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Optimal Allocation of Shared Energy Storage Based on Transmission Network Zoning
XU Haidong?, DING Yifan?, WANG Renshun®, GENG Guangchao®, JIANG Quanyuan®, SUN Feifei?

(1. College of Engineers, Zhejiang University, Hangzhou 310015, Zhejiang Province, China; 2. Economic and Technical Research

Institute of State Grid Zhejiang Electric Power Co., Ltd., Hangzhou 310008, Zhejiang Province, China; 3. College of Electrical

Engineering, Zhejiang University, Hangzhou 310027, Zhejiang Province, China)

ABSTRACT: Aiming at the problem of unclear scope of
shared energy storage services and redundant configuration of
energy storage reserve on the new energy side, an optimal
allocation method of shared energy storage considering
transmission grid zonal reserve is proposed. Firstly, combined
with the dynamic characteristics of power system network
structure, nodes and lines, the regional division index of
transmission network considering zoning backup is proposed.
Secondly, the regional division problem of transmission
network is abstracted into a graph theory model, and the model
is simplified based on the modularity index and load rate
constraint, and the idea of Dijkstra is used to solve the regional
division problem with the goal of achieving the optimal
division index, and complete the regional division of the
transmission network. Then, a shared energy storage location
and capacity model considering zonal backup is established to
realize the optimal configuration of shared energy storage
covering the whole network. Finally, the example part verifies
the effectiveness of the proposed method by analyzing the
regional division results and the influence of regional division
on energy storage configuration.

KEY WORDS: regional division; shared energy storage; zonal
reserve; siting and sizing power system
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Abstract: Demand-side response (DR) and energy storage system (ESS) are both important means of
providing operational flexibility to the power system. Thus, DR has a certain substitution role for ESS,
but unlike DR, ESS planning has a coupling relationship between years, which makes it difficult to
guarantee the reasonableness of the ESS planning results by considering only a single year. To achieve
the optimal construction timing of ESS, this paper develops a consecutive year-by-year framework
integrating DR and ESS to analyse and quantify the substitution effect of DR on energy storage while
realizing year-by-year ESS planning. Our methods are as follows: (1) A consecutive year-by-year
DR model and an ESS model are proposed; (2) These two models are combined together to achieve
the purpose of considering DR in the ESS planning stage. Here, system reserve, renewable energy
consumption, and preservation of power supply are given consideration to optimise the reliability
and economy of the system; (3) The method is validated using a provincial real-world power grid in
the eastern part of China. The optimal results of five consecutive years of planning show that DR
substitutes 19.7% of the ESS capacity.

Keywords: demand-side response; grid-side energy storage; consecutive planning

1. Introduction

Influenced by the rigid growth of power demand and the insufficient production of
large supportive power sources in recent years, the overall power supply of some provinces
in China is tightening [1]. Energy storage, with its fast response characteristics, can assist
in providing peak power demand and alleviate the tight supply situation [2-5]. Relying on
ESS alone to provide grid flexibility resources is not economical [6,7], but the advancement
of DR in the power system provides an opportunity to improve the economics of the ESS in
the planning stage [8,9].

Existing studies that consider both ESS and DR mostly focus on optimal dispatch. Among
them, reference [10] proposes a microgrid operation cost minimisation method considering
DR. Operators and consumers can shift some loads from high-price hours to low-price hours
through DR. DR reduces the need to use ESS to balance supply and demand. This leads to
an increase in the lifetime of the ESS and results in significant savings in ESS investment
costs. Reference [11] proposes a coordinated and optimal decision-making method for DR for
railway trains and ESS with respect to the operation mode of railway trains and their load
power characteristics. A controllable rail train load dynamic adjustment coordination method
is designed to optimise the rail train operating speed trajectory, traction system load power,
and energy storage battery output power with the goal of minimising the energy cost of rail
trains. Reference [12] studied the optimal scheduling problem of regional energy systems with
multiple energy supply modes and flexible loads. For the multi-energy system, an energy
hub model including ESS and electric vehicles is established. Based on this, the impact of the
pollutant trading market on the total operating cost of this system is analysed.
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With the development of DR measures, it is desirable to incorporate DR into the planning
as a resource of the new type of power system [13,14]. In order to improve the power supply
guarantee and renewable energy consumption capacity of the power system, reference [15]
takes the lowest total cost of the system as the optimisation objective. It considers the
investment decision of multiple flexible resources in all aspects of the system. Through the
system’s investment decision-making strategy settings in different planning level years, it
gives the system’s full life cycle the economic and weighted environmental benefits of the
evolution path analysis method. To improve the carbon emission reduction capability and
economy of microgrids, reference [16] proposes a capacity optimisation allocation method
considering stepped carbon trading and DR for grid-connected microgrids consisting of
photovoltaic (PV), battery, and hydrogen storage units. The integrated operation and control
strategy of the microgrid is determined by combining the mathematical model and system
structure of each unit in the microgrid. In order to maximise the economic indicators and the
average voltage stability factor of the distribution network and minimise the average power
losses, Reference [17] formulates a multi-objective planning model by determining the ESS
and DR capacity. In the paper, the effectiveness of the proposed methodology in optimising
the technical and economic performance is verified by different test cases. Reference [18]
investigates the joint planning problem of DR and ESS for the case of the high proportion
of renewable energy connected to the active distribution network. The effectiveness of joint
planning in solving the problem of the high proportion of renewable energy sources is
demonstrated through an example analysis, which improves the economic efficiency.

Reference [19] contributes to the modelling and algorithmic foundations of the real-
time load scheduling problem in a DR program. It models the problem within an AC
optimal power flow framework and designs an efficient online algorithm that outputs
scheduling decisions provided with information solely on past and present inputs. Refer-
ence [20] proposes an improved incentive-based integrated DR model to effectively cope
with the substitute and complementary effects. In addition, both output uncertainty of
renewable energy sources and responsiveness uncertainty of consumers are taken into
account, with an improved energy storage unit model to deal with balancing power de-
viation and measure corresponding risk costs caused by the uncertainties. Reference [21]
presents a novel DR scheme that avoids the need to predict the price elasticity of demand
or demand forecast, yet still delivers a significant DR. In order to prevent crowding phe-
nomena, Reference [22] proposes a priority-based demand response program for local
energy communities. In the program, past contributions made by residential houses and
demand are considered as essential parameters while calculating the priority factor. The
model proposed in this study seeks to reschedule loads at low-cost intervals to alleviate
crowding phenomena.

In summary, some achievements have been made in the field of ESS configuration
considering DR. However, most of the studies focus on the ESS configuration problem
in a certain year, and do not consider the coupling relationship of ESS in a consecutive
time scale. Since ESS planning is a long time-scale planning problem, only considering the
substitution effect of DR on ESS in a single year will miss the rationality and optimality of
the planning results.

Aiming at the above problems, a method of grid-side ESS consecutive year-by-year
optimisation considering DR is proposed. Firstly, a consecutive year-by-year DR model
and an ESS model are established. The models give the operation constraints and cost
calculation methods of DR and ESS in consecutive years, considering the coupling of ESS
planning between years. Next, these two models are combined together to achieve the
purpose of considering DR in the ESS planning stage. Here, system reserve, renewable energy
consumption, and preservation of power supply are given consideration to optimise the
reliability and economy of the system. Finally, based on the actual operation data of a coastal
province in the east of China, the optimal planning of ESS for five consecutive years from 2023
to 2027 is realised to explore the substitution effect of DR on energy storage in consecutive
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long time scales. Comparing with the storage planning of a single year, this paper illustrates
the necessity and advantage of ESS planning in consecutive long time scales.

2. Modelling for DR in Consecutive Year-by-Year Planning

In 2023, the National Development and Reform Commission (NDRC) issued the
“Measures for Electricity Demand Side Management (2023 Edition)”, which called for the
enhancement of DR capacity: by 2025, the DR capacity of each province will reach 3-5%
of the maximum electricity load. In Zhejiang Province, for example, in 2022, the General
Office of the Zhejiang Provincial People’s Government issued the “14th Five-Year Plan for
Energy Development in Zhejiang Province”, which pointed out that the DR capacity of
electricity would be raised from 3% in 2020 to 5% in 2025. In 2023, more than seventy times
the DR were initiated to participate in the peak-shaving and valley-filling services.

There is a maximum adjustment ratio for DR, which varies from year to year as the
government guides it. The maximum adjustment ratio is reflected in the DR model as the
maximum adjustment ratio constraint for DR as follows:

it it
0 < Pl < ot P, 0
m,it m m,i b
OSPDR,dSUd.Pd 7 (2)

where Pé"’i’t is the load of the node i in the year m at the period ¢ (the variables in this paper
are superscripted m for year, i for node, and ¢ for period, and will not be repeated below
for the sake of simplicity). Pgllel and ng{i:é are the power of the DR participating in the
peaking and valley-filling services, respectively. o' and ¢}’ are the maximum adjustment
ratios of the DR to peaking and valley filling, respectively, which are a function of the year.

The DR cost for year m is the sum of the DR power multiplied by the corresponding
unit price for each time period in that year as follows:

T
it it
fBr= Y Y (PORuPbRa T PRRaPDR ) 3)
iEQDR t=1

where fpg is the cost of DR in the m year. pp , and ppp 4 are the unit prices of DR
participation in the peaking and valley-filling services, respectively. Qpg is the set of DR
nodes. T is the operation period.

In the consecutive year-by-year DR model, the DR costs for each year need to be
converted to the base year and summed to indicate the total DR costs over consecutive long
time scales as follows:

for =Y fBR - Tns 4)

T =1/(141)"", 6)

where fpr is the total cost of DR over consecutive long time scales, Ty, is the coefficient for
year m inputted to the base year, and r is the annual interest rate.

3. Modelling for ESS in Consecutive Year-by-Year Planning

Unlike the single-year ESS model, the consecutive year-by-year ESS model needs to
consider the coupling relationship between years, i.e., the ESS planned in year m is still
operating in year m + 1. The ESS construction cost is a one-time investment in the first year
of building the ESS. In contrast, the operation and maintenance costs are expended every
year since the completion of the construction, which are described separately below.

(1) ESS power constraints:

The sum of the ESS charging and discharging power, and the frequency regulation
power shall be less than the ESS rated power. The ESS rated power at node i in year m is
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jointly determined by the ESS planning at that node in year m and the previous years, with
the following expression:

0< ‘P;:”'i'f’ 4 ‘Plg”'i'f

m . .
< )P XE ©)
k=1

where Pg’ ! is the ESS charging and discharging power, the input power is positive, and
the output power is negative. Pf{l’i’t is the ESS frequency regulation power, the downward
frequency regulation power is positive, and the upward frequency regulation power is
negative. Pé(s’is is the rated power of the planned ESS in the k-th year. X’ecslS is the 0-1 variable
whether or not to construct the ESS in the k-th year. Either the value of 0 or 1 is used to
realize the ESS site selection and indicates that the k-th year does not construct the ESS in
the node i or construct the ESS, respectively.

This constraint sums the ESS power ratings for year m and the previous years to
constrain the ESS power in year m. It expresses the power coupling relationship of the ESS
between years.

(2) ESS capacity constraints:

The ESS capacity change is determined by the ESS power in that time period. The ESS
capacity is the same as the ESS power; both have the coupling relationship between years.
The rated capacity of ESS at node i in year m is jointly determined by the ESS configuration
of that node in the year m and the previous years, with the expression as follows:

. . m . . . .
(Sm,l,f _ Sm,l,f—l) . Z Elé,sls . Xle(,sls — P}gﬂ,l,t _|_ ﬁ . PIT{ﬂ,l,fl (7)
k=1

where EXZ is the rated capacity of the ESS in year k, S"/ is the state of charge (SOC) of the
ESS, and B is the frequency regulation coefficient.

This constraint correlates the storage charging state for multiple time periods in year
m. It expresses the coupling of ESS capacity between years by summing the ESS rated
capacity of year m and the previous years to constrain the ESS capacity in year m.

(3) ESS charge state constraints:

Under the assumption that ESS decay is not taken into account, the upper and lower
bounds of the ESS charge state are inherent properties of the ESS that do not vary with time
and do not have a coupling relationship between years with the following expression:

Smin < Sm'i't < Smax, (8)

Sm,i,O — Sm’i’T, (9)

where Smax and Spin are the upper and lower limits of the ESS charge state, and §mi0 and
S™i T are the ESS state at the beginning and end stages, respectively.

The constraint characterises the upper and lower bound constraints of the SOC. SOC
needs to return to the initial value after one operating cycle to ensure the sustainability of
the operation.

(4) Cost of ESS:

The cost of ESS consists of ESS construction costs and ESS operation and maintenance
costs, which are as follows:

fess = fcs,ess +fop,ess/ (10)

where fess is the cost of ESS, fcs ess is the cost of ESS construction, and fop ess is the cost of
ESS operation and maintenance.

ESS construction costs are invested in a lump sum in the first year of building the ESS,
and this portion of the cost needs to be converted to the base year on a one-time basis. If
the ESS does not reach the end of its service life in the total planning time span, the service
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life beyond the planning time period will be removed from the cost on a proportional basis.
The assumption will be expressed in terms of the conversion factor v;,. The expression is
as follows:

fcs,ess - Z Z Ym - (C fixeerg’sis +C Pprlré'/iess +C EETIHQ',Z‘QSS) * Tm, (11)

m i€Qegs

Ym = (H—m+1)/ T, (12)

where Cyyeq is the fixed cost of ESS, Cp , Cg are the per unit power cost and per unit capacity
cost of ESS, and ng is the 0-1 variable of whether or not to construct ESS, with 0 indicating
that no ESS is constructed and 1 indicating that ESS is constructed. Plgf’eiss, EI’f,’eiSS are the
rated power and rated energy of the ESS, H is the total time span of planning, and Ty, is
the life span of the ESS. Q) is the set of nodes that ESS permitted to configure.
Operation and maintenance costs are incurred annually from the time of completion.
This portion of the cost needs to be discounted to the base year by the conversion factor 7.

The expression is as follows:

fop,ess = Z Z kop : (CPPIT,:;S + CEEE’;S) : (Tm + T+ + TH),

m ieQess

=YY kep- (Cppggss + CEEI@QSS) T M+1/(A+1)+ - +1/(14r)H, (13)
m ieoess

= 2 Z kOp . (CPPIr{rf’eiss + CEEIng,’éss) . (Tm,1 — TH)/T',
m iEQess

where kop is the ESS operation and maintenance cost coefficient.

4. Formulation for Consecutive Year-by-Year Planning of ESS Considering DR

In order to achieve a reasonable plan of ESS and avoid redundancy or insufficiency
of ESS resources due to overheated investment and disorderly development of ESS, this
subsection establishes a consecutive year-by-year optimal planning model of ESS taking
into account DR on the basis of considering system reserve, consumption of renewable
energy, and power supply preservation.

Renewable energy consumption is guided by adding wind curtailment cost and solar
curtailment cost to the objective function. Load shedding cost is added to the objective
function to guide power supply preservation. Reserve capacity constraints are added to
the constraints to satisfy the system reserve demand.

4.1. Objective Function

The objective function of the model is to minimise the sum of wind curtailment cost,
solar curtailment cost, load shedding cost, demand-side response cost, and ESS investment
and O&M cost, as mentioned above.

Wind curtailment cost, solar curtailment cost, and load shedding cost are calculated in
a similar way to the demand-side response cost above, i.e., the m-th year cost is calculated
first, and then the costs of each year are converted to the base year and added up, with the
following expressions:

(1) Wind curtailment cost:

fwind = foind T, (14)
m
L it it
m,i, m,i,
f\fvnind = ' QZ 21 CW(PW,max - PW )’ (15)
i€Qying t=

where fI. . is the wind curtailment cost in year m, Cy is the wind power feed-in tariff,

PV"\Z,’;;X is the maximum output of the wind turbine, PV"\}’i’t is the actual output of the wind

turbine, and Qg is the wind farm aggregation.
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(2) Solar abandonment cost:
fsolar = Zfsng)alr *Tmy (16)
m
L it it
m i, mi,
soalr — 2 Z C,V(P\/,max - PV )’ (17)
ierolar t=1
where ;’glar is the solar curtailment cost in year m, Cy is the PV feed-in tariff, P\Tr;;x is the

maximum output of the PV farm, P\”; "t is the actual output of the PV farm, and O}, is
the pool of PV farms.

(38) Load shedding costs:

fas = Y flie - T (18)
m
T .
fis=Y. ) Cp-dd, (19)
iEQdS =1

where f. is the load shedding cost in year m, Cp is the unit load shedding cost, A is the
load shedding power, and ()4 is the set of load shedding nodes.
The objective function is:

Min f = (fwind +fsolar +fds + fess + fDR)- (20)

4.2. Constraints

The constraints include system node power balance constraints, reserve capacity con-
straints, conventional unit constraints (including output constraints, ramp-up constraints,
and start-stop time constraints), branch tidal current constraints, line delivery capacity
constraints, renewable energy output constraints, demand-side response constraints in
Section 2, and energy storage constraints in Section 3. The specific forms of constraints
related to energy storage and demand-side response are given below, and other constraints
are given by citing references as follows:

(1) System node power balance constraints:

At it At Lj Mt At _ At At it it
P+ P P Y P~ P = B — B+ P i, )

0 < d! < oy- P, (22)

where P"/ is the output of conventional unit, P} I is the power delivered by line j, and
Af)’j is the correlation coefficient between node i and line j. If the power of line j flows into
node i, then Aé’j takes 1, and if the power of line j flows out of node i, then Af,’j takes —1; if
there is no correlation between line j and node i, then Ai,’j takes 0. 7 is the charging and
discharging efficiency of the ESS and ¢ is the proportion of maximum load shedding.

(2) Rotating reserve capacity constraints:

2 (um,i,t . Pm,i _ Pm,i,t —7- Plgi,i,t) > 01 2 (Pg1,i,t _ Pgﬁ[,ltl + P]r)nl{,(ti) +P2( 2 P‘%’i’t + 2 Pvm,i,t), (23)

Ing

Pm,i,t . um,i,t .

i€Qyg 1€Qwind 1€Qgolar

P = PR ) zpr ¥ (PR PR A PR (L B Y PP, @)

i€Qg i€Q0yind 1€Q00dar
where P&”’aix is the maximum output of conventional unit, Pﬂ{; is the minimum output of
conventional unit, u"* is the start-stop flag of conventional unit, the value of which is
1 and 0, indicating that the unit is in the start-up and shutdown state, respectively. p; is
the proportion of rotating reserve capacity to the total load, p; is the proportion of rotating
reserve capacity to the renewable energy capacity, and () is the set of system nodes.
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The following abbreviations are used in this manuscript:

DR  Demand-side Response
ESS  Energy Storage System

1Y% Photovoltaic

PHS Pumped Hydro Storage
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