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Abstract: To address the issue of high auxiliary service costs caused by the grid connection of
new energy generation, a dual layer optimization scheduling method for high penetration new
energy power grids is proposed, taking into account the auxiliary service costs of grid connection.
The correlation between the output fluctuations and load fluctuations of new energy generation is
analyzed, and a calculation model for auxiliary service costs caused by grid connection of new energy
generation is established. Taking into account the timescale division requirements for grid energy
trading and auxiliary service market transactions, a new high penetration energy grid two-level
optimization scheduling model is established. The upper level scheduling model aims to minimize
the sum of grid energy procurement costs and auxiliary service costs caused by new energy generation
and completes the optimization scheduling of the grid for several hours. The lower level scheduling
model aims to closely follow the upper level scheduling plan for new energy power plants/groups.
Optimization and scheduling of the power grid for tens of minutes is completed, taking into account
the balanced allocation of wind and solar losses among various power plants within the new energy
power plant group. The simulation results show that the method proposed in this paper can reduce
the energy transaction costs and auxiliary service transaction costs of the power grid during low and
peak load periods.

Keywords: bi-level optimization; ancillary service; double-layer dispatching framework; orderly
dynamic aggregation; virtual power plants

1. Introduction

In recent years, with the rapid growth of renewable energy represented by wind and
photovoltaic power in the energy system, the consumption of fossil fuels and greenhouse
gas emissions have been greatly reduced [1]. However, unlike traditional thermal power
units, its uncertainty and intermittence have led to significant ancillary service costs. More-
over, the commodity attributes of electricity should be restored to enable the market to play
a decisive role in optimizing resource allocation, according to “Several Opinions on Further
Deepening the Reform of the Power System” issued by China’s National Development
and Reform Commission in 2015 [2,3]. Therefore, it is necessary and very urgent to carry
out research on optimizing dispatching methods for grids with high penetration of new
energy considering ancillary service costs, taking the orderly promotion of auxiliary service
market transactions in the Xinjiang power grid as the focus [4].

The accuracy of new energy output predictions varies across different timescales [5].
Given this, and to ensure the maximum consumption of new energy outputs and the
safe and efficient operation of the integrated new energy systems, numerous domestic
and international experts and scholars have initiated studies on optimized dispatching
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strategies for new energy integration across multiple timescales. Reference [6] proposes
a method wherein virtual power plants participate in day-ahead and intraday optimized
energy market transactions, ensuring the efficient operation of the integrated new energy
systems by controlling the output plans of various energy trading entities within the
virtual power plant. Reference [7] introduces a two-stage optimized dispatching model
for a distribution network with a high proportion of new energy, where the first stage
addresses active power optimization and the second stage focuses on reactive power
optimization. Reference [8] targets the removal of barriers preventing flexible loads from
participating in the ancillary service market and suggests a time-segmented optimized
dispatching model for flexible loads offering ancillary services. Reference [9] promotes
the participation of flexible loads in grid optimization dispatching through price guidance,
establishing a multi-timescale power generation and load optimized dispatching model.
Reference [10] considers both energy supply and acceptance from microgrids to formulate
a bi-level optimization dispatching model for microgrids, ensuring their stable operation
and enhancing new energy consumption within them. Reference [11] aims to harness
the flexible adjustment characteristics of energy storage and flexible loads, introducing a
two-stage optimized dispatching model for a wind-storage combined system. Here, the
first stage pertains to day-ahead optimization for the wind-storage system and the second
involves real-time grid optimization with the participation of flexible loads. Reference [12],
inspired by tiered electricity pricing, suggests a method that coordinates electric vehicles
(EVs) and energy storage systems to collectively mitigate prediction deviations in new
energy generation, thus enhancing the economic operation of the integrated new energy
system. Lastly, reference [13] presents a multi-timescale optimized dispatching method for
integrated energy systems, aiming to improve the operational benefits of the integrated
new energy system.

From both economic and environmental perspectives regarding grid operation, it
is essential for the grid to absorb a high level of new energy generation. However, the
randomness and fluctuation in new energy output, combined with its inconsistency with
grid load variations, results in substantial ancillary service costs for the integrated grid
system [14]. Because ancillary services can help transmission system operators (TSO) and
distribution system operators (DSO) operate their networks efficiently, reference [15] an-
alyzed the existing TSO-level ancillary service markets in Nordic countries and the DSO
(distribution system operators)-level markets in order to design future ancillary service
markets. Due to the shortage of supervision methods, the ancillary service markets in China
were delayed. After the evolution of the regulatory structure of the U.S. electricity market
was reviewed and supervision measures of various types of ancillary services markets were
introduced and analyzed, the supervision suggestions for ancillary service markets in China
were proposed in reference [16]. Reference [17], acknowledging the economic benefits of
integrating wind energy into the grid, thoroughly investigated the control system design
methods employed by General Electric in the U.S. for wind energy participation in grid
frequency regulation ancillary services. Reference [18], after analyzing the characteristics
of EVs and their mobile energy storage devices, proposed a grid frequency regulation
method based on the charging and discharging characteristics of EV storage. Reference [19],
taking into account the energy storage compensation for wind power output prediction
deviation and the suppression of wind power output fluctuation, suggested a control
method for a wind storage combined system to participate in grid frequency regulation
ancillary services. Reference [20], after analyzing the correlation between grid electricity
prices and integrated new energy power, put forth a control method for new energy to
provide frequency regulation ancillary services. Reference [21], after analyzing the proba-
bility distribution characteristics of new energy generation output prediction deviations,
and considering system operation economics, proposed a joint optimization dispatching
method for wind energy to simultaneously participate in both grid energy and ancillary
service trading markets. Reference [22] studied the availability conflicts faced by EVs
when participating in different auxiliary services simultaneously, as well as verifying and
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analyzing the results of availability conflict of the secondary frequency regulation and peak
shaving ancillary services through simulation examples. As EVs require power charging
strategy coordination and reserve evaluation when charging to fulfill the daily usage energy
requirement and provide ancillary service, an optimization model to determine charging
power and ancillary reserve sizing at the same time was proposed in reference [23].

Based on the above studies and conclusions, it is evident that while a plethora of
research has been conducted on multi-timescale optimization dispatch strategies for new
energy integrated systems and control strategies for new energy to provide frequency regu-
lation ancillary services, no control method exists that simultaneously takes into account
both energy transaction costs and auxiliary service transaction costs from the perspective
of power grid dispatch. Moreover, it is not clear how to save auxiliary service costs caused
by grid-integrated new energy generation from the different timescale perspective of grid
energy trading and ancillary service trading. Therefore, a dual layer optimization schedul-
ing method for high penetration new energy power grids is proposed in this paper, not
only to save the auxiliary service costs caused by new energy generation, but also to save
grid energy trading costs.

In this paper, firstly, the correlation between fluctuations of new energy generation
output and load is analyzed and then a calculation model for ancillary service costs induced
by grid-integrated new energy is established. Subsequently, from the different timescale
requirements between grid energy trading and ancillary service trading, a bi-level opti-
mization dispatch method for grids with high penetration of new energy is proposed,
considering ancillary service costs. In this double-layer dispatching framework, with the
objective of minimizing both grid energy procurement costs and ancillary service trading
costs, the upper-layer optimization completes grid optimization for several hours. The
lower-layer optimization aims for new energy plants/clusters to closely follow the upper-
layer optimization plan, accomplishing grid optimization for several tens of minutes, while
ensuring equalized wind and solar curtailment losses within new energy plant clusters.
Simulation results indicate that the method proposed in this paper can not only reduce
ancillary service costs induced by new energy grid integration, but also save grid energy
procurement costs during off-peak and peak periods.

2. Ancillary Service Cost Calculation Model for New Energy Grid Integration

The effective contribution of this paper is to save the auxiliary service costs caused by
grid-integrated new energy generation, as well as grid energy trading costs, by establishing
a dual layer optimization scheduling model for high penetration new energy power grids.
In the double-layer dispatching framework, the main purpose of the upper-layer optimiza-
tion is to minimize both grid energy procurement costs and ancillary service trading costs.
However, it is important to question how new energy generation grid integration led to
ancillary services, and how much ancillary service fees have been incurred by new energy
generation grid integration; these issues must be addressed firstly.

Comprehensively considering the process by which ancillary services are induced by
new energy grid integration, as well as the ancillary services providers [24], the ancillary
services in this paper mainly encompass three categories: peak regulation, frequency
regulation, and spinning reserve services.

2.1. Peak Regulation Ancillary Service Cost Calculation Model

An extensive analysis of grid load curves indicates that the grid load typically follows
a pattern of off-peak periods, morning peak periods, regular periods, and evening peak pe-
riods. Taking into account the different mechanisms and entities providing peak regulation
ancillary services during off-peak and peak load periods (which include both morning and
evening peak periods), it is imperative to analyze the peak regulation ancillary services
separately for these periods.

This section establishes a peak regulation ancillary service cost calculation model,
which explains how new energy generation grid integration causes peak regulation ancillary
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service during off-peak period and peak load periods. The section also provides specific
calculation methods for peak regulation ancillary service costs caused by new energy
generation grid integration.

2.1.1. Off-Peak Period Peak Regulation Ancillary Service Cost Model

Based on current grid dispatching rules, during off-peak periods, when new energy
is integrated and absorbed, if the output of conventional generators within the system
exceeds their minimum technical output, the grid-integrated new energy does not incur
peak regulation ancillary service costs. However, when the output of these conventional
generators falls below their minimum technical output, the new energy integration bears
the cost of peak regulation ancillary services. As the power from new energy integration
increases, not only does the incurred peak regulation ancillary service cost rise, but the
entities providing these services also vary [25], as shown in Figure 1. For instance, when
the demand for peak regulation is low, the peak regulation ancillary service cost f dg

ps (k) for
the kth ∆T is:

f dg
ps (k) = Pst

dg · pre
dg(k) · ∆T s.t. pre

dg(k) ∈ (0, pst
dg.M] (1)
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Equation (1) depicts the cost calculation method when only energy storage stations
participate, with Pst

dg and pst
dg.M representing the price and maximum charging power of

energy storage stations, respectively, during off-peak periods. When the demand for peak
regulation further escalates, the cost f dg

ps (k) is:

f dg
ps (k) = [Pst

dg · pst
dg.M + Ptu

dg · (pre
dg(k)− pst

dg.M)]∆T

s.t. pre
dg(k) ∈ (pst

dg.M, pst
dg.M + pdg

tu.M]
(2)

Equation (2) represents the cost calculation method when only energy storage stations
charge and thermal power units deeply regulate, with Ptu

dg and pdg
tu.M representing the price

and maximum power of deep peak regulation by thermal power units, respectively, during
off-peak periods. If the peak regulation demand increases even further, the cost f dg

ps (k) is:

f dg
ps (k) = [Pst

dg · pst
dg.M + Ptu

dg · pdg
tu.M + Psd

dg · (pre
dg(k)− pst

dg.M − pdg
tu.M)]∆T

s.t. pre
dg(k) ∈ (pst

dg.M + pdg
tu.M, pst

dg.M + pdg
tu.M + psd

dg.M]
(3)

Equation (3) represents the cost calculation method when energy storage stations
charge, thermal power units deeply regulate, and conventional units are shut down to
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provide peak regulation ancillary services. psd
dg.M and Psd

dg symbolize the price and maximum
power, respectively, when conventional units are shut down to offer these services.

In the above Equations (1)–(3), the method used to calculate the new energy integrated
power that incurs peak regulation ancillary service costs is:

pdg
re (k) =



(1) 0

s.t. pdg
cu(k)− pdg

cu, f r ≥ 0

(2) pdg
re,org(k) + pdg

cu, f r − pdg
load(k)

s.t. pdg
cu(k)− pdg

cu, f r < 0

(4)

In this Equation, the first part represents the power of new energy grid integration
that must bear peak regulation ancillary service costs during the ∆T period of the off-
peak time when the output of the conventional generators pdg

cu(k) is higher than their
minimum technical output pdg

cu, f r, which corresponds to a power of 0 in this situation. The
second part denotes the power during the ∆T period when the output of conventional
generators is below their minimum technical output. The power of new energy power
generation connected to the grid needs to bear the peak-shaving auxiliary service fee,
and the corresponding power at this time is pdg

re,org(k) + pdg
cu(k)− pdg

load(k), namely, the sum

of the new energy generation power pdg
re,org(k) and the minimum technical output of the

conventional units, minus the load power.

2.1.2. Peak Regulation Ancillary Service Cost Model during Peak Load Periods

In alignment with the mechanisms providing peak regulation ancillary services during
off-peak periods, during peak load times when the load power (pg f

cu (h)) is less than the
maximum output of the conventional generators within the system (pg f

cu,max), the power
from new energy grid integration bearing peak regulation ancillary service costs is zero.
However, when the load power surpasses the maximum output of conventional genera-
tors, the system needs to employ energy storage station discharging, flexible load power
reduction, and the activation of some conventional units to ensure stable system operation,
as shown in Figure 2. At this juncture, the power from new energy grid integration that
incurs peak regulation ancillary service costs (pg f

re (h)) is:

pg f
re (h) = pg f

load(h)− pg f
cu,max − pg f

re,org(h)

s.t.pg f
cu (h)− pg f

cu,max = 0
(5)

In this Equation, h denotes the ∆T sequence number of the peak load period, i.e., the
hth ∆T period, with pg f

load(h) and pg f
re,org(h) representing the load power and new energy

grid integration power, respectively, during the hth ∆T period.
During peak load periods, when the system’s demand for peak regulation ancillary

services is minimal, the cost borne by new energy grid integration for these services is:

f g f
ps (h) = Pg f

st · pg f
re (h) · ∆T s.t. pg f

re (h) ∈ (0, pg f
st.M] (6)

In this Equation, Pg f
st and pg f

st.M are the price and maximum discharging power, re-
spectively, of energy storage providing peak regulation ancillary services during peak
periods. As the demand for such services further escalates, the cost borne by new energy
grid integration is:

f g f
ps (h) = [Pg f

st · pg f
st.M + Pg f

f l · (pg f
re (h)− pg f

st.M)]∆T

s.t. pg f
re (h) ∈ (pg f

st.M, pg f
st.M + pg f

f l.M]
(7)
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In this Equation, Pg f
f l and pg f

st.M represent the price and maximum power reduction
possible, respectively, when flexible loads provide peak regulation ancillary services. If the
system’s demand for these services grows even more, the cost borne by new energy grid
integration is:

f g f
ps (h) = [Pg f

st · pg f
st.M + Pg f

f l · pg f
f l.M + Pg f

su · (pg f
re (h)− pg f

st.M − pg f
f l.M]∆T

s.t. pg f
re (h) ∈ (pg f

st.M + pg f
f l.M, pg f

st.M + pg f
f l.M + pg f

su.M]
(8)

In this Equation, Pg f
su and pg f

su.M signify the price and maximum power, respectively,
when conventional units are activated to provide peak regulation ancillary services during
peak periods.
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2.2. Frequency Regulation Ancillary Service Costs Induced by New Energy Integration

The frequency regulation ancillary services resulting from new energy grid integra-
tion are primarily determined by its influence on the effective grid load fluctuations (the
difference between the original grid load and the power from new energy integration) [26].
Therefore, by analyzing the correlation between the directions of effective grid load fluc-
tuations, original grid load power fluctuations, and new energy grid integration power
fluctuations, a model to calculate the frequency regulation ancillary service costs induced by
new energy grid integration is established. Figure 2 presents the mechanism of frequency
modulation costs undertaken by the new energy generation output.

When the fluctuation directions of all three aforementioned factors align, the power
fluctuations from new energy grid integration amplify the effective grid load power fluctu-
ations. In such cases, the fluctuations from both the new energy grid integration and the
original grid load should evenly share the costs induced by the effective grid load power
fluctuations. The corresponding model to calculate the frequency regulation ancillary
service costs ( f a f

re (ξ)) due to new energy grid integration power fluctuations is:

f a f
re (ξ) =

p∆T
re (ξ)

p∆T
l (ξ) + p∆T

re (ξ)
· f a f

eql(ξ) (9)

In this formula, ξ represents the sequence number of the calculation period ∆T, i.e.,
the ξ∆T period. f a f

eql(ξ) denotes the frequency regulation ancillary service costs induced by
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effective grid load power fluctuations, which is provided by the power dispatching center
based on frequency regulation rules. p∆T

l (ξ) and p∆T
re (ξ) represent the fluctuations in the

original grid load power and the power from new energy grid integration, respectively.
When the fluctuation direction of the original grid load power differs from the fluctua-

tions of new energy grid integration power and effective grid load power, the original grid
load power fluctuations effectively reduce the magnitude of the effective grid load power
fluctuations. The corresponding model to calculate the frequency regulation ancillary
service costs ( f a f

re (ξ)) due to new energy grid integration power fluctuations is:

f a f
re (k) =

p∆T
re (k)

p∆T
re (k)− p∆T

l (k)
· f a f

eql(k) (10)

In this Equation, fluctuations in the grid-integrated renewable power not only assume
the grid’s frequency regulation ancillary service costs but also the contribution rewarded
by the grid for the original load’s advantageous participation in frequency regulation
services. For instance, certain flexible loads with superior modulation capabilities can
actively partake in the grid’s frequency regulation services.

When the fluctuation direction of the renewable grid-integrated power is incongru-
ent with both the grid’s effective load power and the original load power, the renewable
power’s fluctuation effectively attenuates the grid’s effective load power fluctuation am-
plitude. This means that the original load power’s fluctuations not only bear the grid’s
frequency regulation ancillary service costs but also the additional rewards for the re-
newable grid-integrated power’s beneficial contribution to these services. This strategy
indirectly incentivizes renewable power plants to partake in the grid’s frequency regulation
services. The calculation model for the frequency regulation auxiliary service fee ( f a f

re (ξ))
caused by the power fluctuation of the corresponding new energy power generation con-
nected to the grid is expressed as:

f a f
re (k) = − p∆T

re (k)
p∆T

l (k)− p∆T
re (k)

· f a f
eql(k) (11)

2.3. Spinning Reserve Ancillary Service Costs Induced by New Energy Integration

The spinning reserve ancillary services necessitated by new energy grid integration
are predominantly governed by discrepancies in the grid’s effective load forecast. These
deviations are jointly determined by the forecast variances in both the new energy grid-
integrated power and the original grid load [27]. Assuming the probability distribution
model for the grid’s effective load forecast deviation is Φ−1

eql (·) (as both the original grid
load forecast deviation and the renewable grid integration power forecast deviation are
normally distributed), the costs that the grid incurs for spinning reserve ancillary services
can be expressed as:

Fsr
eql = Psr · σeql [Φ

−1
eql (1 − PLOLP)− Φ−1

eql (PLORE)] (12)

In this Equation, the price for spinning reserve ancillary services is denoted by Psr,
while PLORE and PLOLP represent the system’s permissible maximum new energy cur-
tailment rate and maximum load shedding rate, respectively. σeql signifies the standard
deviation of the grid’s effective load forecast deviation probability distribution. Stemming
from this, the model to compute the spinning reserve ancillary service costs induced by
new energy grid integration is defined as:

Fsr
re = Fsr

eql − Fsr
l (13)
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In this Equation, Fsr
l indicates the spinning reserve ancillary service costs as a result of

the original grid load in the absence of new energy integration, defined as:

Fsr
l = Psr · σl · Φ−1

l (1 − PLOLP) (14)

In this Equation, the original load forecast deviation probability distribution model is
denoted by Φ−1

l (·), which can be derived with appropriate Φ−1
eql (·) modifications.

Figure 3 shows the impact of spinning reserve configuration on load shedding and
new energy generation power discarding.
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3. Regional Grid Upper-Level Optimization Dispatch Model

Although the output of new energy power plants in wide areas has strong comple-
mentary characteristics, the complementary laws have strong time-varying characteristics.
The output of new energy power plants is aggregated in different time periods, so that
the new energy power plants can participate in grid scheduling in a cluster manner. This
reduces the peak shaving and frequency regulation auxiliary service costs caused by the
grid connection of new energy power plants, as well as the difficulty of scheduling plan
formulation and its implementation for new energy generation integration systems [27].

Due to the complexity of meteorological factors and the inaccuracy of prediction
models, the degree to which new energy generation output can be accurately predicted
gradually decreases with the increase of prediction timescale [5]. That is to say, in the
process of grid optimization and scheduling, if only weekly or daily trading models are
selected for auxiliary service market transactions, the large prediction deviation of new
energy generation output may lead to significant auxiliary service costs for its integration
into the system. Conversely, if auxiliary service market transactions are conducted at
shorter intervals (such as intraday trading or trading within tens of minutes to several
hours), a lot of auxiliary service costs will be saved due to the higher prediction accuracy of
new energy generation output [28]. Taking wind power as an example, its output remains
relatively constant within 10 min.

Referring to the overall grid dispatching architecture in China (which can been divided
into five levels: national dispatch, grid dispatch, provincial dispatch, regional dispatch
centers, and county-level dispatch centers) as well as the existing coordination and control
methods for virtual power plants/groups participating in grid dispatch [2,6,29–32], a basic
architecture for dual level optimization dispatch for regional grids with new energy power
plant clusters is proposed in this paper, as shown in Figure 4. In the dispatching architecture,
the upper-layer optimization completes the optimization scheduling for regional grid for the
next few hours within the day (with a time interval of 15 min), including the planned output
of new energy power plants/clusters obtained by the orderly aggregation, conventional
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units, energy storage stations, and flexible loads. In the lower optimization, each new
energy power plant cluster will be required to track the scheduling plan provided by the
upper-layer optimization within the next 15 min (with a time interval of 5 min).
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Building upon the ancillary service cost computation models for grid-integrated
new energy, established in Section 2, this section formulates the upper-level optimization
dispatch model for the regional grid. This model takes into account the ancillary service
costs associated with new energy grid integration and aims to optimize grid operations for
the forthcoming hours.

3.1. Objective Function in the Upper-Level Optimization Dispatch Model

In light of the findings in Section 1, the types of ancillary services required due to
grid-integrated new energy might differ across load periods. Hence, this study delineates
the upper-level optimization dispatch models for three distinct load periods: off-peak,
normal, and peak.

3.1.1. Objective Function for the Off-Peak Load Period

During off-peak periods, the primary ancillary services induced by new energy grid
integration encompass load leveling, frequency regulation, and spinning reserve services.
To optimize the overall operational benefits of the regional grid, the overarching objective
is to minimize the sum ( fdg) of the grid’s energy procurement costs and ancillary service
acquisition costs. The corresponding objective function for the off-peak period in the
upper-level optimization dispatch model is given by:

min fdg =
Ndg

∑
i=1

(
Mdg

th
∑

j=1
Pth

j · pth
j (i) +

Mdg
st

∑
k=1

Pst
k · pst

k (i)

+
Mdg

re
∑

l=1
Pre,cl

l · pre,cl
l (i) + f dg,ps

re (i)

+ f a f
re (i) + f sr

re (i))

(15)
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In this Equation, i denotes the index for computation cycles ∆T during off-peak
periods, with a total of Ndg cycles. The first three terms in the equation represent the
cumulative energy procurement costs from the grid, specifically from conventional power
generating units, energy storage stations, and clusters of new energy plants. Pth

j and

pth
j (i), Pst

k and pst
k (i), and Pre,cl

l and pre,cl
l (i) denote the prices and power of these three

entities during energy transactions, respectively. The subsequent three terms represent
the costs of load leveling, frequency regulation, and spinning reserve services induced by
grid-integrated new energy, corresponding to Equations (1), (9), and (13) from Section 1.

In Equation (8), Pre,cl
l indicates the pricing for grid integration of new energy clusters.

Given that these clusters might comprise both photovoltaic stations and wind farms, the
pricing for energy transactions provided by each new energy plant within the cluster is
deduced as:

Pre,cl
l (i) =

∑
ξ∈Gl

Pre
ξ · pre

ξ (i)

∑
ξ∈Gl

pre
ξ (i)

(16)

In this Equation, Gl represents the collection of the lth new energy cluster and Pre
ξ and

pre
ξ (i) indicate the grid integration price and power, respectively, for the ξ new energy plant

during the ith ∆T cycle in Gl .

3.1.2. Objective Function for the Normal Load Period in Upper-Level
Optimization Dispatch

During the normal load period, the ancillary services induced by grid-integrated new
energy encompass frequency regulation services and spinning reserve services. Thus, the
objective function for this period in the upper-level optimization dispatch model for the
regional grid is described by:

min fpc =
Npc

∑
i=1

(
Mpc

th

∑
j=1

Pth
j · pth

j (i) +
Mpc

st

∑
k=1

Pst
k · pst

k (i) +
Mpc

re

∑
l=1

Pre,cl
l · pre,cl

l (i) + f a f
re (i) + f sr

re (i)) (17)

In this Equation, the first three terms have meanings analogous to those in Equation (15)
and are thus not reiterated here. The subsequent two terms represent the costs of frequency
regulation services and spinning reserve services induced by grid-integrated new energy,
specifically referring to Equations (9) and (13).

3.1.3. Upper-Level Optimization Dispatch Model for Peak Load Period

During peak load periods, due to the counter-peaking characteristics of grid-integrated
new energy power (manifested as a decline in grid-integrated new energy power as the
load increases) or the low reliability of new energy plant capacity [24,25], there may arise
scenarios in which the frequency is too low, or even load shedding accidents. Consequently,
the ancillary services induced during peak load periods include load leveling, frequency
regulation, and spinning reserve services. The corresponding objective function in the
upper-level optimization dispatch model is:

min fg f =
Ng f

∑
i=1

(
Mg f

th
∑

j=1
Pth

j · pth
j (i) +

Mg f
st

∑
k=1

Pst
k · pst

k (i)

+
Mg f

re
∑

l=1
Pre,cl

l · pre,cl
l (i) + f g f ,ps

re (i) + f a f
re (i) + f sr

re (i))

(18)

In this Equation, both the first three terms and the subsequent three terms have mean-
ings similar to those in Equation (15) and are thus not reiterated. Specifically, the fourth
term in this equation represents the load leveling service costs induced by grid-integrated
new energy during the ith ∆T cycle of the peak load period, referring to Equations (6)–(8).
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3.2. Constraints in the Upper-Level Optimization Dispatch Model

To ensure the stable operation of the system, the grid-integrated new energy system
must satisfy power balance constraints. Conventional power generation units should
operate within permissible power ranges; energy storage stations should operate within
allowable power and SOC (state of charge) ranges; the power reduction of flexible loads
should be less than their allowable power reduction; and the planned grid integration
power of new energy clusters should be less than their forecasted power. Due to space
constraints in this paper and since these concepts are easily comprehensible, they are not
elaborated upon here.

In the system’s spinning reserve optimal allocation, the allocated spinning reserve
should not only suppress the predictive bias of the grid’s equivalent load but also restrain
its fluctuations. This means the allocated spinning reserve should consider both adjustment
capacity and adjustment rate requirements, as follows:{

psr
−(ς) < perr

eql(ς) < psr
+(ς)

perr
eql(ς) = perr

re (ς) + perr
Load(ς)

(19)

The above equation implies that the capacity of the allocated spinning reserve should
meet the grid’s equivalent load prediction bias requirements. Here, psr

+(ς) and psr
−(ς)

represent the positive spinning reserve capacity and the negative spinning reserve capacity
allocated for the regional grid in the ς ∆T cycle, respectively, preventing load shedding
accidents and the curtailment of new energy generation. perr

re (ς) and perr
Load(ς) respectively

denote the predictive biases of grid-integrated new energy power and the original grid
load in the aforementioned calculation cycle, being the sum of both predictive biases.

Furthermore, the adjustment rate considered during spinning reserve allocation targets
the fluctuations of the grid’s equivalent load [24,25], as described by:{

vsr
−(ς) < p∆T

eql (ς) < vsr
+(ς)

p∆T
eql (ς) = p∆T

re (ς) + p∆T
Load(ς)

(20)

In this equation, vsr
+(ς) and vsr

−(ς) respectively represent the maximum values of
the allocated spinning reserve for the regional grid during the ς ∆T cycle. p∆T

re (ς) and
p∆T

Load(ς) denote the fluctuation quantities of grid-integrated new energy power and the
original grid load during the above calculation cycle, respectively. p∆T

eql (ς) is the sum of
both fluctuation quantities.

4. Lower-Level Optimization Dispatch Model for the Regional Grid

Similar to the structure presented in Section 2, the lower-level optimization dispatch
model for the regional grid also comprises two main components: the objective function
and associated constraints.

4.1. Objective Function in the Lower-Level Optimization Dispatch Model

Building on the content from Section 2, the significance of constructing the upper-level
optimization dispatch model for the regional grid lies in providing results for several
hours of optimized dispatch. This aims to reduce the grid’s energy procurement costs and
ancillary service costs. However, the randomness in new energy generation and load power
fluctuations can make it challenging to execute the upper-level optimization dispatch results
with absolute accuracy. Nevertheless, from the perspective of the grid’s overall economic
performance, the results from the upper-level optimization dispatch undoubtedly represent
an optimal value. Therefore, the importance of constructing the lower-level optimization
dispatch model emphasizes the accurate tracking by each new energy plant cluster of
the demands set by the upper-level optimization dispatch. The corresponding objective
function in the lower-level optimization dispatch model is described by:
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 min ∆p =
N∆
∑

r=1
(

Mcl
re

∑
l=1

|∆pre,cl
l (r)|)

∆pre,cl
l (r) = pre,cl

l,rt (r)− pre,cl
l,∆t (r)

(21)

In this Equation, N∆ represents the total number of cycles ∆t in the lower-level opti-
mization process (each cycle being 5 min); Mcl

re denotes the total number of new energy
plant clusters; and pre,cl

l,∆t (r) and pre,cl
l,rt (r) are the actual output and the planned output during

the lower-level optimization process, respectively, with ∆pre,cl
l (r) illustrating their differ-

ence. Given that the time interval ∆T in the upper-level optimization process is 15 min and
that in the lower-level optimization process is 5 min, this paper employs a two-point linear
interpolation method to fill the output plan of the new energy plant cluster between two
adjacent moments within the 15 min time range of the upper-level optimization process,
which is not detailed further here.

During the lower-level optimization dispatch process for the regional grid, the actual
output of a new energy plant cluster might exceed the dispatch plan provided by the upper-
level optimization dispatch model. Consequently, new energy plants within the cluster
could face wind curtailment or solar curtailment issues. Although, from the perspective of
prioritizing new energy consumption, all new energy outputs should be wholly consumed,
considering the overall economic requirements of grid operation, the grid permits curtail-
ment during certain periods or for specific new energy plants [27]. Accordingly, taking
into account the equal requirements for wind/solar curtailment losses, the wind/solar
curtailment model for each new energy plant during the curtailment process of the new
energy plant cluster is constructed as:

min fab = ∑
i ̸=j;i,j∈Gl

∣∣ai − aj
∣∣

s.t.(1)∆pre,cl
l (r) > 0, ∆pre,cl

l (r) = ∑
τ∈Gl

∆pre
τ (r)

(2) ai = Pre
i · ∆pre

i (r)

(22)

In this Equation, fab represents the cumulative absolute value of the difference in
wind/solar curtailment losses for each new energy plant within the ith new energy plant
cluster during the rth ∆t cycle of the lower-level optimization dispatch process. Here, ai
signifies the wind/solar curtailment loss of the ith new energy plant within the Ith cluster
during that period. The term ∆pre,cl

l (r) > 0 denotes that the actual output of the new
energy plant cluster exceeds the planned output provided by the upper-level optimization
dispatch model, indicating that the cluster faces wind/solar curtailment issues.

4.2. Constraints in the Lower-Level Optimization Dispatch Model

Following the same logic used in constructing constraints for the upper-level opti-
mization dispatch process, the lower-level optimization dispatch should also consider
power balance constraints, stable operating constraints for conventional generators, energy
storage stations, and flexible loads. The configured spinning reserves should meet both the
grid equivalent load forecast deviation and fluctuation constraints. Moreover, considering
the varying forecast accuracy of new energy generation outputs at different timescales, and
that the upper and lower-level optimizations are executed over several hours and several
tens of minutes, respectively, we specifically outline the output constraints for the new
energy plant cluster and its internal new energy plants during the lower-level optimization
dispatch process as: {

pre,cl
l,realt(i) ≤ pre,cl

l,realt,max(i)

pre
j,realt(i) ≤ pre

j,realt,max(i)
(23)
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The above equation represent the planned output and the forecasted maximum output
of the ith new energy plant cluster during the ith ∆t cycle of the lower-level optimization
process, respectively. The corresponding calculation method is described in:

pre,cl
l,realt(i) = ∑

j∈Gl

pre
j,realt(i)

pre,cl
l,realt,max(i) = ∑

j∈Gl

pre
j,realt,max(i)

(24)

In this Equation, pre
j,realt(i) and pre

j,realt,max(i) denote the planned output and the fore-
casted maximum output, respectively, for the jth new energy plant during the ith ∆t cycle.

5. Solution of the Two-Layer Optimal Dispatching Model for Regional Power Grid

Based on the above content and discussion, the bi-lever optimized dispatching method
for high penetration new energy power grids proposed in this paper is designed to solve
optimized dispatching problem in several hours. In this double-layer dispatching frame-
work, the upper-layer optimization completes grid optimization for several hours, which
presents the planned output of conventional units, energy storage stations, and new energy
power plants/clusters, with the objective of minimizing both grid energy procurement
costs and ancillary service trading costs. The purpose of the lower-layer optimization is
to make new energy plants/clusters follow the upper-layer optimization plans as closely
as possible, accomplishing grid optimization for several tens of minutes, while ensuring
equalized wind and solar curtailment losses within new energy plant cluster. Hence, both
the upper-layer and lower-layer optimized dispatching models can be characterized as
single objective and multi-variable problems. The two optimized dispatching models will
be solved by variable step particle swarm optimization (VSPSO), as shown in Figure 5.
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(1) Solution of the upper layer optimal dispatching model of regional power grids

Step 1: the variable Xor,rn = [xG,1, . . .. . . xG,n, xS,1, . . .. . . xS,m, xre,1, . . .. . . xre,k] is ini-
tialized firstly, which presents the planned outputs of conventional units, energy storage
stations, and new energy power plants/clusters. The subscript variables n, m, and k indicate
the number of the above systems, respectively.

Step 2: the initial population Xor,rn is brought into the objectives of the upper-layer
optimized dispatching models (as shown in Equations (15), (17), and (18)). Then, the sum of
grid energy trading costs and ancillary service trading costs is calculated. Simultaneously,
these constraints must be met in Section 3.2 of this paper, such as energy supply and
demand balance in regional power grid, spinning reserve compensating forecast devia-
tion, and fluctuation of grid equivalent load reliably, and the safe and stable operation
request of each system participating in energy market transactions and ancillary service
market transactions.

Step 3: the velocity and position of the population Xor,rn is uploaded and the uploaded
population Xgx,rn is obtained.

Step 4: the above uploaded population Xgx,rn is brought into step 2 and then the sum
of grid energy trading costs and ancillary service trading costs is regained, while meeting
the constrains in Section 3.2 of this paper.

Step 5: these operations of step 2 to 4 are repeated until the minimum sum of grid
energy trading costs and ancillary service trading costs is achieved. At the same time,
the constrains in Section 3.2 of this paper are met. These calculated results present the
planned outputs of conventional units, energy storage stations, and new energy power
plants/clusters in several hours.

(2) Solution of the lower-layer optimized dispatching model

Step 1: the variable Xor,realt = [xre,1, . . .. . . xG,η] is initiated firstly, which presents the
planned outputs of new energy power plants/clusters in several minutes. The subscript
variable η presents the number of new energy power plants/clusters.

Step 2: the initialed population Xor,realt is brought into the objective of the lower-layer
optimized dispatching model (as shown in Equation (21) in Section 4.1 of this paper). The
absolute accumulated difference between the output of each new energy power plant
cluster from the lower-layer optimized dispatching model and the output from the upper-
layer optimized dispatching models is obtained, while meeting the constrains in Section 4.2
(such as Equations (23) and (24) of this paper).

Step 3: the velocity and position of the population Xor,realt is uploaded and the up-
loaded population Xgx,realt is obtained.

Step 4: the uploaded population Xgx,realt is brought into Step 2. The absolute accumu-
lated difference is obtained again and these constrains must also be met at the same time,
which is similar to the content in step 2.

Step 5: the operations of step 2 to 4 are repeated until the minimum absolute accumu-
lated difference is achieved, meeting the constrains simultaneously, as in step 2 or step 4.
Every new energy plant cluster output in several minutes is gained.

Some aspects of the solution progress of the bi-lever optimized dispatching model
must be emphasized: (1) the number of the swarm population is 40. Both the learning
factor C1 and C2 are set to 2; (2) the inertia coefficient W is set 1; and (3) the maximum
iteration number is set to 500 or the iteration is finished when the result of four consecutive
iterations is less than 0.0001.

(3) Solution of abandonment model of wind/solar power plants within the new energy
power plant group by Genetic Algorithm (GA)

Step 1: the variable X = [x1, . . .. . ., xπ] is initialed, which presents the abandonment
value of wind/solar power plants within the new energy power plant group. The subscript
variable π presents the number of new energy plants in the new energy power plant group
with the abandonment existence of wind/solar power plants.
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Step 2: the absolute accumulated difference among abandonment values of the wind/solar
power plants in real-time dispatching stage is obtained (as shown in Equation (22)), meeting
the constrains in Section 4.2 of this paper (as shown in Equations (23) and (24)).

Step 3: the uploaded population Xby is obtained by cross and variation method.
Step 4: the uploaded population Xby is brought into step 2 instead of X. The absolute

accumulated difference is calculated again.
Step 5: the operations of step 2 to 4 are repeated until the minimum absolute accumu-

lated difference is obtained.

6. Simulation Study
6.1. Introduction to the Simulation

This paper employs operational data from a new high-penetration regional energy grid
in Northern Xinjiang on 16 November 2018 to validate the feasibility of the proposed bi-level
optimization dispatch method for grids with significant renewable penetration, factoring
in ancillary service costs. The simulation includes: (1) thirteen new energy plants: plants
numbered 7–9 are photovoltaic stations with a capacity of 20 MW, those numbered 1–6 are
wind farms with a capacity of 49.5 MW, and those numbered 10–13 are wind farms with a
capacity of 100 MW; (2) four conventional generators: units 1–2 operate using a “combined
heat and power” mode, while unit 3 can operate in a deep peaking mode, with a peaking
price set at 20.87 USD/(MW·h) [25]; (3) two pumped storage stations with a capacity of
240 WM·h, with maximum charging and discharging capacities set at 60 MW and 40 MW,
respectively. The peak shaving ancillary service price is 16.00 USD/(MW·h) [33]; (4) during
peak load periods, the flexible load capacity available for peak shaving ancillary services is
8.3 MW, with a service price of 20.83 USD/(MW·h) [34]; (5) frequency regulation ancillary
services are entirely provided by conventional generators, with a frequency regulation
price set at 0.83 USD/MW [35]; (6) the grid equivalent load standard deviation stands
at 7.19 MW. When both PLORE and PLOLP are set at 0.5%, the required spinning reserve
capacity increases by 9.09 MW. Given a reserve cost of 0.003 USD/kW·h, an additional
13.91 USD per ∆T cycle is needed for the spinning reserve ancillary service cost [36].

6.2. Simulation Results and Analysis

Adopting the prevailing grid operational time-slot allocation, the periods from
00:00 to 08:00 are designated as off-peak hours, 08:00 to 14:30 as morning peak hours,
14:30 to 19:30 as standard operational hours, and 19:30 to 24:00 as evening peak hours.
Given the constraints of paper length and the need for concise presentation, only the grid
operational results during the off-peak and morning peak periods are analyzed. In the
following discussion, Scheme 1 refers to the bi-level optimization dispatch method for
grids with high renewable penetration proposed in this paper, which takes into account the
costs of grid-connected ancillary services. In contrast, Scheme 2 denotes the optimization
dispatch method without considering the costs of grid-connected ancillary services.

6.2.1. Off-Peak Period

Figure 6 presents the costs incurred for ancillary services and energy transactions
during the off-peak period. The analysis reveals: (1) regarding the frequency regulation
ancillary service costs, the expenses induced by the grid-connected new energy generation
under Scheme 1 and Scheme 2 are 8.49 USD and 63.08 USD, respectively. This indicates
that Scheme 1 significantly reduces the frequency regulation ancillary service costs induced
by grid-connected new energy generation; (2) pertaining to the peak shaving ancillary
service costs, the expenses induced by the grid-connected new energy generation under
Scheme 1 and Scheme 2 are 914.82 USD and 935.00 USD, respectively. This implies that
Scheme 1 saves on peak shaving ancillary service costs compared to Scheme 2; (3) for the off-
peak period, the energy transaction costs under Scheme 1 and Scheme 2 are 17,826.33 USD
and 17,937.66 USD, respectively, signifying that Scheme 1 results in savings in energy
transaction costs compared to Scheme 2.
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Figure 6. The upper dispatching model simulation results during load valley period: (a) frequency 
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Furthermore, considering that spinning reserves mainly address grid equivalent load 
forecasting deviations and fluctuations [26], both schemes require an additional positive 
and negative spinning reserve of 9.09 MW. Thus, the auxiliary service cost induced by 
grid-connected new energy generation for spinning reserves remains constant for every 
TΔ  cycle, which is not presented here. 

Figures 7–9 respectively present the optimized dispatching results of the new energy 
power plant groups during the load valley period when applying the lower-level optimi-
zation dispatching scheme proposed in this paper. Analysis indicates the following: (1) 
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Furthermore, considering that spinning reserves mainly address grid equivalent load
forecasting deviations and fluctuations [26], both schemes require an additional positive
and negative spinning reserve of 9.09 MW. Thus, the auxiliary service cost induced by
grid-connected new energy generation for spinning reserves remains constant for every
∆T cycle, which is not presented here.

Figures 7–9 respectively present the optimized dispatching results of the new energy
power plant groups during the load valley period when applying the lower-level opti-
mization dispatching scheme proposed in this paper. Analysis indicates the following:
(1) during the lower-level optimization dispatching process of the regional power grid, the
1st and 2nd new energy power plant groups can be fully integrated into the grid during
the initial period (approximately 00:00 to 02:00). However, as time progresses, the grid’s
original load further decreases and the reservoir capacity of the pumped storage power sta-
tion reduces, leading to the withdrawal of the 1st and 2nd new energy power plant groups
from grid dispatching, resulting in curtailment of new energy generation; (2) compared
to the 1st and 2nd new energy power plant groups, although the 3rd new energy power
plant group also experiences some wind curtailment after 02:00 due to system absorption
constraints, its relatively lower grid clearing price ensures its continuous participation in
grid dispatching; (3) during the curtailment of new energy generation by the new energy
power plant groups, the losses from curtailed new energy generation are evenly distributed
within the group as much as possible. For instance, after 02:00, when the 3rd new energy
power plant group faces curtailment, the wind curtailment losses are evenly shared be-
tween the two wind farms. This observation corroborates the fairness and rationality of
the wind/solar curtailment scheme in the lower-level optimization dispatching model
established in this paper.

6.2.2. Load Peak Period in the Early Morning

Figure 10 displays the results of the upper-level optimization dispatching during
the early morning load peak period. Analysis reveals that: (1) during the early morning
load peak period, with the increase of the original grid load, the output of the 1st and
2nd new energy power plant groups can be fully integrated into the grid. Under both
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Scheme 1 and Scheme 2, the ancillary service costs for frequency regulation induced by
the integration of new energy generation remain consistentl; (2) during the early morning
load peak period, under most ∆T time intervals, Scheme 1 incurs lower ancillary service
costs for load leveling induced by new energy integration compared to Scheme 2. This
demonstrates that the bi-level optimization dispatching method established in this paper,
which considers ancillary service costs, can significantly reduce the load leveling ancillary
service expenses caused by the integration of new energy; (3) the energy trading costs
under Scheme 1 and Scheme 2 are 4,834,167.27 USD and 4,874,060.67 USD, respectively,
suggesting that the bi-level optimization dispatching method proposed in this paper, which
takes into account ancillary service costs, can also reduce energy trading costs.

Figure 7. The dispatching results of No. 1 new energy power plant group during lower level
optimization dispatching of the power grid: (a) actual grid-connected power from each new energy
plant; (b) wind curtailment/solar spillage power from each new energy plant.
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Figure 10. The upper dispatching model simulation results during first load peak period: (a) fre-
quency regulation ancillary service cost; (b) peak shaving ancillary service cost; (c) energy trading 
cost. 

Figures 11 and 12 respectively present the optimized dispatching results of new en-
ergy power plant groups during the early morning load peak period using the lower-level 
optimization dispatching of the regional grid. From the analysis, it can be inferred that: 
(1) due to the bi-level optimization dispatching model established in this paper, which 
respectively realizes several hours of grid optimization dispatching and several tens of 
minutes of optimization dispatching, the upper-level optimization dispatching model and 
the lower-level optimization dispatching model are based on different timescale predic-
tions of new energy power output. Therefore, during the early morning load peak period, 
when the lower-level optimization dispatching model is implemented, there are occa-
sional instances of a small amount of new energy being discarded in the 1st and 2nd new 
energy power plant groups; (2) when the 1st and 2nd new energy power plant groups 
have a slight amount of discarded new energy, the loss of wind curtailment/solar curtail-
ment is as evenly distributed as possible among the new energy power plants within the 
group, further corroborating the fairness and rationality of the wind/solar curtailment 
scheme in the grid lower-level optimization dispatching model established in this paper. 

Figure 10. The upper dispatching model simulation results during first load peak period:
(a) frequency regulation ancillary service cost; (b) peak shaving ancillary service cost; (c) energy
trading cost.

Figures 11 and 12 respectively present the optimized dispatching results of new energy
power plant groups during the early morning load peak period using the lower-level
optimization dispatching of the regional grid. From the analysis, it can be inferred that:
(1) due to the bi-level optimization dispatching model established in this paper, which
respectively realizes several hours of grid optimization dispatching and several tens of
minutes of optimization dispatching, the upper-level optimization dispatching model and
the lower-level optimization dispatching model are based on different timescale predictions
of new energy power output. Therefore, during the early morning load peak period,
when the lower-level optimization dispatching model is implemented, there are occasional
instances of a small amount of new energy being discarded in the 1st and 2nd new energy
power plant groups; (2) when the 1st and 2nd new energy power plant groups have a
slight amount of discarded new energy, the loss of wind curtailment/solar curtailment is
as evenly distributed as possible among the new energy power plants within the group,
further corroborating the fairness and rationality of the wind/solar curtailment scheme in
the grid lower-level optimization dispatching model established in this paper.
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7. Conclusions

(1) To address the elevated ancillary service costs resulting from the grid integration
of new energy power generation, this study introduces a bi-level optimization dispatching
method for grids with high penetration of new energy, considering grid ancillary service
costs. The upper-level optimization dispatching model carries out several-hour grid opti-
mization, primarily aimed at saving ancillary service costs and grid energy procurement
costs induced by the new energy grid connection. The lower-level optimization achieves
optimization dispatching in tens of minutes, focusing on ensuring that new energy power
plants/groups closely follow the upper-level dispatching plan.

(2) Compared with the traditional optimization dispatching methods for grids with
high penetration of new energy, the proposed bi-level optimization dispatching method
not only saves on the ancillary service costs caused by the new energy grid connection but
also reduces grid energy procurement costs.

(3) During the implementation of the lower-level optimization dispatching, when the
output of the new energy power plant/group might exceed the dispatching plan provided
by the upper-level optimization dispatching model, the wind/solar curtailment model
established in this paper ensures that the losses from wind/solar curtailment are evenly
distributed among different new energy power plants within the group, guaranteeing
balanced grid integration benefits for each new energy power plant.

(4) Since the bi-level optimization dispatching model for grids with high penetration
of new energy, taking into account grid ancillary service costs, is based on new energy
power output predictions on different timescales, there might be occasional instances where
individual new energy power plant groups have a slight amount of discarded new energy
during certain periods in the lower-level optimization dispatching process.
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