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The significant increase in the proportion of renewable energy access has led to a
burgeoning and urgent demand for flexible resources within the power system,
and the prominence of flexible resources on the demand side has been
underscored. The existing research on demand-side response primarily
focuses on addressing peak load challenges, while the optimization of demand
response for accommodating renewable energy remains inadequate. Considering
this issue, the present study initially examines the flexibility mechanism offered by
demand-side resources and proposes a calculation approach for determining the
adjustable capacity of demand-side flexible resources. Furthermore, considering
the limitations of the load that can be shifted, transferred, and curtailed, we
develop a collaborative optimization operational model for accommodating
renewable energy with multiple types of demand response. Finally, based on
the provincial power grid example, the simulation study verifies the efficacy of a
multi-type demand response. The results demonstrate that shiftable and
transferable loads can effectively facilitate the accommodation of new energy,
and their optimal allocation capacity ratios are 5.8% and 2.3%, respectively.
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1 Introduction

The substantial increase in the proportion of renewable energy access necessitates a
significant surge in demand for flexible resources within the power system, and the flexibility
of the traditional power system primarily stems from the power supply side (LI et al., 2015; LI
et al., 2017). As traditional power sources, such as thermal power, are substituted by
emerging energy alternatives, the contradiction between the declining capacity of flexible
power supply and the increasing demand for flexibility in the power system becomes more
pronounced. The current cost limitations of energy storage impede its widespread
promotion and application, despite it being a high-quality and versatile resource for
adjustment. In contrast, the demand side exhibits significant potential for flexibility and
cost-effectiveness, thereby emerging as an increasingly favorable option for harnessing
flexibility resources (YI et al., 2018; ZHAO et al., 2018).

Currently, both domestic and international scholars have conducted extensive research
on demand-side flexible resources. In terms of mitigating the peak load on the power grid,

OPEN ACCESS

EDITED BY

Donghui Zhang,
Tsinghua University, China

REVIEWED BY

Hongjun Gao,
Sichuan University, China
Xiangyu Wu,
Beijing Jiaotong University, China

*CORRESPONDENCE

Lei Zhang,
zhanglei@tsinghua-eiri.org

RECEIVED 06 November 2023
ACCEPTED 20 November 2023
PUBLISHED 29 December 2023

CITATION

Ding K, Zhang L, Yang C and Wang Z
(2023), The optimization analysis of
multi-type demand-side flexibility
resources for renewable energy
accommodation in electrical
power systems.
Front. Energy Res. 11:1333872.
doi: 10.3389/fenrg.2023.1333872

COPYRIGHT

©2023Ding, Zhang, Yang andWang. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Energy Research frontiersin.org01

TYPE Original Research
PUBLISHED 29 December 2023
DOI 10.3389/fenrg.2023.1333872

https://www.frontiersin.org/articles/10.3389/fenrg.2023.1333872/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1333872/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1333872/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1333872/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1333872/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2023.1333872&domain=pdf&date_stamp=2023-12-29
mailto:zhanglei@tsinghua-eiri.org
mailto:zhanglei@tsinghua-eiri.org
https://doi.org/10.3389/fenrg.2023.1333872
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2023.1333872


HU et al. (2018) and Lin et al. (2020) proposed an interactive
mechanism model wherein moderate and transferable loads such as
air conditioning and electric vehicles actively participate in power
grid dispatching and realized the effect of peak cutting and grain
filling in demand response. LIU et al. (2020) and Waseem et al.
(2021) established a demand-side response model in order to guide
the adjustment of the hourly load, taking into account the
characteristics of the load.

The demand-side response also contributes to enhancing power
grid security due to its rapid response speed and remarkable cost-
effectiveness. HU et al. (2022) established an economic scheduling
model with frequency security constraints and proposed a data-
driven frequency security constraint model to solve the frequency
modulation requirements of the system. Khajehzadeh et al. (2022)
established a two-layer optimization model considering demand
response to improve the voltage stability of the power system.

In terms of market mechanism, Linna et al. (2018) put forward
an optimization method and operation strategy for the dynamic
TOU price of the distribution network. Dolatabadi and
Mohammadi-Ivatloo (2017) and Huang et al. (2023) established a
multi-energy system operation model, adjusted end-user energy
consumption patterns according to energy prices, and made
internal operation plans. For small- and medium-sized power
users, Lu (2021) proposed the concept of a load service provider
and established a demand response model based on coupon
incentives. Ying et al. (2019) established curvilinear regulation
models of two types of flexible loads, transferable loads and
adjustable loads, and analyzed the adjustment effect of flexible
loads on the overall load demand.

To sum up, the existing research work on demand-side response
mainly focuses on solving the problems of power grid security
(Stluka et al., 2011; YAO et al.; Qian et al., 2022), peak cutting
and valley filling (CHEN et al., 2022; ZHU et al., 2022), and market
mechanisms (Yuan et al., 2022; ZHOU et al., 2022). The scenario of
renewable energy accommodation is not considered enough, the
mechanism of demand-side resources providing flexibility is not
revealed, and the effect of demand-side responses promoting
renewable energy accommodation is not clear. In response to this
problem, this paper carried out a study on multi-type demand-side
flexibility resource optimization for renewable energy
accommodation, with specific innovations as follows:

1) Aiming at the problem of demand-side response in promoting
the accommodation of renewable energy, this paper analyzes the
mechanism of demand-side resources providing flexibility and
puts forward the calculation method to increase and decrease the
demand-side flexibility resource space.

2) Considering the multi-type load constraints, such as shifting
load, transferable load, and reducable load, a multi-type
collaborative optimization operation model for promoting
renewable energy accommodation is constructed; the
improvement effect of different types of demand response
resources on renewable energy accommodation is analyzed;
and the optimal response capacity of demand-side flexible
resources is obtained by combining the cost and benefit situation.

The remainder of this paper is organized as follows: in Section 2,
the mechanism of demand-side flexibility is analyzed and the

calculation method of demand-side flexibility resource
adjustment space is proposed. In Section 3, a multi-type demand
response collaborative optimization operation model for renewable
energy accommodation is established. In Section 4, based on the
provincial power grid example, multi-type demand response
collaborative optimization simulation research is carried out and
the improvement effect and optimal response capacity of multi-type
demand response resources promoting renewable energy
accommodation are obtained.

2 The mechanism by which demand-
side resources provide flexibility

Power system operation follows the principles of power
generation, transmission, and real-time power balance. After a
high proportion of renewable energy is connected to the system,
the randomness and intermittency of renewable energy make its
output unreliable. In order to ensure the safe and stable operation of
the system and the reliability of the power supply, a certain number
of conventional units must be arranged in the system startup
combination.

The conventional unit not only needs to meet the load but also
needs to smooth the output fluctuation of renewable energy. When
the renewable energy output exceeds the adjustment capacity of the
system, it will produce wind abandonment and light abandonment.
Demand-side resources can provide certain flexibility to reduce the
power abandonment of renewable energy. In order to ensure the
maximum accommodation of renewable energy, as shown in
Figure 1, during the period of renewable energy abandonment,
the actual output of conventional units should be equal to its
minimum technical output, and the required demand-side
flexible resources are the up-demand-side flexible resources. The
corresponding space is the space between the “minimum technical
output of the conventional unit + renewable energy generation
power” curve and the curve of “load + outgoing power of the
liaison line” curve. In the period when renewable energy is not
abandoned, the actual output of the conventional unit should not be
less than its minimum technical output. In this case, the required
demand-side flexible resource is the reduced demand-side flexible
resource, and the corresponding theoretical maximum adjustable
space is the space between the “actual output of the conventional
unit” curve and the “minimum technical output of the conventional
unit” curve.

Assume that at time t, the renewable energy abandoned power of
the system is:

Pload t( ) � Ppv t( ) + Pwind t( ) +∑I
i

Pg,i,act t( ) − Pl t( ) − Pt t( ). (1)

Here, Ppv(t) is the power generation of photovoltaic units in the
system at time t, Pwind(t) is the power of the wind turbine in the t
time system, Pg,i,act(t) is the actual output power of the conventional
unit i in the system at time t, I is the number of conventional units in
the system, Pl(t) is the outgoing power of the tie line in the system at
time t, and Pt(t) is the system load at time t.

(1) If ∃t makes Pload(t)> 0, then Pg,i,act(t) � Pg,i,min, indicating
a phenomenon of renewable energy power abandonment in the
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system at this moment, and the demand-side flexibility resource
power that needs to be reduced is as follows:

Pup
load t( ) � Ppv t( ) + Pwind t( ) + Pg,i,min − Pl t( ) − Pt t( ). (2)

Here, Pg,i,min is the minimum technical output power of the
system thermal power unit.

(2) If ∃t makes Pload(t)� 0, then there is no renewable energy
power abandonment in the system at that moment, and some
additional renewable energy accommodation space can be
provided. Theoretically, the maximum demand-side flexibility
resource power that can be reduced is:

Pdown
load t( ) � Pl t( ) + Pt t( ) − Ppv t( ) − Pwind t( ) − Pg,i,min

� ∑I
i

Pg,i,act t( ) − Pg,i,min. (3)

The up-demand-side flexible resources can be supplied by
time–space translation or shift through a certain amount of
down-demand-side flexible resources; that is, part of renewable

FIGURE 1
Schematic diagram of how demand-side resources provide flexibility.

FIGURE 2
Shiftable load response effect.

TABLE 2 Parameters for shiftable load responses.

Time period Shiftable power (MW) Abandoned electricity (MWh) Responsivity (MWh/MW)

Load before shift 18:00–22:00 3,000 40,981 6.52

Load after shift 03:00–07:00 21,427

TABLE 1 Typical daily accommodation and abandonment data of the provincial power grid.

Renewable energy power
generation (MWh)

Electricity of
accommodation (MWh)

Abandoned
electricity (MWh)

Abandonment
rate (%)

637,293 596,311 40,981 6.4
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energy power abandonment can be reduced through appropriate
demand response strategies.

3 Sequential production simulation
model that takes into account demand-
side response

The demand-side response for the purpose of renewable
energy accommodation can be divided into two categories:
price-based demand response and incentive demand response.
Compared with the price-based demand response model, the
incentive demand response is a direct control method that
enables it to respond quickly, reliably, and accurately to the
system signal through directly managing the power
accommodation activity of the load, tracking and matching the
output of renewable energy, and showing greater potential in
promoting the large-scale grid connection and efficient
operation of renewable energy power generation.

According to the user response characteristics, the incentive
response model divides the demand-side resources into three
categories: 1) Curtailable load: Partial or total reduction
according to the balance of electric energy production and use,
such as air conditioning and electric fan agricultural irrigation
equipment; 2) Shiftable load: Restricted by the production

process or living process, it is necessary to translate it as a whole,
such as the load of equipment for assembly line work; and 3)
Transferable load: The total electrical energy required in a
dispatch cycle remains unchanged, but the power of electricity in
each period can fluctuate within a certain range, such as washing
machines, dishwashers, electric vehicles, and other loads.

3.1 Demand-side response model

3.1.1 Shiftable load model
The shiftable load needs to be translated as a whole to ensure

power continuity. For a shiftable load, the power distribution
vector is

Pshift0
i � 0, ..., pshift0

i,ts , pshift0
i,ts+1 , ...,p

shift0
i,ts+D−1, ..., 0( ). (4)

Here, ts is the start time and D is the duration period.
The 0–1 variable αi,τ represents the starting state of Pshift0

i at
period τ; that is, αi,τ� 1 indicates that Pshift0

i pans from the
τ period. Pshift

i start period set Sshifti is expressed as Sshifti �
[1, 24 −D+1] ∪ t{ s}.

τ � ts indicates that the load has not been shifted; τ ≠ ts and
τ ∈ [1, 24 −D+1] indicate load translation starting from τ. The
power distribution vector Pshift

i,τ corresponding to αi,τ is:

FIGURE 3
Transferable load response effect.

FIGURE 4
Curtailable load response effect.

TABLE 3 Transferable load response parameters.

Time period Transferable power (MW) Abandoned electricity (MWh) Responsivity (MWh/MW)

Load before transfer 09:00–13:00 3,000 40,981 4.15

Load after transfer 01:00–04:00 28,541

06:00–07:00

13:00–14:00
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Pshift
i,τ � 0, ..., pshifti,τ , pshifti,τ+1 , ...,p

shift
i,τ+D−1, ..., 0( ). (5)

When τ ∉ Sshifti , αi,τ ≡ 0, and the corresponding power
distribution vector has no practical significance, all can be set to
0, that is,

Pshift
i,τ � 0, 0, ..., 0( ), τ ∉ Sshifti . (6)

Modeling of shiftable loads is based on power distribution
vectors, which is given by Pshift

i � ∑
τ∈Sshifti

αi,τP
shift
i,τ .

Since the shiftable load exists after the dispatch, there are only
two cases: a) not panning and b) pan within the acceptable time
period. The build constraints are as follows:

∑
τ∈Sshifti

αi,τ� 1,

∑
τ ∉ Sshifti

αi,τ� 0.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (7)

3.1.2 Transferable load model
For a transferable load, the Ptrans0

i power distribution vector is

Ptrans0
i � 0, ..., ptrans0i,td

, ptrans0i,td+1 , ...,p
trans0
i,td+R−1, ..., 0( ). (8)

The 0–1 variable βi,τ represents the transition state of the power
vector Ptrans0

i in the period τ; that is, βi,τ� 1 indicates that Ptrans0
i

shifts in the τ period, and βi,τ� 0 indicates that Ptrans0
i does not

transfer. The power distribution vector of the transferred load
Ptrans
i is

Ptrans
i � 0, ..., ptransi,τ , ...,ptransi,τ+1 , ...,p

trans
i,τ+T, ..., 0( ). (9)

The total amount of load before and after the transfer of the
transferable load remains unchanged. The transfer load power
within t ranges between the maximum and minimum values of
the transfer power. In addition, when transferring without
restriction, there will be load transfer to multiple single periods,
and the external performance is the frequent start and stop of the
equipment, so the minimum continuous operation time of the
transferred load needs to be constrained, that is,

∑24
t�1
Ptrans0
i,t � ∑24

t�1
Ptrans
i,t ,

βi,tP
trans
min ≤Ptrans

i,t ≤ βi,tP
trans
max ,

∑τ+T trans
min −1

t�τ
βi,t ≥T trans

min βi,t − βi,t−1( ).

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(10)

Here, td is the starting time, R is the duration, and P trans
max and

P trans
min are the maximum and minimum allowable transfer power

TABLE 4 Parameters for curtailable load responses.

Time period Curtailable power (MW) Abandoned electricity (MWh) Responsivity (MWh/MW)

Load before curtail 01:00–24:00 0 40,981 0

Load after curtail 01:00–24:00 41,029

FIGURE 5
Effect of the three loads responding together.

TABLE 5 Parameters for the common response of the three loads.

Time period Response power (MW) Abandoned electricity (MWh) Responsivity (MWh/MW)

Load before shift 18:00–22:00 6,000 40,981 6.08

Load before transfer 09:00–13:00

Load before curtail 01:00–24:00

Load after shift 03:00–07:00 4,514

Load after transfer 01:00–02:00

04:00–06:00

13:00–16:00

Load after curtail 23:00–23:00
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values at g time, respectively. T trans
min is the minimum continuous

running time.

3.1.3 Curtailable load model
For curtailable load Pcut0

i,t , the load response cuts the user’s
electricity consumption. With the 0–1 variable γi,τ representing
the reducable load Pcut0

i in the reduction state of the period τ,
that is, γi,τ� 1 indicating that Pcut0

i is cut in the τ period and γi,τ� 0
indicating that Pcut0

i does not cut, the load model is

Pcut
i,t � 1 − γi,tui,t( )Pcut0

i,t . (11)

With user satisfaction in mind, the minimum and maximum
consecutive cut times and the number of cuts need to be constrained,
namely,

∑τ+T cut
min −1

t�τ
γi,t ≥T cut

min γi,t − γi,t−1( ),
∑24
t�τ
γi,t ≤N max,

∑τ+T cut
max +1

t�τ
1 − γi,t( ≥ 1.)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(12)

Here, ui,t is the reduction coefficient of the curtailable load of the
node i at t time, T cut

min is the minimum continuous reduction time,
T cut

max is the maximum continuous cutting time, and Nmax is the
maximum number of cuts.

3.2 Sequential production simulation model

Production simulation is an important tool for studying the
operation of modern power systems, which can provide important
indicators such as the expected value of production cost, reliability,
and the renewable energy accommodation rate of the system under the
optimal operationmode, and has beenwidely used in the power industry.

3.2.1 Objective function
The system maximizes the accommodation of renewable energy

(wind power and photovoltaics).

F � max∑T
t�1

∑
w∈ΩW

Pwind
w,t + ∑

v∈ΩV

Ppv
v,t

⎡⎢⎣ ⎤⎥⎦Δt. (13)

Here, t is the timeframe identifier, t� 1, 2, ...,T; Δt is the time
interval; T is the total number of time segments, where the item takes
Δt� 1h andT� 24; Pwind

w,t is the power of the wind powerw connected
to the grid at t time; Ppv

v,t is the power of the photovoltaic unit ]
connected to the grid at time t; Ωw is the set of wind turbines in the
system; and Ωv is a set of photovoltaic generator in the system.

3.2.2 Constraints
1) Constraint of power and electricity balance

In actual operation, the power system must meet the real-time
balance of power supply and power consumption.

∑
g∈ΩG

Pg,t + ∑
v∈ΩV

Ppv
v,t + ∑

w∈ΩW

Pwind
w,t � ∑

i∈ΩB

Pload
i,t . (14)

Here, Pload
i,t is the load of node i at t time and B is a collection of

nodes within the system.

2) Constraint of spinning reserve

∑
g∈ΩG

Xg,t · Pg
max + ∑

v∈ΩV

Ppv
v,t + ∑

w∈ΩW

Pwind
w,t − ∑

n∈ΩB

Pload
n,t ≥PH

∑
n∈ΩB

Pload
n,t − ∑

g∈ΩG

Xg,t · Pg
min + ∑

v∈ΩV

Ppv
v,t + ∑

w∈ΩW

Pwind
w,t

⎛⎝ ⎞⎠≥PR

. (15)

FIGURE 6
Costs and benefits of multiple types of demand responses. (A)
Cost; (B) benefit; and (C) net benefit.
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Here, Pg
max is the upper limit of the active output of the thermal

power unit g;Xg,t is the operating state of the unit g at t time, where
1 indicates that the unit g is in the operating state and 0 indicates
that the unit g is in the shutdown state; PH is the spare capacity of
the system that is rotating; Pg

min is the minimum active technical
output of unit g; and PR is the negative rotation reserve capacity of
the system.

3) Constraint of upper and lower limits of thermal unit output

Xg,t · Pg
min ≤Pg,t ≤Xg,tPg

max. (16)

4) Constraints of thermal units climbing up and down

Pg,t+1 − Pg,t ≤Pup
g ,

Pg,t − Pg,t+1 ≤Pdown
g .

{ (17)

Here, Pup
g is the maximum allowable upward climbing rate of

unit g and Pdown
g is the maximum allowable downward climbing

power of unit g.

5) Constraint of upper and lower limits of renewable energy unit
output

At present, the output of renewable energy units only considers
wind power and photovoltaic power generation to meet the upper
limit requirements, excluding the process of climbing, starting, and
stopping renewable energy units, namely,

0≤Pwind
w,t ≤Pwind

w,t
max,

0≤Ppv
v,t ≤Ppv

v,t
max.

{ (18)

6) Constraint of upper and lower limits of power flow for
transmission lines

In order to ensure the safe operation of the power grid, at any
time, the transmission power of the power grid transmission line
must meet the upper and lower limits of power transmission, that is,

PL,min
l ≤PL

l,t ≤PL,max
i l ∈ ΩL, t ∈ ΩT. (19)

Here, PL
l,t is the transmission power of line l at t time, Pl

L,max is
the upper limit of line g transmission power, and Pl

L,min is the lower
limit of line l transmission power.

7) Constraint of power flow balance

In the process of power grid optimization, usually only the active
power of the system is taken into account. In order to improve the
calculation speed, this model uses the DC power flow method to
calculate the transmission power of the line, convert the non-linear
power flow problem into a linear problem, and establish a
relationship between the active power injected into the node and
the phase angle, which is convenient for checking the overload and
constructing a linear constraint, that is,

Pn,t � ∑
g∈ΩGn

Pg,t − Pload
n,t � Bnθn,t n ∈ ΩB, t ∈ ΩT, (20)

PL
l,t �

θj,t − θk,t
xjk

t ∈ ΩT, l ∈ ΩL . (21)

Here, Pn,t is the injected power of node n at t time, Bn is the node
admittance of node n, θn,t is the voltage phase angle of node n at the t
moment, PL

l,t is the line power flow of the t-moment branch l, xjk is
the reactance of the branch l between nodes j and k, and ΩL is the
collection of lines in the system. The Eqs. (20), (21) can be expressed
in matrix notation

Pt � MPgen
t − Pload

t � Bθt t ∈ ΩT, (22)
PL
t � YBθt t ∈ ΩT . (23)

Here, Pt is the injected power matrix of the node at the t
moment; Pgen

t is the output matrix of units at the tmoment;M is the
correlation matrix between the node and the unit. If the unit g is
connected to the node n, the matrix element is 1; otherwise, the
matrix element is 0; Pload

t is the output matrix of the units at time t, B
is the node admittance matrix; θt is the phase angle matrix of the
node voltage at the t moment; PL

t is the vector composed of the
active power of each branch at time t; and YB is a diagonal matrix
composed of each branch admittance.

8) Phase angle constraint of node voltage

The constraint on the phase angle of the node voltage is mainly
aimed at bounding its upper and lower limit values, that is,

−θ max ≤ θn,t ≤ θ max n ∈ ΩB, t ∈ ΩT . (24)
Here, θ max is the maximum phase angle of the node voltage.

4 Case study

4.1 Introduction to the case study system

In this paper, the typical days of provincial power grids are
selected as the research objects; the maximum daily load is
60,970 MW, and the renewable energy power generation capacity
is 637,293 MWh. The upper and lower spinning reserve values of the
system are 2% of the maximum daily load. Based on the operation
results of the sequential production simulation model established in
this paper, as shown in Table 1, the renewable energy online
accommodation is 596,311 MWh, the renewable energy power
abandonment is 40,981 MWh, and the new discard rate is 6.4%.

In order to improve the renewable energy accommodation capacity
of the power grid, consider the demand-side response flexible resources.
The demand-side response model established in this paper is used to
study the effect of renewable energy accommodation and improvement
under the individual and common responses of the three demand-side
flexible resources, namely, shiftable load, transferable load, and
curtailable load, respectively.

4.2 Simulation result analysis

4.2.1 The effect of renewable energy
accommodation under the shiftable load response
can be improved

As shown in Table 2, the design of the shiftable load power is
3,000MW; according to the model operation results, the shiftable load
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is shifted from 18:00–22:00 to 03:00–07:00; the response effect curve is
shown in Figure 2; the promotion of renewable energy accommodation
is 19,554 MWh; and the proportion of renewable energy
accommodation is 3.1%. The quantitative effect of shiftable load on
promoting renewable energy accommodation is 6.52MWh/MW.

4.2.2 The effect of renewable energy
accommodation under the transferable load
response can be improved

As shown in Table 3, the power of the designed transferable load is
3,000 MW; according to the model operation results, the transferable
load is translated from 09:00–13:00 to 01:00–04:00 and 06:00–07:00 to
13:00–14:00; the response effect curve is shown in Figure 3, which
promotes the accommodation of renewable energy by 12,440 MWh;
and the proportion of renewable energy accommodation is 2.0%. The
quantitative effect of translational load on promoting renewable
energy accommodation is 4.15 MWh/MW.

4.2.3 The effect of renewable energy accommodation
under the curtailable load response can be improved

As shown in Table 4, the power of the design curtailable load is
3,000MW; according to the model operation results, to promote
renewable energy accommodation as the goal, the curtailable load
response power is 0 MW; and the response effect curve is shown in
Figure 4, which promotes renewable energy accommodation of 0 MWh
and increases the proportion of renewable energy accommodation by
0%. The quantitative effect of the curtailable load on promoting
renewable energy accommodation is 0 MWh/MW. The curtailable
load has no effect on the accommodation of renewable energy.

4.2.4 The effect of renewable energy
accommodation under the common response of
three demand-side flexible resources can be
improved

Considering the common response of shiftable load, transferable
load, and curtailable load, as shown in Table 5, the power of the
designed responsive load is 6,000 MW; according to the model
operation results, the translatable load is shifted from 18:00–22:
00 to 03:00–07:00, the transferable load is transferred from 09:00–13:
00 to 01:00–02:00, 04:00–06:00, and 13:00–16:00, and the curtailable
load is responded to at 23:00. The response effect curve is shown in
Figure 5. The comprehensive response promotes a renewable energy
accommodation of 36,467 MWh, and the proportion of renewable
energy accommodation is 5.7%. The quantitative effect of renewable
energy accommodation under the common response of three
demand-side flexible resources is 6.08 MWh/MW.

Comparing the three different response results, the shiftable load
response is the largest, the comprehensive response is second, the
transferable load response is small, and the curtailable load cannot
promote the accommodation of renewable energy at all.

4.3Optimal capacity of demand-side flexible
resources

Excluding the construction cost required to carry out the
demand-side response, such as the purchase and installation of
hardware, such as communication and metering, the demand

response cost is the subsidy cost paid by the grid to the user.
The benefit of demand-side response can be understood as the
renewable energy accommodation promoted can correspond to the
reduction of thermal power generation, that is, the product of the
renewable energy accommodation promoted and the production
cost per unit of thermal power accommodation. According to the
survey data (Jia et al., 2022), the subsidy cost of the transferable load
is 200 yuan/MW, the subsidy cost of the transferable load is
300 yuan/MW, and the production cost of a thermal power unit
is 300 yuan/MWh. The cost, benefits, and net benefits of the
participation of demand-side flexible resources in renewable
energy accommodation are calculated, as shown in Figure 6. It
can be seen from the figure that the optimal response power of
demand-side flexible resources is the transferable load of 3,300 MW
and 1,300 MW, accounting for 5.8% and 2.3% of the daily maximum
load, respectively.

5 Conclusion

This paper analyzes the mechanism of demand-side resource
flexibility, proposes a calculation method for demand-side flexibility
resource adjustment space, establishes a multi-type demand
response collaborative optimization operation model to promote
renewable energy accommodation, and quantitatively analyzes the
effect of demand-side response on improving renewable energy
accommodation through typical daily data of provincial power
grids. The main conclusions are as follows:

1) The mechanism of providing flexibility by demand-side
resources is analyzed, and a method for calculating the
adjustable space of demand-side flexible resources is proposed.

2) A collaborative optimization operation model of the demand
response to promote renewable energy accommodation was
established, and simulation analysis was carried out based on
provincial power grid examples to obtain quantitative results of
different types of demand-side flexible resources to improve
renewable energy accommodation. Among them, the shiftable
load can improve the best effect of renewable energy
accommodation, and the quantitative effect of shiftable load on
promoting renewable energy accommodation is 6.52 MWh/MW.
Under the common response of the three demand-side
flexible resources, the effect of improving renewable energy
accommodation is better, and the quantitative effect of
renewable energy accommodation under the common response
of three demand-side flexible resources is 6.08 MWh/MW.
The effect of transferable load improvement on renewable
energy accommodation is poor, and the quantitative effect
of translational load on promoting renewable energy
accommodation is 4.15 MWh/MW. The curtailable load
basically cannot improve the accommodation of renewable
energy, and the quantitative effect of the curtailable load on
promoting renewable energy accommodation is 0 MWh/MW.

3) Based on the example data, the response cost, benefit, and net
benefit of demand-side flexible resources are analyzed, and the
optimal capacity of demand-side flexible resources is determined:
the transferable load is 3,300 MW and 1,300 MW, accounting for
5.8% and 2.3% of the daily maximum load, respectively.
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