermal energy
storage retrofitted thermal power units, leveraging their thermal-electric coupling mechanism.

Other parameters are shown in Table 1. In the table, the deep peak regulation service parameters are
adopted from reference [9]. All simulations are executed on a desktop workstation equipped with an AMD
Ryzen 7 5700G processor (3.80 GHz base clock) and 16 GB DDR4 RAM.

4.2 Analysis of Day-Ahead Scheduling Optimization Results

Fig. 3 presents the optimized power generation profile of the molten salt thermal energy storage
retrofitted thermal power units under 15-min resolution day-ahead scheduling.

-

As shown in Fig. 3, the system’s net load reaches clear valley periods in the early morning (around
4:00) and at midday (around 12:00). During these times, the high- and low-temperature MSTS systems
operate in charging mode, with charging power maintained at a relatively high level. This operation enables
thermal-electric decoupling, keeping the boiler-side equivalent thermal output stable and preventing a
steep rise in coal consumption rates under low-load conditions. At the same time, the electrical output of
the TPUs decreases with the drop in net load. Their downward regulation margin, on the order of a few
hundred megawatts per unit, provides sufficient negative reserve capacity for the grid, enlarges the downward
regulation range of TPUs, and brings notable peak-shaving benefits.

In contrast, during the morning peak (around 8:00) and evening peak (around 20:00), the net load of the
thermal-storage system exceeds 1000 mw. The MSTS systems switch to discharging mode, releasing several
hundred megawatts of stored thermal energy for power generation. This thermal-electric decoupling effect
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keeps fluctuations in coal feed rate relatively small, sustains low operating costs, and allows the units to meet

high net load demands while increasing power generation revenue.

Table 1: Basic parameters of case study

Energy Eng. 2026;123(4):20

Parameter Value Parameter Value
El‘ectricity price UI.ldeI‘ Co=375,C, = Heat pl.lrchase
tiered compensation 400. C> = 800 price 160
(CNY/MWh) 2T (CNY/MWh)
Load rate of =05, up = Coal price ceoal =
compensation 0.4 (CNY/ton) 685
Coal consumption atPR = 1,69 x
coefficients of TPU 1075, bRPR = Carbon price CUC _ g5
(ton/MW2, ton/MW, 0.276, RPR = (CNY/ton) o
ton) 11.46
CTE —
DPR loss coefficients aPPR = Emission C%]EVI B
of TPU (CNY/MWh, —-209.69, bPPR treatment cost CTSF?Z __
CNY) =87,354.7 (CNY/kg) N1 02X B
p}ﬁg 3.5,
Revenue c.orrection KTPUZ kTPU Emission Pso, =
coefficient of _ 16.3,
. 1 coefficien TH
compensation PNox =
40.9
B
Coefficients for TP 29353 Pollutant 2.18, 755,
pollutant emissions bThE _ 9 77'1 ’2 conversion =0.95,
(kg/MW, kg) b o coefficientt T =
0.95
. I Curtailment
Min. utilization rate RE _ g t of RES CRED =
for RES wo=u cos" 0" X595 1000
(CNY/MWh)
OB _ f th
the MSTS Cu” =80 rat;; or St © 09996
(CNY/MWh)
Charging/discharging ~ #¢ = 4P = Coal o =
efficiencies of the ne=nyP = combustion 0.89
MSTS 0.985 efficiency '

(Continued)
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Table 1 (continued)

Parameter Value Parameter Value
Thermo-
Calorific value of coal electric
QM =293 , 7T =0.99
(MJ/kg) conversion
efficiency
Efficiency of
. EHS boiler-side H
Efficiency of EHT - =0.55 n' =09
steam heat
supply
1000 -~
B TPU 1
TPU 2
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2 500 HTES 2
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2 SH 1
O (11 il 1(11]1] e
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" LT 1T ]
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Time step (15 min)

Figure 3: Optimal day-ahead dispatch profile of TPUs with MSTS

To further examine the thermal-electric coupling effects in TPUs, specifically the frequency regulation
participation of steam heating and electric heating, Fig. 4 presents the thermal load and heating output curves
of the TPUs.

By comparing Fig. 4 with the total output variations in Fig. 3, several operational features are evident.
From midnight until early morning, TPUs meet thermal demand entirely through steam and electric heating,
without purchasing heat externally, while the MSTS thermal load gradually declines.

During the morning and evening peaks, electric heating output increases while steam heating decreases,
with supplementary heat purchased from external sources. This occurs because a higher net electrical load
requires greater generator-side output. Under the MSTS power generation effect, steam heating output drops,
electric heating rises in parallel with generator output, and power generation revenues offset the cost of
external heat procurement, improving TPU profitability.

Around midday, abundant PV output sharply reduces the net load of the thermal storage system.
Although boiler-side equivalent thermal output falls markedly compared with the morning peak, it does
not fully track the net load minimum because the MSTS is charging at high power. Steam heating output
increases while electric heating output declines, and external heat purchases drop to near zero.
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Figure 4: Thermal load and heating output profiles of TPUs with MSTS

Overall, the combination of MSTS-enabled thermal-electric decoupling with the flexible coordination
of steam and electric heating enables TPUs to implement “heat-for-power” substitution during net load
valleys and “storage-for-coal” substitution during peaks. This strategy extends the units’ effective regulation
range, limits coal consumption fluctuations on the boiler side, and simultaneously delivers peak-shaving
revenues, heating reliability, and operational efficiency.

4.3 Analysis of Intraday Rolling Optimization Results Considering Thermal-Electric Coupling

To comprehensively evaluate the benefits of thermal-electric coupling in MSTS retrofitted TPUs, two
operational schemes are compared in this section.

Scheme 1: The TPUs are equipped with MSTS and integrate adjustable steam and electric heating
systems with flexible operational ranges as detailed in Section 4.1, both of which actively participate in
real-time frequency regulation.

Scheme 2: TPUs are also equipped with MSTS, but both the steam heating and electric heating maintain
constant outputs of steam heating at P/' = 45 mw and electric heating at PFH = 40 mw.

Using a one-minute resolution intraday rolling optimization, the comparative power output profiles of
Scheme 1 and Scheme 2 are presented in Fig. 5.

Throughout the day, both schemes generally follow the net load trend; however, clear differences emerge
under high variability conditions. At around the 720th time step (approximately 12:00 noon), Scheme 2
exhibits a pronounced power imbalance caused by real-time fluctuations in load demand and renewable
generation from wind and PV sources. In this fixed-heating-output configuration, steam heating is kept at
a constant, leaving no flexibility for compensating sudden changes in net load. As a result, when renewable
generation surges, the MSTS-integrated system under Scheme 2 cannot sufficiently reduce its net electrical
output, leading to notable overgeneration and consequent curtailment of clean energy. Such unmitigated
power deviations also reduce the system’s contribution to frequency stability.

In contrast, Scheme 1 enables TPUs equipped with MSTS to flexibly adjust steam heating and electric
heating, thereby introducing a highly responsive thermal-electric coupling mechanism. This capability allows
the system to offset rapid variations in renewable output and load demand by dynamically reallocating
part of the generator’s output to heating. As a result, Scheme 1 maintains close alignment with the net load
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curve, significantly reducing power deviations. Over the entire day, this operational flexibility improves the
systems ability to provide frequency regulation, enhances renewable accommodation, and minimizes wasted
generation, thereby increasing the economic return for the plant.

1000
—Net Load
- - - With coupling .
800 Without coupling _i"
_ #
2 600 *‘f
2 f
o ¢
5 :
£ 400 % ,WH&
[
gty f
W g
0 1 |
0 240 480 720 960 1200 1440
0:00 4:00 8:00 12:00 16:00 20:00 24:00

Time step (1 min)
Figure 5: Comparison of total power output profiles for TPUs with MSTS under real-time operational schemes

Fig. 6 presents a magnified view of Scheme I's output variations between the 600th and 960th time steps,
focusing on the behavior before and after the midday net load trough.
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Figure 6: Enlarged view of TPU output variations with thermal-electric coupling for the period around the midday
net load trough

Around the 740th time step, the net load of the MSTS-integrated system reaches its lowest point due
to a combination of reduced electrical demand and high renewable generation. Under these conditions,
the thermal-electric coupling control rapidly increases heating output by raising steam heating and electric
heating in coordination, thereby absorbing excess electrical generation capacity that would otherwise lead
to overproduction. This coordinated adjustment enables the TPUs to maintain generator output within an
optimal range, limiting the ramping rate and avoiding sharp fluctuations in coal feed rate at the boiler
side. The ability to flexibly convert excess electrical output into thermal energy also ensures that the stored
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thermal energy can be later used during peak demand periods, improving both operational stability and
economic performance.

By contrast, when thermal-electric coupling is absent and heating outputs are fixed, the MSTS primarily
serves its long-term energy-shifting role, with minimal effect on short-term frequency regulation or rapid
load fluctuation suppression. This limitation is evident in the larger deviations from the net load curve in
Scheme 2. Overall, the results in Fig. 6 demonstrate that integrating thermal-electric coupling into TPUs with
MSTS not only expands their short-term regulation capability but also enhances system resilience against
rapid intraday variability.

Table 2 compares the key operational outcomes under the thermal-electric coupling and non-coupling
schemes. As shown, the coupling scheme achieves a 5.56% increase in total revenue, demonstrating improved
economic performance through flexible coordination between heat and power outputs. Meanwhile, the
total power supply-demand imbalance is reduced by 92.78%, indicating that the proposed thermoelectric
coupling control enables more accurate real-time regulation and enhances system stability. The total
purchased heat rises by only 6.38%, reflecting a moderate trade-off between external heat procurement
and additional power generation income. These results verify that the proposed coupling strategy sub-
stantially improves renewable accommodation, operational stability, and economic benefits compared with
conventional operation without thermal-electric coupling.

Table 2: Comparison of key results between thermal-electric coupling and non-coupling schemes

Total Total power Total
Parameter revenue supply-demand purchased
(CNY) imbalance (MWh) heat (MWh)

Thermal-electric

1.4042
coupling 107 * 129.7 1068.1
(Scheme 1)
Non-coupling 1.3303 x
.37 .
(Scheme 2) 107 ? 999.9

5 Conclusion and Future Work

This paper proposes a thermal-electric coupling control strategy for MSTS-retrofitted TPUs, aiming to
enhance their short-term regulation capability and operational economy under high renewable penetration.
The strategy enables flexible adjustment of both steam heating and electric heating outputs in real time,
thereby coupling thermal and electrical outputs for improved system flexibility. While addressing the above
challenges, a day-ahead scheduling model with 15-min resolution and an intraday rolling optimization
with 1-min resolution are developed. The day-ahead scheduling considers optimal coordination of power
generation, thermal supply, and MSTS charging/discharging to maximize economic benefits and ensure
heating reliability over a 24-h horizon. The intraday rolling optimization focuses on real-time adjustment
of steam heating and electric heating outputs in response to minute-level variations in net load and
renewable generation, aiming to improve frequency regulation performance and mitigate short-term power
fluctuations. Simulation results show that the thermal-electric coupling scheme effectively smooths short-
term power fluctuations, reduces overgeneration during renewable surges, and enhances the utilization
of MSTS for frequency regulation. In day-ahead scheduling, it broadens the TPUs™ regulation range,
maintains stable boiler-side coal feed rates, and achieves both peak-shaving revenue and heating reliability.
At the minute-level timescale, it demonstrates superior responsiveness to real-time net load variations by
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reallocating generator output to heating, significantly reducing power deviations compared to the fixed-
heating scheme. Overall, the proposed strategy enhances renewable accommodation, operational stability,
and economic returns, as evidenced by the quantitative results showing a 5.56% increase in total revenue and
a 92.78% reduction in supply-demand imbalance under the coupling scheme, offering a practical pathway
for upgrading TPUs to meet the flexibility requirements of modern power systems.

In future research, the proposed multi-timescale thermoelectric coupling scheduling framework can
be extended to incorporate risk-aware optimization techniques to handle renewable and load uncertainties
more comprehensively. Approaches such as the risk-factor-oriented stochastic dominance method [33]
can quantify and manage multi-source operational risks, enabling TPUs with MSTS to make adaptive
decisions under uncertain power and heat demands. Moreover, combining physical flexibility from MSTS
with financial flexibility from energy markets will further enhance the resilience and economic efficiency of
the system.
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