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Abstract

Since the development of society, people's demand for and use of energy have become increasingly diverse rather than
remaining monotonous. Flexible load response serves as the core medium for integrating various energy sources. However,
the operational performance of units within the energy system has not been ideal, and operating costs remain difficult to
control. To address these challenges, this study investigates multi-time scale collaborative optimization of energy systems
based on flexible load response, utilizing a combination of qualitative and quantitative methods. The research encompasses
optimization architecture, optimization models, computational case studies, and validation. The results indicate that, during
load response experiments, implementing an intra-day coordinated plan—specifically by further reducing thermal and
electrical loads during peak hours—can significantly decrease the peak-valley difference. Additionally, in the cost
comparison analysis, the operating cost was reduced by 1.47%, thereby addressing the shortcomings of traditional energy
system coordination and optimization. Overall, the approach offers notable improvements both in economic performance
and in system coordination and optimization, demonstrating considerable foresight.

Keywords: Flexible Load; Energy Systems; Respond; Coordinated Optimization.

1. Introduction

At present, user-side loads have gradually evolved from focusing solely on the “rigidity” of electricity to embracing
the “flexibility” that comprehensively considers the complementarity of cooling, heating, and electricity [1-4]. To
promote the application of flexible loads, many scholars have conducted relevant studies. For example, Sun et al.
proposed an optimal scheduling model for a park-integrated energy system that incorporates flexible loads and carbon
flow, aiming to explore its advantages and disadvantages under different operating conditions. This approach seeks to
suppress increases in total carbon emissions, smooth load fluctuations, and enhance the coupling between energy
equipment. Through simulation experiments, it was found that the bidirectional optimization of supply and demand for
the source-load, including the park’s integrated energy system, can not only effectively curb carbon emissions but also
further improve the overall economic benefits of the system [5].

Si et al. [6] focused on optimizing the capacity of various distributed power sources in a grid-connected integrated
energy system. First, a demand-side energy management strategy termed “source-grid-load-storage” was proposed based
on the scheduling characteristics of three types of flexible loads. Next, considering the economic aspects of the integrated
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energy system, an optimal scheduling model involving flexible load participation was developed. Finally, the model was
solved using a particle swarm optimization algorithm, and the results confirmed the feasibility of the proposed approach.

Qiu et al. [7] aimed to reduce system carbon emissions and tap into the user-side load’s ability to participate in system
scheduling, proposed a day-ahead low-carbon economic scheduling model for an integrated energy system that includes
P2G-CCS and flexible loads. Simulation experiments concluded that the operational strategy involving P2G-CCS and
flexible loads can effectively reduce system carbon emissions, enhance the economic efficiency of system operations,
and achieve low-carbon economic operation in the integrated energy system.

Esmaeili et al. [8] employed the extreme learning machine algorithm to predict wind storage power and flexible load
power. From a time-based perspective, they first developed a day-ahead optimal scheduling approach. Based on real-
time prediction results, they used a particle swarm optimization algorithm to perform rolling optimization on the day-
ahead scheduling outcomes. Simulation results indicate that the optimal scheduling method, which considers peak load
regulation, multi-objective functions, and multi-time scales of flexible loads, can effectively enhance the economic and
social benefits of integrated energy systems incorporating wind and solar storage. It also increases the capacity for
absorbing renewable energy and provides a valuable reference for the coordinated scheduling of peak shaving and valley
filling involving source loads.

In summary, it is evident that many studies conclude at the stage of system model construction, seldom addressing
the multi-time scale problem. Even when multi-time scale considerations are included, they often remain focused solely
on day-ahead optimal scheduling without integrating intra-day optimization. However, there are inherent errors in day-
ahead load predictions, particularly for energy systems with a significant share of renewable energy sources, where
ensuring the accuracy of day-ahead coordinated optimization becomes increasingly challenging. Moreover, the flexible
load response itself carries certain uncertainties. As the time scale becomes more refined, the impact of flexible load
response on the operation of the energy system becomes more pronounced [9, 10]. Therefore, the multi-time scale
coordinated optimization of energy systems under flexible load response deserves in-depth exploration.

This paper summarizes the concepts of flexible loads through theoretical analysis and, on this basis, establishes a
coordinated optimization framework. Aiming to reduce the system’s operating costs, a coordinated optimization model
is developed, and its feasibility is evaluated through case analysis. The findings indicate that this approach can effectively
lower operating costs and enhance the operational efficiency of the units.

1.1. Basic Concept Analysis of Flexible Load

Flexible load generally refers to the type of load that can actively participate in the operational control of an energy
system through its thermal and electrical components, allowing it to interact with the system and exhibit flexible
characteristics [11-13]. In essence, flexible loads are variable and possess significant coordination capabilities within
energy system operations.

Based on response modes, flexible loads can be categorized into shifting loads, transfer loads, and reducible loads.
The roles of these different types of flexible loads in an energy system are as follows:

(1) Shifting load: Within the coordination cycle of the energy system, the total thermal and electrical load remains
constant, but the load can be flexibly adjusted across different time periods. Users can redistribute the load from one
time slot to another by modifying production schedules within a certain capacity range. The key feature is that while the
total load stays unchanged, the timing of the load can shift between periods.

(2) Transfer load: In energy system coordination, based on day-ahead forecasts of thermal and electrical loads, unit
outputs, and system demands, the system can adjust loads during peak shaving without negatively affecting the system’s
overall economy or load stability.

(3) Reducible load: In an energy system, reducible load provides a certain degree of peak shaving capability in the
day-ahead coordination plan. However, because the day-ahead time scale is relatively long, precise values for reducible
loads are difficult to determine, and only an approximate capacity range can be estimated. Meanwhile, the thermal and
electrical load capacities that can be reduced are better identified through short-term forecasts conducted over shorter
intra-day time scales.

2. Construction of Multi-Time Scale Coordinated Optimization Architecture for Energy Systems

2.1. Energy System Architecture Under Flexible Load Response

The energy system generally takes heat and electricity as the main energy sources, and the system contains equipment
for the production, conversion, and storage of various types of energy to meet the diverse choices of users [14, 15]. The
system architecture diagram is shown in Figure 1.
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Figure 1. Specific system architecture of gas-steam combined cycle unit

2.2. Energy System Coordination and Optimization Architecture

The precision of day-ahead coordination is relatively low, and if only a day-ahead coordination optimization
strategy is applied, it becomes difficult to fully leverage the benefits of flexible loads [16, 17]. At the same time, as
the energy system transitions from day-ahead coordination to intraday scheduling, the accuracy of prediction curves
for renewable energy generation improves. However, if the precision of day-ahead coordination cannot be effectively
enhanced, the performance of day-ahead guidance for intraday operations will fall short of the required standards.
Therefore, optimal scheduling of flexible loads can be better achieved through appropriate model construction. To
address these challenges, this paper proposes a combined day-ahead and intraday joint optimization coordination

framework, as illustrated in Figure 2.
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Figure 2. Day-ahead - day joint optimization coordination architecture
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The time scale in this context is mainly divided into two categories: first, the day-ahead long-term time scale; and
second, the intraday short-term time scale. During the coordinated optimization period, the heat load includes reducible,
transferable, and translational loads; similarly, the electrical load also comprises reducible, transferable, and translational
loads. In intraday short-term optimization coordination, the plan developed during the day-ahead stage is taken into
account. Factors such as intraday load variations, renewable energy output, and maintaining user production without
disruption are considered. The intraday secondary adjustment of the load focuses solely on reducing thermal and
electrical loads to participate in the coordination process.

3. Multi-Time Scale Coordinated Optimization Strategy of Energy System Under Flexible
Load Response

3.1. Coordinate the Optimization Process

Multi-time scale integrated energy optimization coordination is divided into two parts: day-ahead and intraday. Day-
ahead optimization coordination first determines whether the day-ahead coordination period has been reached. If it has,
the day-ahead forecast load data is input, and the day-ahead coordination model is solved to determine the day-ahead
coordination plan, including the reducible, transferable, and translatable quantities [18]. Intraday optimization
coordination begins by checking whether the intraday coordination cycle has been reached. If so, the intraday
coordination model is solved by inputting the predicted values of the energy system, photovoltaic output, and system
adjustments two hours in advance, based on the day-ahead coordination. This results in an intraday coordinated plan that
includes intraday load reduction.

The steps for the coordinated optimization of multi-time scale energy systems are shown in Figure 3.
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Figure 3. Multi-time scale energy system optimization coordination process

3.2. Day-Ahead Coordination Model

Itis preferred to determine the day-ahead collaborative objective function [19], that is, to minimize the sum of system
unit generation, start-stop cost, steam production cost, and flexible load coordination cost:

minE = min [Z (Z cde + Z COF + Ey; + O + I + cﬂ> (1)
teT \i€Z i€z

Cﬂ = CCut down + CTanslation + CTransfer (2)

Ccut down = Mcut down * Peut down * At (3)
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Cranstation = MTanslation * Pranstation * Fon1 “4)
Crransfer = Mrranster * Prranster * Fonz (%)

In the above formula, the expected total system cost is represented by E; One period of the coordination cycle is
represented by t; The set of units is represented by Z; The combustion and operating costs of unit i are represented by
Cgie and CSiF respectively; The cost of system and large grid transactions is represented by E.;; The revenue of steam
production of the unit is represented by Off; The transmission cost of steam is represented by C{%; The flexible load
coordination cost is represented by Cg. Reducible load cost is represented by Ccur dqown; The cost of shifting load is
represented by Cransiation; The cost of transferable load is represented by Crranster; UnNit capacity compensation that can
reduce load is represented by Mcyucdown: The power of the unit can be reduced by Pcycdqown: The unit capacity
compensation of translation load is represented by Mr.ns1ation: @nd the capacity of translation load is represented by
Pransiation- 1he System determines that the translation instruction is represented by F,,,;, and there are only two states of
0 and 1. The system determines that the transfer instruction is represented by F,,,, and there are only two states of 0 and
1. The constraints on power balance are as follows:

gen con b | — e
YD eter —ecom et = > ps ©)

teT Liez teT
b _ ,buy sell
€ts = €5 T Ets (7)

gen,

Among them, the electricity production of the production unit is represented by e;C,'; The system power loss is
represented by ef2%; The change of electricity generated by large grid transactions is represented by ef; Electricity
obtained through purchase by ef_;‘y ; Electricity sold by means of sales by ef¢; The electrical load load of the system at

time is expressed by D7 . Then, the thermal stationary constraints of the system are given as follows:

Z (Gm +Les + Z hoen 4 Ggs> = Z Dl ®)

teT i€z teT

Grs = Aps + Py ©

The steam output of the unit is represented by h{{7. ¢ time, the total amount of steam stored by G, ; In time ¢, D{* is
the thermal load; The loss of steam during transmission is represented by L, s; The amount of steam stored in timet is
represented by A, s; The steam storage capacity in the pipeline at time t is represented by P, ¢; The steam consumption
in the system is represented by G¢. Unit start-stop constraints are as follows:

(DZips 2 Zirs = Zig-1,s
AZi.lf.s <1- Zit-1,s
AZi,t,s =< Zit-1,s (10)

Z AZi,t.s < Ni.s

teT

Among them, the change of unit start and stop is represented by Az; ; ¢; z; ; ¢ indicates the start and stop status of the
device; which is divided into binary states of 0,1; The maximum number of units allowed by the system is represented
by N; ;. The flexible load constraints are as follows:

min max
PTransfer < PTransfer < PTransfer

11
Z P’ltzransfer(t) “At = Z Pit,tTransfer (t) - At ( )

teT teT

Among them, the minimum power is represented by Pyt er; The maximum power is represented by Pliancer; In

the new time, Pf,qsrer(t) represents the progress of the transfer load;In A given time, Plp,neer (t) represents the
progress of the load transfer; When permitted, utilization can reduce the load and reduce the power loss of the system,
thus achieving the purpose of reducing the economic loss of the system, the specific expression is as follows:

min max
PCut down < PCut down = PCut down (12)

where, the maximum power that can be reduced within a day is represented by PZWY,  ..: The minimum power that can
be reduced per day is represented by PZ¢%,wn- The function of the translation load is that when the power consumption
period is changed, it cannot respond immediately due to the influence of equipment and technology level, and can only
carry out the overall translation. Constrained by time, the load after translation should be consistent with the original

load, and the corresponding expression is as follows:
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PTanslation(t) = P’lr‘l:r‘:/slation (t + At) (13)

where, the original load capacity at the original time is represented by Prapsiation (£); The translation load capacity at the

translation time is represented by Plirsiation (¢ + At). The user energy balance constraints are as follows:

Z huser = Z Dth + Z PTanslation,h + Z PTransfer,h + Z PCut down,h (]4)

teT teT teT teT teT

In time t, hy,, represents the user's demand;In t time, D{* represents the thermal load; The transferable load of heat
load is represented by Pransiation n; Heat load transferable load is represented by Prransern; The heat load can be reduced

by PCut down,h*

3.3. Intra-Day Coordination Model

There are certain limitations of the forward coordination policy. First, the time scale is long and cannot meet the
actual demand; second, the system operation and load demand changes under the day-ahead coordination strategy
will have certain deviations. Therefore, we should integrate the day-before and day-before coordination strategies
to improve the quality of system operation [20]. There is no conflict between the two in the choice of optimization
objectives, and both aim at reducing operation to become the ultimate goal. Equation 13 is the desired objective
function.

minE = min [Z (Z Coe + Z CoF +E; + O + cCutdownJh>l (15)

teT \i€Z i€Z

where, the expected total system cost is represented by E; The set of units is represented by Z; The cost of unit i during
combustion is represented by CEie;The cost of unit equipment consumed during use is determined by CgiF; The cost of
system and large grid transactions is represented by Ei;; When the unit equipment i receives revenue, it can be
represented by Of}'; Daily load reduction cost is represented by Ccyt down,in- The power balance constraints of the system

are as follows:
= n¢ (16)

gan con b c
Z [Z(ei,t,s - ei,t,s) +eps tes
i€eT

i€T Liez

gan. ,con
its > Cits

energy consumption; The change of electricity generated by large grid transactions is represented by egs; The change of
the electric quantity of the storage equipment in the system is represented by ef ; Df is the amount of charge in t time; The
thermal balance constraints of the system are as follows:

Z (Gt‘s +GEs + Z hfjg‘) = Z D} (17)

teT i€z i€T

Among them, the electricity production of the production unit is represented by e indicates the system

pen

its"
The system thermal load at time t is represented by D/; The steam consumption in the system is indicated by Gf.
Because of the long opening and closing time span of the unit equipment, the application effect of intra-day coordination
optimization strategy has limitations in a short time, and it is necessary to use the day-before coordination optimization
strategy to intervene. The specific constraints are shown in formula 16.

The steam output of the unit is represented by The total amount of steam stored in time t is represented by G, s;

min max
PCut down,1h < PCut down,1h < PCut down,1h (18)

max .

where, the maximum power that can be reduced within a day is represented by Pcyt'qown,1n> 1he minimum power that

can be reduced per day is represented by PUyown 1h-

4. Analysis of Numerical Examples
4.1. System Overview

In order to make the coordinated preferential strategy can be applied in practice, a simulation experiment is carried
out here. In the experiment, the energy system consists of a back-pressure gas-steam combined cycle device, a pumping
gas-steam combined cycle device, a photovoltaic power station, and a wind turbine. The relevant parameters are shown
in Table 1.
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Table 1. Related parameters of system equipment

Device name Parameter name Parameter value

Rated power /MW 10

Back pressure gas steam

: . Thermoelectric ratio 0.817
combined cycle unit
Operation and maintenance cost/(Yuan -kWh-1) 0.01
Rated power /MW 70
Extraction gas steam Thermoelectric ratio 0.542
combined cycle unit
Operation and maintenance cost/(Yuan -kWh-1) 0.05
Photovoltaic power Maximum generating power /MW 20
generation Operation and maintenance cost/(Yuan-kWh-1) 0.002
Maximum generating power /MW 20
Wind power generation
Operation and maintenance cost/(Yuan -kWh-1) 0.003

At different times, the electricity price is also different; the specific situation is shown in Table 2.

Table 2. TOU electricity price

Type Price/(Yuan -kwWh?) Time frame
12: 00-15: 00

Peak price 0.971
19: 00-22: 00
08: 00-12: 00

Ordinary price 0.675
15: 00-19: 00
Valley price 0.377 22: 00-08: 00

In the energy system, whether for electricity or heat production, a large amount of natural gas is required. The system
does not consider the coordination of natural gas, treating it as an unlimited energy supply, with a unified price of 2.66
yuan/m® (under standard conditions).

4.2. Effect Analysis

The optimization and coordination of the energy system is a mixed-integer linear programming problem involving
multiple variables and multi-condition constraints.

4.2.1. Intra-Day Comparison of Heat Load Balance Output Before and After Optimization

The core idea of the day-ahead collaborative optimization strategy is to control thermal and electrical output by
managing the start-up and shutdown states of equipment. The load output before and after optimization obtained from
the experiment is shown in Figure 4.

It is evident in Figure 4(a) that the peak-valley difference of the load before the flexible load participated in
coordination was 52.428 MW. After incorporating flexible load coordination, the difference reduced to 36.29 MW,
representing a decrease of 30.78%. Therefore, when flexible load coordination is considered on the day-ahead time scale,
the peak-valley difference decreases.

In Figure 4(b), for day-ahead coordination of thermal load, the peak-valley difference before involving the flexible
thermal load was 114.18 MW. After adding flexible thermal load coordination, the load result decreased to 99.65 MW,
areduction of 12.72%. This indicates that, even after coordinated optimization of the flexible thermal load, there remains
potential for further reducing the peak-valley difference in thermal load.
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Figure 4. Comparison of average output of thermal and electrical loads of energy systems under intra-day coordination strategy

Subsequently, the flexible load response of the day-ahead coordinated energy system is illustrated in Figure 5.

It is evident that during peak periods of electricity and heat load, interventions using translational and
transferable loads can help reduce the load levels. Over time, this effect becomes more pronounced, eventually
bringing the load back down toward the trough period, demonstrating a significant intervention impact. However,
reducing the load further can have a greater effect on users. Therefore, if the first two load adjustment methods are

insufficient to meet the requirements after coordination, additional reductions in both thermal and electrical loads
are implemented.
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Figure 5. Results of flexible load response of energy system under pre-coordinated conditions

4.2.2. Intra-Day Comparison of Electrical Load Balance Output Before and After Optimization

Intraday optimization coordination is performed based on the day-ahead coordination, allowing for adjustments to
thermal and electrical load performance through load reduction. Under the intervention of the intraday coordinated
optimization strategy for the energy system, the results obtained are presented in Figure 6.
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Figure 6. Comparison of thermal and electrical load balance output of energy system under intra-day coordination strategy

As shown in Figure 6(a), during intraday load coordination, the integration of renewable energy into the system
output led to an increase in the system’s power load. Before intraday coordination, the peak-valley difference in the
power load was 65.186 MW, which decreased to 61.593 MW after intraday coordination—a reduction of 5.5%. In the
case of heat load, intraday coordination further reduced the peak heat load of the energy system. The peak-valley
difference in heat load decreased from 85.65 MW before intraday coordination to 79.305 MW afterward, representing a
reduction of 7.4%. These results indicate that reducing heat and electricity loads contributes significantly to improving
the day-ahead coordinated plan. Compared to the day-ahead coordination, peak loads were reduced under intraday
coordination. The flexible load response under intraday coordination is illustrated in Figure 7.
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Figure 7. Results of flexible load response under intra-day coordination strategy

In Figure 7, the intraday short-term optimization coordination plan considers the pre-day coordination strategy,
intraday load variations, and the need to avoid impacting user production. In this plan, the intraday secondary
coordination of thermal and electrical loads focuses solely on utilizing the reducible load available during the day. Under
this intraday coordination plan, electricity and heat loads during peak hours are further reduced beyond the reductions

achieved in the day-ahead plan, resulting in an additional decrease in the peak-valley difference. A comparative analysis
of the energy system’s economic performance is presented in Table 3.
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Table 3. Comparison of energy system operation costs before and after coordination

Coordination strategy Cost classification Cost/yuan Total

Unit cost 204345.26
Pre-coordinated optimization 262017.86
Operation and maintenance cost 57672.6
Unit cost 155110.2
Operation and maintenance cost ~ 30043.55
After coordinated optimization Can reduce load cost 30212.22  258147.92
Transferable load cost 11766.55

Operation and maintenance cost ~ 31015.4

It can be seen that incorporating flexible loads into the energy system effectively reduces the peak-valley difference
of system load through multi-scale energy coordination, thereby lowering the system’s total operating costs to some
extent. For example, the unit’s power generation cost decreases from 204,345.26 yuan to 155,110.20 yuan, representing
a reduction of 49,235.06 yuan. Operation and maintenance costs are reduced from the original 57,672.60 yuan to
30,043.55 yuan, a decrease of 27,629.05 yuan. This demonstrates that significant cost differences exist before and after
coordination optimization for these two cost categories. Overall, prior to implementing multi-scale coordination
optimization with flexible load response, the daily operating cost of energy coordination stood at 262,017.86 yuan. After
optimization and coordination, the operating cost was reduced to 258,147.92 yuan, achieving a reduction of 1.47%. This
proves that multi-scale coordination of the energy system, considering flexible load response, can reduce operating costs
and enhance the economic efficiency of the energy system to a certain extent.

5. Conclusion

Based on the analysis of flexible load characteristics, this paper integrates thermal and electrical flexible loads into
the energy system and performs coordinated optimization across multiple time scales. A multi-time scale coordination
model of the energy system considering thermal and electrical flexible loads is proposed, and an example analysis is
conducted. The results show that, in the comparison of thermal load balance output before and after intraday
optimization, the peak-valley difference was 52.428 MW before flexible load coordination, which decreased to 36.29
MW after incorporating flexible load coordination—a reduction of 30.78%. For heat load, the peak-valley difference
was 114.18 MW before flexible load coordination and was reduced to 99.65 MW afterward, representing a 12.72%
decrease.

In the comparison of electrical load balance output before and after intraday optimization, the peak-valley difference
of the electrical load was 65.186 MW before coordination and decreased to 61.593 MW after intraday coordination,
reflecting a reduction of 5.5%. During intraday coordination of thermal load, the peak-valley difference was initially
85.65 MW and decreased to 79.305 MW after coordination, a reduction of 7.4%. These findings indicate that
incorporating thermal and electrical flexible loads into the energy system coordination plan effectively achieves peak
shaving and valley filling.

Additionally, a comparison of the system’s operational costs before and after coordination reveals that the optimized
coordination reduces operational costs by 1.47%, demonstrating that the proposed research approach can lower system
operating expenses and offers good economic benefits.
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