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Abstract

With the continuous advancement of the Goal of Emission Peak & Carbon
Neutrality, the penetration of clean energy in the new power system is in
creasing day by day. The randomness, intermittency, and volatility associated
with this development make power supply guarantee and clean energy utiliza-
tion challenges even more severe. Insufficient power consumption capacity
in the power system can lead to wind and solar curtailment, while power
shortages on the generation side may cause load shedding and power sup-
ply insufficiency. The configuration of electrochemical energy storage is an
effective method to smooth out renewable energy fluctuations and alleviate
supply-demand imbalances. This paper proposes an energy storage optimiza-
tion configuration and operation strategy that considers both power supply
guarantee and clean energy utilization. First, taking the power grid of a high-
altitude region as the research object, the two key demands of power supply
guarantee and clean energy utilization are identified, and three indicators —
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clean energy utilization, load shedding, and power supply insufficiency — are
formulated. Next, based on historical data, typical operational scenarios for
local photovoltaic power generation units and load are clustered. Using this
clustering data, an upper-level energy storage planning configuration is made.
The resulting configuration is then applied to the lower-level operational
model, which incorporates power supply guarantee and clean energy utiliza-
tion constraints, to build a two-layer model for energy storage optimization
and operation. Finally, the feasibility and effectiveness of the proposed strat-
egy are verified through a practical power system in a high-altitude region
of western China. Compared to configuring energy storage independently,
considering both power supply guarantee and clean energy utilization in the
system regulation can significantly enhance the clean energy utilization rate
and power supply guarantee level of the regional grid while minimizing the
unit cost of mitigating power shortages and solar curtailment. The local grid
can adjust the range of power supply guarantee and clean energy utilization
indicators according to actual needs to balance the economic and social
benefits of the grid.

Keywords: Energy storage configuration, power supply guarantee, clean
energy utilization, mixed integer programming.

1 Introduction

As China’s “Dual Carbon” goals continue to advance, the penetration of
clean energy in the new power system is increasing day by day [1]. The
randomness, intermittency, and volatility characteristics of clean energy pose
growing challenges for power supply guarantee and clean energy utilization
in the grid [2]. When clean energy is fully generated, the power system’s
absorption capacity is insufficient, leading to wind and solar curtailment,
which hinders the achievement of reduced carbon emissions in power gen-
eration [3]. On the other hand, when clean energy generation is minimal
or absent, insufficient power on the system’s supply side can lead to load
power shortages and power restrictions, severely affecting local industrial
production and daily life [4]. In the new power system, the configuration
of electrochemical energy storage is an effective method for smoothing
fluctuations in renewable energy generation and alleviating supply-demand
imbalances [5]. For multi-scenario, multi-timescale power and energy regu-
lation needs in the grid, the electrochemical energy storage system balances
the supply and demand of the grid by absorbing and releasing peak power
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from the source side. However, in large regional grids, clean energy-rich
areas are often far from load clusters, and long-distance transmission causes
grid losses, limiting the circulation and utilization of clean energy while
introducing potential risks of power restrictions and outages [6]. Achieving
optimal energy storage configuration costs while balancing power supply
guarantee and clean energy utilization goals is one of the key strategies for
stabilizing and balancing system power and energy in the transition to a new
power system.

Currently, scholars both domestically and internationally have conducted
extensive research on the optimal configuration and operation of energy
storage systems for clean energy utilization. In reference [7], a storage opti-
mization strategy is proposed that considers demand response and the uncer-
tainty of source-load fluctuations, with tailored demand response policies for
different levels of users. In reference [8], a layered optimization algorithm
is developed that considers the complementary effects of different energy
sources, aiming to optimize both renewable energy generation and energy
storage system capacities simultaneously. Reference [9] addresses the net
load fluctuations caused by large-scale distributed photovoltaic integration
into the distribution grid, establishing a bi-level planning model for storage
in the distribution grid considering demand response. The effectiveness of the
proposed method is validated under different photovoltaic penetration rates.
In reference [10], to solve the issues of solar curtailment and the violation
of node voltage and line flow limits due to high penetration of photovoltaic
systems in the distribution grid, a two-stage distribution robust optimization
model is established to enhance the photovoltaic consumption capacity and
security of the distribution grid. These studies primarily focus on the planning
aspect of energy storage capacity configuration, targeting objectives such as
demand response, clean energy utilization, and the resolution of power flow
violations. However, they lack an analysis of the impact of energy storage
system configuration on the operation of the power grid. References [11, 12]
uses the power transfer characteristics of battery devices and energy storage
systems to absorb the power and electricity of wind power and photovoltaic
as much as possible.

In reference [13], a comprehensive optimization model for both planning
and operation of energy storage systems is proposed, combining the plan-
ning and operational problems to enhance the integration capability of wind
power. To address the negative impacts of high penetration of distributed
photovoltaic systems, such as voltage violations in the distribution grid,
reference [14] presents a new three-layer robust planning and operation
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joint optimization model to determine the capacity, power, location, and
scheduling strategy of Distributed Energy Storage (DES). Reference [15]
sets the minimization of the sum of wind and solar curtailment and energy
storage investment costs as the objective in the planning layer, and optimizes
the power distribution by balancing the state of charge (SOC) of the energy
storage subsystems in the operation layer, thus providing a reference for
improving the consumption rate of wind and solar renewable energy and
ensuring the economic and safe operation of the system. These studies have
modeled and simulated the optimization of energy storage participation in
distribution grid regulation from different perspectives, effectively alleviating
issues related to insufficient system absorption capacity and power flow
violations caused by high proportions of clean energy integration. However,
research on the optimization of energy storage configuration and operation
still tends to focus on a narrow range of factors, with few studies considering
the simultaneous promotion of clean energy utilization while ensuring power
supply and the impact on the normal operation of regional power grids.
Research that simultaneously considers power supply guarantee and
clean energy utilization in generalized modeling and regulation analysis is
relatively scarce. Most related studies focus on configuring energy storage
to improve the power supply level of the grid. Reference [16] analyzes
the impact of different distributed generation penetration rates and network
structures on energy storage configuration in active distribution grids, pro-
viding an analysis of the power supply guarantee effects of the energy
storage system under different energy storage capacities and charge/discharge
powers. Reference [17] proposes a two-stage energy storage optimization
configuration method that comprehensively considers both the supply risk
and operational economics of the distribution grid, aiming to enhance the
system’s power supply level and reduce operational costs. Reference [18]
introduces a new multi-state modeling and power supply risk analysis method
for distribution grids, considering various energy storage functions, flexible
operations, and their impact on power supply guarantee. The method is
validated on the IEEE RBTS test system. Reference [19] proposes a two-layer
optimization model for determining the energy storage scale, considering
multiple operating scenarios such as normal operation, typical faults, and
extreme faults, and offers insights into enhancing microgrid power supply
guarantee levels and recovery capabilities through energy storage config-
uration. Reference [20] establishes a power supply risk indicator system
from the perspectives of load, microgrids, and distribution networks, while
considering the effects of energy storage capacity degradation, and presents
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an optimal economic configuration method for solar-storage microgrids, with
case analysis conducted on the improved RBTS Bus6 F4 system, providing
guidance for power supply-focused microgrid planning and configuration.
The aforementioned studies primarily focus on the operational characteristics
of energy storage and fault scenarios in the system, investigating how energy
storage configuration enhances system operational economics and power
supply levels.

While ensuring the power supply level, the promotion of clean energy
utilization through energy storage configuration has also been considered.
Reference [21] constructed an economic operation model for system wind
curtailment, load loss, and unit electricity supply cost, and through case
analysis, it was verified that this approach alleviates the power supply risk
increase caused by higher wind power penetration. Reference [22] high-
lighted the contradictory issue between clean energy curtailment and system
power supply capacity, establishing an optimization planning model for
source-load-storage flexibility resources that integrates investment decisions
with time-sequenced operational simulations. This effectively reduced both
the system’s shortage and curtailment rates. Reference [23] defined the
ratio of excess clean energy storage discharge to unmet load demand as a
zero-carbon electricity supply indicator. A regional energy planning model
was proposed, which considers meteorological uncertainties and demand
response, maximizing greenhouse gas emission reductions while analyzing
energy storage discharge to maximize the system’s power supply guaran-
tee level. The aforementioned studies focus on ensuring load supply while
improving clean energy utilization rates and reducing carbon emissions by
defining curtailment rates, shortage rates, and zero-carbon electricity supply
indicators. However, few studies integrate the power supply guarantee and
clean energy utilization goals with the actual regional grid requirements to
characterize the rate for analysis.

Based on this, in view of the dual challenges of load power shortage and
clean energy curtailment that are mutually contradictory and prone to occur in
high-proportion clean energy systems, this paper comprehensively considers
the load power supply guarantee target and the clean energy consumption
accommodation target of the regional power grid, and proposes an optimized
allocation and operation strategy for energy storage that takes into account
both power supply guarantee and promotion of consumption accommodation.
Taking the dual challenges of power shortage and curtailment as the problem
orientation, three indicators, namely grid balance risk, clean energy consump-
tion accommodation risk, and load power supply guarantee risk, are proposed
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to assess the power supply guarantee/consumption accommodation risks of
the regional power grid. A model considering the optimized allocation and
operation of energy storage is constructed to ensure the lowest possible
various risks while guaranteeing the optimal economy of the system. Finally,
a simulation model is built using a high-proportion clean energy system in
western China as an example to verify the technical and economic advantages
of the strategy proposed in this paper.

2 Demand Analysis for High-Altitude Regional Grids
Balancing Power Supply Guarantee and Clean Energy
Utilization

2.1 Analysis of the Needs of High-altitude Area Power Grids

High-altitude areas have thin air and weak atmospheric absorption capacity
for solar energy, allowing sunlight to shine directly on the ground more
effectively, making the solar energy resources in these areas more abundant
and efficient. At the same time, the terrain in high-altitude areas is complex,
with mountain ranges and valleys guiding air flow movement, and less air
resistance, which makes high-altitude areas have richer and stronger wind
resources [24]. How to efficiently consume wind and photovoltaic and other
clean energy is one of the key needs of high-altitude area power grids.

The population in high-altitude areas is relatively sparse, and the load
distribution is more dispersed. In addition, new energy-rich areas are usu-
ally far from load nodes, and long-distance power transmission is required
between power and load nodes across mountain areas [25]. The stability and
reliability of power supply are difficult to ensure. Due to long transmission
lines and complex terrain, the power grid faces risks of natural disasters
and extreme weather, which can easily lead to power outages [26]. How to
ensure the power supply in remote areas has become one of the key needs of
high-altitude area power grids.

Energy storage systems can store excess electricity when renewable
energy generation exceeds demand and release stored energy when gener-
ation is insufficient, thereby achieving peak shaving and valley filling, and
smoothing the volatility of energy supply. As shown in Figure 1, with the con-
figuration of energy storage systems, the grid can more flexibly dispatch clean
energy, avoiding phenomena like wind and solar curtailment, thus improving
the efficiency of clean energy utilization and the stability of the grid. The
configuration of energy storage systems also serves as an emergency backup
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Figure 1 Schematic diagram of grid demand analysis in high altitude areas.

power source. In the event of a failure of the main power grid or insufficient
supply, the storage system can quickly respond to ensure power supply,
particularly in remote areas. Especially in regions where power generation
resources are scarce and rely entirely on external electricity supply, energy
storage systems can provide independent power, enhancing the resilience of
the grid and the reliability of the power supply.

2.2 Generalized Model of Power Supply Guarantee and Clean
Energy Utilization Indicators

As the share of renewable energy in the new power system continues to
increase, the volatility, intermittency, and randomness on the supply side also
intensify, leading to a weakened regulation capability of the power system.
This can result in both surplus and shortage of electricity supply in the grid,
manifesting as the contradictory phenomena of “wind and solar curtailment”
and “electricity shortages.” To address these challenges, this study introduces
three variables — curtailment rate, power limitation rate, and power shortage
rate — to characterize the power supply guarantee and clean energy utilization
indicators, aiming to achieve an optimal balance between enhancing the
power supply level and promoting renewable energy utilization.

2.2.1 Clean energy utilization indicators

The clean energy utilization indicator is defined as the ratio of the amount
of abandoned electricity from clean energy to the total electricity generation
from clean energy. This indicator aims to enhance the power system’s ability
to absorb wind and solar energy, thereby reducing the phenomenon of wind
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and solar power curtailment. The modeling of the clean energy utilization
indicator is as follows:

T N T N
Z PC’urtailment (t) Z Z PG’eneration(t) < )\1 (1)
t n t n

In the formula, Peyrtaiiment (t) is the abandoned power of clean energy at
time ¢; Pgeneration (t) is the generation power of clean energy at time ¢; 7" is
the system operation time; /N is the number of clean energy power generation
devices; A1 is the clean energy utilization coefficient.

2.2.2 Load-shedding indicators

The Load-shedding indicators are defined as the proportion of the power
supply of the load to the maximum demand power of the load during the
dispatching period. This indicator aims to constrain the lower limit of the
power supply capacity of the power system to reduce the situation of insuffi-
cient power supply and ensure the normal production and life electricity use
of enterprises and residents. The modeling of power restriction indicators is
as follows:

PLoad_supply (t)/PLoad_max (t) < )\2 (2)

In the formula, Ppoad supply(t) is the power supply of the load at
time t; PLoad_max(t) is the demand power of the load at time t; Ao is the
load-shedding coefficient.

2.2.3 Power shortage indicators

The power shortage indicators are defined as the proportion of the cumu-
lative power shortage of the load to the total power of the load during the
dispatching period. This indicator aims to measure the degree of power
supply insufficiency of the power system in the case of supply and demand
tension, and is used to quantify and manage the power gap of the power grid
to improve the power supply capacity of the load. The modeling of power
shortage indicators is as follows:

T T
Z PLoad_shortage (t)/ Z PLoad_supply (t) S )\3 (3)
t t

In the formula, Poad_shortage(t) is the power shortage at time t; A3 is the
power shortage coefficient.
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To address such dilemmas, this study introduced three types of indicators,
namely grid balance risk, clean energy consumption accommodation risk, and
load power supply guarantee risk, to construct a risk assessment system. The
grid balance risk mainly takes into account the reserve situation of the system,
which is divided into insufficient positive reserve and negative reserve, serv-
ing as the foundation for considering both the power supply guarantee and
consumption accommodation of the system. The clean energy consumption
accommodation risk mainly considers wind and solar curtailment in the sys-
tem. The indicators of wind curtailment volume and solar curtailment volume
are directly related to the consumption accommodation level of the system.
The load power supply guarantee risk mainly considers power rationing and
power outage, and mainly measures the power supply guarantee level of
the system through power shortage volume, power shortage duration, and
power shortage frequency. By constructing an optimized model that takes
into account both power supply guarantee and consumption accommoda-
tion, the power system can achieve the optimal balance between the power
supply guarantee level and the clean energy consumption accommodation
level.

3 Energy Storage Optimization Configuration and
Operation Model

Based on the demand of high-altitude regional power grids and the charac-
terization of power supply guarantee and clean energy utilization indicators,
this paper establishes an optimization configuration and operation model for
energy storage in high-altitude regional power grids that considers both power
supply guarantee and clean energy utilization, as shown in Figure 2. The
decision variables for planning include the configuration nodes, capacity,
and power of the energy storage system, while the operational decision
variables include the output of synchronous units, clean energy output, and
energy storage system output. By incorporating the objective function, which
includes energy storage investment cost, system operating cost, and penalties
for electricity shortage and curtailment, along with constraints such as gener-
ator output, grid DC power flow, energy storage operation, interconnection
line output, and the balance between power supply guarantee and clean
energy utilization, a linear integer programming method is applied. This
ensures that at each node and at different times, the system power balance
is maintained, achieving the optimal configuration and operation of energy
storage.
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Figure 2 Energy storage optimization configuration and operation model considering power
supply guarantee and clean energy utilization.

3.1 Objective Function

The objective function minimizes the total integrated cost of the system,
which includes the investment cost of energy storage and operational costs
such as power generation/purchase costs, energy storage operation costs,
curtailment penalty costs, and penalties for power supply constraints and load
shedding. The function simultaneously considers the objectives of economic
efficiency, supply reliability, and enhanced renewable energy utilization.

min Crot = Civv + Copr 4)

In the formula, Ctot represents the total integrated cost of the system,
Cnv denotes the investment cost of the system, and Copgr represents the
operational cost of the system.

ESS CESS  [ESS ESS  pESS
Crvy = R™5 Y™ (CRY s BV, + CRY pPRV)) )
leL
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In the formula, CfEl\Iss , represents the unit capacity investment cost of the
energy storage system; EINV N denotes the energy storage capacity configured

at node [; C’IEI\Iss p is the unit power investment cost of the energy storage

system; PI]I:\IS&l represents the energy storage power configured at node .

pss (14"
R (T4 -1 ©

In the formula, R¥SS is the discount rate of the energy storage system; n
represents the lifetime of the energy storage system; r is the discount factor.

COPR CTP + CPV + CHP + CESS + CLlne + CLoad (7)

In the formula, C™" represents the regulation cost of thermal power;
C™V represents the regulation cost of photovoltaic power; CHY represents
the regulation cost of hydropower; CFSS represents the regulation cost of
energy storage systems; C'“" represents the regulation cost of linking-up
road; C°d represents the penalty cost for load shedding.

= Z Z(CE}E + ChiN) Popr.i(t) (8)

teT el

In the formula, Cg)lz represents the unit power regulation cost of ther-
mal power; C’ggN denotes the unit carbon emission cost of thermal power;
ngR,i(t) represents the power regulated by the thermal generator at node i
at time ?.

ZZ{CE;{ OPR]() Chun[PY () POPR]( ) I C)]

teT jeJ

In the formula, C’g;{ represents the unit power regulation cost of photo-
voltaic power; P(I)DE’/R, j (t) denotes the power regulated by the photovoltaic
generator at node j at time f; CESN represents the penalty cost for cur-
tailed photovoltaic power; PNP}j/ (t) denotes the rated power generation of the
photovoltaic generator at node j at time ¢.

=> > CHX PSR (1) (10)

teT ke K

In the formula, CEY represents the unit power regulation cost of
hydropower; PCI)%’R ,(t) denotes the power regulated by the hydropower
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generator at node k at time z.

CP¥=R™y > CouPorra(t) (11)
teT leL

In the formula, CgiSM represents the unit power operation and main-
tenance cost of the energy storage system; PéEPS,% ,(t) denotes the power

regulated by the energy storage system at node [/ at time ¢.

CLine Z Llne Lme t) (12)

tel

In the formula, CLme represents the unit power regulation cost of linking-
up road; POPR 0] denotes the power regulated by linking-up road at time ¢.

Load Load  pLoad
o = Z Z CSl(l)grtage Sl?(?rtage m(t) 13)
teT meM
In the formula, Céﬁggage represents the penalty cost for unit load
shedding; ng;%age . (t) denotes the power shortage at node m at time ¢.

3.2 Constraint Condition

The constraint conditions include those on the generation side, the grid
side, and the energy storage side, with a primary focus on system power
and energy balance constraints, power supply assurance constraints, and
renewable energy accommodation constraints.

3.2.1 Generation output constraints
The generation side includes output constraints for thermal power plants,
photovoltaic power plants, and hydropower plants.

PMmz < POPRz( ) < ng
0 < PopR () < ) (14)
0 < Phgg (t) < PYY

In the equations, PMmz represents the lower limit of thermal power

generation output at node j. PI\P; represents the upper limit of thermal

power generation output at node j. PHY represents the upper limit of
hydropower generation output at node .
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3.2.2 Grid constraints
The grid side considers branch capacity limits, tie-line capacity limits, and
DC power flow constraints.

PGI‘ld (9 _ eb)

‘ Grld ‘ < Grid (15)

Mazx,ab

Mpﬁ?e@)\é-PﬁZf

In the equations, Pg)rid represents the power flow between nodes a and b;
0, and 60}, are the voltage angles of nodes a and b, respectively; By, represents
the susceptance of the line between nodes a and b; PGnd b Tepresents the

maximum transmission power of the line between nodes a and b; Pl\L/[‘él;
represents the maximum transmission power of the tie-line.

3.2.3 Energy storage constraints

The energy storage side mainly considers constraints on battery charg-
ing power, discharging power, state of charge (SOC), and energy capacity
variations over the scheduling period.

ESS ESS ESS
=PV < Popru(t) < Py

EEISDSRJ( ) = Eglsf’%{l(t -1)+ PgPRlAt

EFS(0) = BPS(T) 1o
Epins < Eobra(t) < ERy

In the equations, EglsgSR ,(t) represents the energy level of the energy

storage system at node j at time #; EFSS(0) and EFSS(T) represent the
initial and final energy levels of the energy storage system at node / during
the scheduling period, respectively; EESE ; and EESSZ represent the lower
and upper energy limits of the energy storage system at node [/ during the

scheduling period, respectively.

3.2.4 System power balance constraints

In any operation cycle, the power output from the generation side must equal
the power consumption on the load side plus the power from the energy
storage side.

POPRz( )+POPR]( )+P0PRk( t) + Pgee(t)

= [Pleoad( ) PSLl?oar%age m( )] + ngs’%l( ) (17)
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In the equations, P.°d(¢) represents the power demand at node m at
time 7.

3.2.5 Constraints considering power supply guarantee and
clean energy utilization

Transform the generalized model of power supply guarantee and clean energy

utilization indicators proposed in Section 2 into constraints considering

power supply guarantee and clean energy utilization.

(S SV IPPV () = PRV e (B)]
S MY PPV ()
0 < Phead (1) < Ao Phoad(y) (18)

shortage max

T T
S Pl (1 / 3™ plend(y) <
t=1

<\

\ t=1

In the equations, \; represents the upper limit of the curtailment rate
due to the inability to accommodate clean energy; Ao represents the ratio
of load shedding at time ¢ to the maximum load power; P.%2d represents the

maximum load power on a typical day; A3 represents the upper limit of the
load shedding rate.

4 Case Analysis
4.1 Case Introduction

Taking the power grid in a high-altitude region of western China as an
example, a simulation model is established with a scheduling period of 24
hours and a scheduling step length of 1 hour. The connection diagram of
the case system is shown in Figure 3. The system includes 51 nodes and 59

™y
29 30 31 (55 Thermal Power Plant ﬂ Hydroclectric Power Plant
>
1 N e Pl ® Gri
b g1 28 .. Photovoltaic Power Plant Grid bus
g [N i
‘
; 12 2 5 £0
4 ® ®
14 20 27 34 3t 42
22 y
1@ & ® L 4 » L 4 & & & & & A A 4 ®
2 9 1011 1{;& 18 32T 37 4 43 w4 4 4 8 49 1
D2

B 97 19 33 38 39 40

23 24 28

Figure3 The connection diagram of a power grid in a high-altitude region of western China.
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Figure 4 PV power generation and load forecast curves for a node in the regional power
grid.

Table 1 Basic parameters of regional grid power and load

Parameters Rated Power (MW)  Modulation Range (MW)
Thermal power generating units 281.2 [0.5P(t), P(1)]
Hydropower generating units 748.4 [0, P(D)]
Photovoltaic output 1820.7 [0, P(t)]

Tie line 120 [0, P(t)]

Table 2 The basic parameters of the configured energy storage system

Maximum Maximum

Service Configured  Configured
Life Discount Power Capacity Initial
Categories (Years) Rate (MW) (MWh) SOC
Electrochemical energy storage 10 6.0% 120 0.5 0.5

branches, equipped with one thermal power plant, 11 hydropower plants, and
7 photovoltaic (PV) power plants. The typical daily PV output curve of one
PV generator is depicted as the blue line in Figure 4, while the typical daily
load power curve of a specific node is represented by the red line in Figure 4.
Relevant parameters of the regional grid’s generation side and load side are
listed in Table 1, and the basic parameters of the configured energy storage
system are provided in Table 2.

4.2 Optimization Configuration Strategy and Result Analysis

To compare and analyze the feasibility and advantages of the proposed energy
storage optimization configuration considering both load power supply
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Table 3 Optimization configuration results of energy storage considering the consumption
objective in Case 1

Node 42 50 51
Rated power (MW) 48.1 10 1185
Rated capacity MWh) 1184 40 474.0

Bus 42 N . Bus 50 . Bus 51
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Figure 5 Operating status diagram of optimized energy storage configuration in Case 2.

guarantee and clean energy utilization, the following three typical scenarios
are set for comparative analysis:

Case 1: Energy storage participates in system regulation with a focus on clean
energy utilization.

Case 2: Energy storage participates in system regulation with a focus on
power supply guarantee.

Case 3: Energy storage participates in system regulation considering both
power supply guarantee and clean energy utilization.

4.2.1 Analysis of optimization results for Case 1
To address the issue of photovoltaic curtailment in the system, energy storage
is configured in Case 1 to store excess power and release it to load nodes.
By solving the model, the optimization configuration scheme for Case 1
is obtained as follows: Node 42 is configured with 48.1 MW/118.4 MWh,
Node 50 with 10 MW/40 MWh, and Node 51 with 118.5 MW/474.0 MWh,
as shown in Table 3. The charging/discharging and SOC operation curves of
the energy storage participating in system regulation after optimization are
shown in Figure 5.
As shown in Figure 6, the power load of the regional power grid is
higher between 9:00 and 24:00 hours, reaching two peaks at 12:00 and 22:00,
approximately 1564.5 MW and 1707.2 MW, respectively. From 0:00 to 8:00,
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Figure 6 Considering the consumption target, the system regulation operation chart.

the load level is lower, with an average value of about 1104 MW. From
Figure 3, it can be observed that the regional power grid exhibits a “long-
chain, weakly interconnected” characteristic. Additionally, since the power
generation units are not evenly distributed, the risk of load shedding is higher
at nodes far from the generation units.

At the same time, the clean energy in the regional power grid is mainly
photovoltaic. Due to the characteristics of photovoltaic power generation,
excess generation during the day has led to photovoltaic curtailment. In Case
2, considering the consumption objective, a significant electricity shortage
occurs from 19:00 to 9:00 hours the next day. At the same time, the pho-
tovoltaic curtailment issue is effectively alleviated between 10:00 and 18:00
hours. Compared to the scenario without energy storage, the curtailed power
decreased by 1548.8 MW, reducing the curtailment by 72%.

4.2.2 Analysis of optimization results for Case 2

To address the electricity shortage issue in Case 1, energy storage is con-
figured in Case 2 to store excess power and release it to the nodes with
insufficient power supply.

Through mixed-integer optimization for energy storage optimization con-
figuration, the optimized configuration scheme is obtained as follows: Node
1 is configured with 120 MW/480 MWh, Node 2 with 120 MW/480 MWh,
and Node 7 with 28.4 MW/113.8 MWh, as shown in Table 3. After the
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Table 4 Optimization configuration results of energy storage considering the power supply
security objective in Case 2

Node 1 2 7

Rated power (MW) 120 120 284

Rated capacity (MWh) 480 480 113.8
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Figure 7 Optimization configuration of energy storage operation status diagram in Case 2.

optimization, the charging and discharging, as well as the state of charge
(SOC) operation diagram of the energy storage system participating in the
system regulation, are shown in Figure 7.

From Figure 8, it can be observed that the system no longer experiences
a power shortage between 0:00 and 9:00. The power shortage is reduced
by 1133.5 MW, a decrease of 72.4%, significantly improving the power
supply security. However, the phenomenon of curtailment of solar power has
intensified. The curtailment power has increased by 17.6 MW compared to
the scenario without energy storage, indicating a worsening of the curtailment
issue.

4.2.3 Analysis of optimization results for Case 3
In Case 3, while utilizing the flexibility of energy storage to participate in the
system’s power and energy balance regulation, it also takes into account both
load supply security and renewable energy consumption.

The optimization configuration for multiple types of energy storage is
obtained using mixed-integer linear programming. The optimization results
are as follows: Node 1 is configured with 120 MW/480 MWh, Node 2
with 120 MW/480 MWh, Node 6 with 25.6 MW/102.5 MWh, Node 42
with 39.1 MW/154.7 MWh, Node 49 with 10 MW/40 MWh, and Node
51 with 119.1 MW/476.4 MWh, as shown in Table 5. The charging and
discharging operation diagram of the optimized energy storage participating
in the regulation is shown in Figure 9.



Energy Storage Optimization Configuration and Operation 19

I Thermal power Hydropower Photovoltaic
B Power shortage [ ESS Line
Solar curtailment ---------- Load
2200 T T T T
1800 —— o

1400r

1000

600,

Power (MW)

200

2007~

-600 . . . 1 i . .
3:00 6:00 9:00  12:00 15:00 18:00 21:00 24:00

Hours

Figure 8 Considering the supply security target, the system regulation operation chart.

Table 5 Energy storage optimization configuration results for Case 3 considering both
supply security and renewable energy consumption

Node 1 2 6
Rated power (MW) 120 120 25.6
Rated capacity MWh) 480 480 102.5
Node 42 49 51
Rated power (MW) 39.1 10 119.1

Rated capacity (MWh) 154.1 40 4764

Case 3 represents the energy storage optimization configuration and
operation proposed in this paper, which balances both load supply and clean
energy consumption. In solving the model, the consumption and supply con-
straints established in Section 2 of this paper are considered, with A\, A2, and
Az all set to 0.05. As shown in Figure 9, by considering the supply guarantee
objective and constraints, the system has a slight supply gap only during the
19:00-24:00 hours period. Compared to Case 1, the supply gap is reduced by
70.5%, with a similar effect on consumption mitigation. Compared to Case
2, the level of consumption mitigation is improved by 72.1%, with the supply
guarantee level remaining similar.

4.2.4 Comparative analysis of results for the three cases

The comparison of system costs obtained through energy storage optimiza-
tion participation in system regulation under the three cases is shown in
Figure 10. The thermal power (TP) costs are the same across all three cases,
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Figure 9 Optimization configuration of energy storage operation status diagram in Case 3.
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Figure 10 The system control operation chart considering both supply guarantee and con-
sumption mitigation.

at 2.19 million yuan. The hydroelectric power (HP) costs are ranked as: Case
2 > Case 3 > Case 1. Case 2, which considers the supply guarantee goal,
requires more supporting power from hydroelectric units. Meanwhile, the
photovoltaic (PV) costs and the curtailment (SC) costs in Case 2 are the
highest and lowest among the three cases, respectively, indicating that Case
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Figure 11 The comparison of various costs within the system across the three cases.

2, in order to reduce the supply risk, has a lower photovoltaic utilization
rate and higher curtailment power. The energy storage costs are ranked as:
Case 3 > Case 2 > Case 1, showing that Case 3, which considers both the
supply guarantee and consumption mitigation goals, has a higher demand for
energy storage configuration. The load shedding (LS) penalty is the highest
in Case 1, indicating that this case, which only considers the integration of
clean energy, results in significant load shedding power in the system.
Further, a comparison of the power shortages, photovoltaic curtailment,
and the costs associated with alleviating unit power shortages/curtailment in
each case is provided in Table 6. When only considering the consumption
goal (Case 1), energy storage is configured to participate in system regulation,
resulting in a curtailment power of 606.3 MW, which is 14.9% of the total
output of all photovoltaic power plants, and a supply shortage of 1462.8 MW,
which accounts for 21.2% of the total load power. When only considering the
supply guarantee goal (Case 2), energy storage is configured to participate
in system regulation, leading to a curtailment power of 2172.6 MW, which
is 53.3% of the total output of all photovoltaic power plants, and a supply
shortage of 431.9 MW, which accounts for 6.2% of the total load power.
When considering both supply guarantee and consumption goals (Case 3),
the system optimizes energy storage configuration to balance both objectives,
resulting in the lowest curtailment power and supply shortage compared to the
other two cases, taking advantage of the strengths of both Case 1 and Case
2. From the perspective of the unit cost for alleviating power shortages and
curtailment, Case 3 < Case 1 < Case 2. Compared to Case 1, Case 3 sees
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Table 6 Comparison of power shortage, curtailed power, and unit cost for mitigating power
shortage/curtailed power across three cases

Total Total Unit Cost for Alleviating
Power Curtailment Power Shortage/
Shortage Power Curtailment Phenomenon
Without Energy Storage ~ 1565.4 2155 \
Case 1 1462.8 606.3 8.25
Case 2 431.9 2172.6 11.89
Case 3 431.9 606.1 5.24

a reduction of 36.5% in unit costs, and compared to Case 2, the reduction
is 55.9%.

In summary, the participation of energy storage in system regulation,
considering both supply guarantee and consumption promotion, can effec-
tively improve the clean energy consumption rate and supply guarantee level
of the regional power grid, while minimizing the unit cost for alleviating
power shortages and curtailment. The local power grid can adjust the values
of the supply guarantee and consumption promotion indicators according to
actual requirements, balancing the economic and social benefits of the grid.
Therefore, the simulation results also verify the feasibility and superiority of
the proposed coordinated optimization model.

5 Conclusions

Considering the participation of energy storage in system regulation for
power supply guarantee and clean energy utilization is a practical requirement
for achieving high clean energy utilization rates and low supply guarantee
risks in power grids. Based on the characterization of power supply guarantee
and clean energy utilization indicators, and with system operation cost as the
optimization objective, this paper proposes an energy storage optimization
configuration and operation scheme tailored to high-altitude power grids,
balancing load supply guarantee and clean energy utilization. The following
conclusions are drawn:

(1) Based on the actual operational characteristics of high-altitude power
grids, two practical demands “power supply guarantee and clean
energy utilization” are identified. Corresponding power supply guar-
antee and clean energy utilization indicators are proposed according
to the grid requirements. These indicators are categorized into clean
energy utilization, power limitation, and power shortage indicators,
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and a generalized model is established to achieve an optimal balance
between ensuring power supply levels and promoting the utilization of
renewable energy.

(2) By leveraging the regulatory characteristics of electrochemical energy
storage and incorporating supply reliability and clean energy utilization
constraints, a mixed-integer optimization method was used to determine
the optimal locations, rated power, and capacities of energy stor-
age systems, achieving an effective configuration that balances supply
reliability and energy utilization.

(3) Through the comparative analysis of three proposed cases, the feasibility
and superiority of the optimization strategy that accounts for both supply
reliability and clean energy utilization were validated. Compared to
scenarios where energy storage systems participate solely in system
regulation, the proposed strategy significantly improves the clean energy
utilization rate and supply reliability, while minimizing the unit cost
of mitigating power shortages and curtailments. Local grids can adjust
the weightings of supply reliability and utilization indices based on
practical needs to achieve an optimal balance between economic and
social benefits.

(4) While the optimization model focuses on minimizing overall system
operational costs, it does not ensure the lowest cost for individual
stakeholders. Additionally, the model only considers supply reliability
risks across a single typical day without accounting for node-specific
supply reliability risks within the grid, leading to incomplete consid-
eration of supply reliability indices. Future research should focus on
incorporating node-specific supply reliability requirements to enhance
the proposed energy storage configuration and operation strategy for
high-altitude power grids, ensuring a comprehensive balance between
supply reliability and clean energy utilization.
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