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In order to deal with the fluctuation of the renewable energy, this paper proposes rolling scheduling strategy taking into account
the capacity of load-side resources. By considering the energy characteristics of shiftable loads, an improved rolling scheduling
model is proposed by adopting a full-cycle scheduling and adding periodic power constraints. By this way, the accuracy of the
scheduling can be improved. /e testing examples verified that the proposed rolling scheduling method can reflect the long-time
benefit and therefore result in better performance.

1. Introduction

/e increasing penetration of renewable energy is conducive
to sustainable economic development and the achievement
of the “carbon neutrality” target [1]. However, the uncer-
tainty, high fluctuations, and antipeak shaving character-
istics of new energy generation seriously affect the safe and
stable operation of the grid [2]. Using conventional gen-
erating units to participate in grid regulation has become
more difficult, and the potential for demand-side resources
to contribute to grid regulation needs to be explored [3].

To accommodate the uncertainty of new energy gen-
eration such as wind power, rolling scheduling of the grid is
required according to the load forecasting accuracy on
different timescales. Qiu et al. in [4] proposed a two-stage
scheduling model combining improved day-ahead distri-
butional robust optimization with intraday multi-timescale
rolling optimization, which reduces the impact of new en-
ergy generation uncertainty on dispatch and improves the
economic efficiency of scheduling. Yang et al. in [5] de-
veloped a multi-timescale model considering demand re-
spond (DR) classification for hierarchical scheduling of

multiple energy sources based on differences in scheduling
times. Yuan et al. in [6] explored the potential for coordi-
nated optimization of multiple units as well as price-based
and incentive-based DRs at different timescales based on
source-load uncertainty and constructs a rolling scheduling
of “day-ahead intraday real-time” optimization model.

/e above references show that DR program is an im-
portant option for maintaining a balance between supply
and demand on the grid. DR load is divided into curtailable
load and shiftable load. In contrast to other flexible load
resources, shiftable load has the flexibility to change its
energy-using periods but usually needs to meet the same
total energy over the entire operating cycle as before the
shift. /erefore, the power constraint of its participation in
the DR needs to be considered. A great deal of research has
been carried out around shiftable loads. A multiobjective
optimization model for isolated microgrids accounting for
shiftable loads is developed in [7], where shiftable loads are
incorporated into the system optimization to smooth the
output of new energy generators and improve the inter-
mittent energy utilization of the microgrid. An integrated
resource planning model that considers the impact of
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transferable loads in microgrids is proposed in [8] to reduce
the cost of microgrid planning. To address the difficulties in
solving purely mathematical exact modelling of shiftable
loads, practical approximation methods and heuristic ap-
proaches are proposed to achieve the management of large
amounts of shiftable loads in [9].

/e above references take advantage of the character-
istics of DR to effectively accommodate wind power and
incorporate it in rolling scheduling. However, for shiftable
DR resources, the scheduling characteristics are restricted by
the energy storage constraint, while the abovementioned
references take a fixed scheduling period for the intraday
scheduling, which is not applicable to energy storage
constraint.

To fill this gap, this paper proposes an improved method
for the participation of shiftable load in rolling scheduling,
which is optimally solved using variable period scheduling,
considering the total cost of scheduling for the remaining
time period, rather than being limited to considering the cost
of scheduling for a fixed scheduling interval. /e improved
intraday scheduling of shiftable loads takes into account
both the overall benefits and better matches the results of
day-ahead scheduling.

/e contributions of this paper can be summarized as
follows:

(1) Rolling scheduling considering shiftable load. A day-
ahead intraday rolling scheduling strategy is pro-
posed considering the energy constraint of the
shiftable load.

(2) Variable intraday scheduling period. /e intraday
scheduling uses the remaining time of the day as the
scheduling period, instead of the next 2 hours. By
this way, long-term benefits can be reflected.

/e remaining sections of the paper are organized as
follows. Section 2 presents the improved rolling scheduling
model, Section 3 performs the model simulation and so-
lution, and Section 4 concludes the paper.

2. Rolling Scheduling Method

2.1. Framework of Rolling Scheduling. In a real electricity
market such as Guangdong electricity market in China, the
market can be divided into two parts: day-ahead market and
intraday (or real-time) market. As a supplementary to day-
head market, the intraday market utilizes recent (within 1–4
hours) load forecasting data to obtain more precise
scheduling results. /e market clearing period of intraday
market is usually set to 15 minutes. /e day-ahead sched-
uling and intraday scheduling are implemented by day-
ahead market and intraday market, respectively.

/e framework of the rolling scheduling is shown in
Figure 1. /e day-ahead scheduling executes every 24 hours,
determining the allocation of resources of the whole day./e
intraday scheduling executes every 2 hours, determining the
allocation of resources of the next 2 hours. By the rolling
scheduling, the intraday scheduling can utilize more accu-
rate intraday load forecasting results and make the sched-
uling more accurate.

However, traditional intraday scheduling only utilizes
the forecasted load of its own scheduling period (the next
2 hours), and the rest periods of the day are not con-
sidered. /is way of scheduling works well for resources
like generators but is not suitable for shiftable loads. It is
because shiftable loads are constrained by the energy,
which is time correlated. /e short-term benefit may be
contrary to the long-time benefit. To overcome this
problem, a whole-horizon intraday scheduling method is
proposed. By the proposed method, not only the next 2-
hour scheduling is considered, but also the period to the
end of the day is taken into concern. By this way, the
intraday scheduling can give consideration to the long-
time benefit and better cooperate with day-ahead
scheduling. /e difference between the proposed rolling
scheduling method and the traditional intraday sched-
uling method is shown in Figure 1.

2.2. Day-Ahead Scheduling. /e day-ahead scheduling
adopts scenario-based stochastic programming. Scenario-
based stochastic programming is a useful method to cope
with the scheduling considering uncertainties. Unlike de-
terministic scheduling, the scenario-based scheduling gen-
erates a set of load and wind power scenarios instead of a
single deterministic forecasted load. Each scenario is sub-
jected to all the constraints of the scheduling model, and the
overall objective is the weighted sum of the objective under
all the scenarios. By this way, the scheduling can give
consideration to different scenarios and making the
scheduling results more robust. More details of the sce-
narios-based can be found in [10].

/e objective of day-ahead scheduling is minimizing the
operation cost. /e objective function can be formulized as
follows:

min fDA(  � fG + fSL, (1)

where fG is the cost for the generators and fSL is the cost for
the shiftable load.

/e generation cost fG takes the following expression
[11]:
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Figure 1: /e framework of the rolling scheduling.
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where πs is the possibility of the sth scenario, Pi,s,t is the
output power of the ith generator in the sth scenario at
time t, ai, bi, and ci are the coefficients of the fuel cost of
the ith generator, SUi,t and SDi,t are the start-up and shut-
down cost of the ith generator at time t, and NG, NT, and
NS are the number of generators, the number of time
periods, and the number of scenarios in the scheduling,
respectively.

/e cost for the shiftable load can be written as follows:

fSL � 
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t�1


NS

s�1
πs p

+
l,t · L

+
l,s,t + p

−
l,t · L

−
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where L+
l,s,t and L−

l,s,t are the adding and reducing amount of
lth shiftable load in the sth scenario at time t and p+

l,t and p−
l,t

are the price of shiftable load for adding and reducing load,
respectively.

/e day-ahead scheduling is subjected to the following
constraint.

Power balance constraint:
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i�1
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NL
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L

+
l,s,t − L

−
l,s,t , (4)

where Ws,t, WCs,t, and Ds,t is the wind power, wind
curtailment, and load demand in the sth scenario at
time t, respectively.
Power limit constraint of thermal generators:

ui,t · P
min
i ≤Pi,s,t ≤ ui,t · P

max
i , (5)

where ui,t is the on/off state of ith generator at time t.
On/off state constraint [10]:

xi,t − yi,t � ui,t − ui,t−1,

xi,t + yi,t ≤ 1,
 (6)

where xi,t and yi,t are, respectively, the start-up and
shut-down variable of ith generator at time t.
Ramping limit constraint:

−RDi ≤Pi,s,t − Pi,s,t−1 ≤RUi, (7)

where RDi and RUi are ramp-down and ramp-up rate
limit of ith generator.
Power limit constraint of shiftable load:

0≤ L
+
l,s,t ≤ L

max+
l,s,t ,

0≤ L
−
l,s,t ≤ L

max−
l,s,t .

(8)

Energy constraint of shiftable load:

El,s,t � 
t

τ�1
L

+
l,s,τ − L

−
l,s,τ , (9)

El,s,1 � El,s,NT
. (10)

Constraints (9) and (10) indicate the curtailed load is
shifted to other periods without energy loss.

2.3. Intraday Scheduling. /e intraday scheduling adopts
chance constraint programming. /e intraday scheduling
aims at minimizing the operation cost. /e objective
function can be formulized as follows:

min fID(  � fG + fSL + fR, (11)

where the generation cost fG can be written as follows:

fG � 
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 . (12)

/e shiftable load cost fSL can be defined as follows:

fSL � 

NL
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NT
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p

+
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+
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−
l,t · L

−
l,t . (13)

/e reserve cost fR can be defined as follows:

fR � 

NG

i�1


NT

t�1
ql,t · Kl,t . (14)

/e intraday scheduling is subjected to the following
constraint.

Power balance constraint:
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Power limit constraint of thermal generators:

ui,t · P
min
i ≤Pi,t ≤ ui,t · P

max
i . (16)

Ramping constraint of thermal generators:

−RDi ≤Pi,t − Pi,t−1 ≤RUi. (17)

Reserve constraint:
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,
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(18)

where Ri,t is the reserve provided by the ith generator at
time t, η is a confidence value, Φ−1 is the inverse
distribution function of load and wind power, and δD
and δW are the standard deviation of load forecasting
and wind power forecasting, respectively.
Power limit constraint of shiftable load:
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(19)

Note that the proposed method considers the whole-
horizon period of the scheduled day, whereas the
traditional method only considers the next 2 hours. So
the difference between the proposed method and the
traditional method is the energy constraint of the
shiftable load.

/e energy constraint of shiftable load for the proposed
method is defined as follows:

El,t � El,t0 + 

t

τ�1
L

+
l,τ − L

−
l,τ ,

El,t0s � El,NT
,

(20)

where El,t0 is the energy of the shiftable load at the beginning
of the scheduling period and El,t0s is the initial energy at the
beginning of the day.

/e difference between the proposed rolling scheduling
method and traditional method lies in the intraday sched-
uling period t∈[1, NT]. In the traditional methods, the in-
traday scheduling period NT is a fixed value, whereas the
proposed method defines NT as the time periods from the
current time to the end of the day. By this way, the intraday
scheduling can take into account the cost of the whole
scheduling horizon.

3. Testing Results

/e testing examples consider a power system with 5 in-
dividual generators and 2 load aggregators. Each load
aggregator participates in the load shifting with different
prices. /e parameters of the generators and the shiftable
load are listed in Tables 1 and 2, respectively. /e forecasted
curve of load and wind power is shown in Figure 2.

To perform scenario-based day-ahead scheduling, the
wind scenarios are generated. /e Monte Carlo method is
firstly adopted to generate hundreds of scenarios, and then,
the K-means clustering method is used to decrease the
number of scenarios in order to the final 3 scenarios, in order
to reduce the computational burden. /e final wind sce-
narios are shown in Figure 3(a), based on which the
scheduling results of different resources are obtained. /e
average power of scheduled power of different resources is
shown in Figure 3(b).

/e intraday scheduling utilizes more accurate intraday
wind forecasting results, and more accurate scheduling
results can be obtained. /e intraday forecasted wind power
is shown in Figure 4(a), and the intraday scheduling results
of the next 2 hours are shown in Figures 4(b) and 4(c), where
Figure 4(b) considers the whole-horizon intraday scheduling
and Figure 4(c) only considers next 2-hour intraday

scheduling. It can be seen that the whole-horizon intraday
scheduling model can utilize shiftable load, whereas the next
2-hour intraday scheduling cannot. It is because the horizon
intraday scheduling can reflect the whole-day benefit,
whereas the next 2-hour intraday scheduling only reflects the
benefit of net 2 hours.

/en, the performance of the proposed rolling scheduling
method is examined. For comparison, 3 models are tested.

(1) Method 1: nonrolling scheduling method. All the
resources are allocated in the day-ahead scheduling.

(2) Method 2: traditional rolling scheduling method.
/e scheduling period of the intraday scheduling is
fixed and set to 2 h.

(3) Method 3: the proposed rolling scheduling method.
/e scheduling period of the intraday scheduling is
from the current time to the end of the day.

/e scheduling results of different resources by Methods
1–3 are shown in Figure 5, in which the scheduling results of
shiftable load are shown in Figure 6. From Figures 5 and 6, it
can be seen that different resources are optimized by the
schedulingmethods. However, traditional rolling scheduling
method (Method 2) utilizes very little scheduled shiftable
load, whereas the proposed method (Method 3) and the
nonrolling method (Method 1) utilize a similar amount of
shiftable load.

To further show contribution of thermal units and
shiftable load in the intraday scheduling, Figure 7(a) illus-
trates the difference between day-ahead and in-day fore-
casting error. Figures 7(b) and 7(c) show the adjusted power
of thermal units and shiftable load by Method 2 andMethod
3. It can be seen that the traditional rolling scheduling
method (Method 2) adjusts the scheduled power much more
than the proposed method (Method 3) in the intraday
scheduling and is more difficult to be realized.

Table 3 lists the total operational cost of the 3 methods. It
can be seen that the nonrolling scheduling method (Method
1) results in highest cost, since Method 1 has a higher
forecasting error and higher cost of reserve. /e traditional
rolling scheduling method (Method 2) has a lower total
operational cost. And the proposed method (Method 3)
results in lowest operational cost among the 3 methods,
exhibiting advantageous over the other 2 methods.

Table 1: Parameters of the generators.

a
($)

b
($/MW)

c
($/MW2)

Pmax
(MW)

Pmin
(MW)

Generator 1 100 14 0.01 110 0
Generator 2 100 15 0.01 100 0
Generator 3 100 30 0.01 520 200
Generator 4 100 35 0.01 200 0
Generator 5 100 10 0.01 600 200
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Figure 2: Forecasted curve of load and wind power: (a) forecasted load; (b) forecasted wind power.
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Figure 3: Day-ahead scheduling results: (a) wind scenarios; (b) average scheduled power of different resources.

Table 2: Parameters of the shiftable load.

Price for upregulation ($) Price for downregulation ($) Capacity for
upregulation

Capacity for
downregulation

Aggregator 1 Block 1 0 5 2.4% of the total load 2.4% of the total load
Block 2 0 8 1.2% of the total load 1.2% of the total load

Aggregator 2 Block 1 0 4 2.4% of the total load 2.4% of the total load
Block 2 0 7 1.2% of the total load 1.2% of the total load
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Figure 4: Continued.
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Figure 4: Intraday scheduling results of the next 2 hours: (a) forecasted wind power; (b) whole-horizon intraday scheduling; (c) next 2-hour
intraday scheduling without considering the whole horizon.
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Figure 5: Scheduling results of different resources. (a) Method 1. (b) Method 2. (c) Method 3 (the proposed method).
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Figure 6: Scheduling results of shiftable load. (a) Method 1. (b) Method 2. (c) Method 3 (the proposed method).
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Figure 7: Adjusted power in the intraday scheduling. (a) Difference between day-ahead and intraday forecasting error. (b) Adjusted power
of Method 2. (c) Adjusted power of Method 3 (the proposed method).
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4. Conclusion

/is paper proposes an improved rolling scheduling
framework that considers shiftable loads with intraday
energy storage constraints./e key findings of this paper can
be summarized as follows:

(1) By adopting the day-ahead intraday rolling sched-
uling strategy, the shiftable load and generating
resources are successfully scheduled.

(2) By using the remaining time of the day as the in-
traday scheduling period, the scheduling can reflect
the long-term benefits and therefore reduce the
overall operation costs.

Future work may be applying other flexible resources,
such as electrical vehicles and battery storages, in the pro-
posed rolling scheduling model. Similar to shiftable loads,
electrical vehicles and battery storages have the energy
constraints, but the charging/discharging characteristic and
the lifetime cost are quite different. /erefore, the future
work may focus on modelling these characteristics and
develop a proper rolling scheduling approach for them.
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