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Abstract: With the wide application of multi-energy storage technology in the regional integrated
energy system, the configuration of multi-energy storage devices is expected to enhance the economic
benefits of regional integrated energy systems. To start with, in this paper, the basic framework of the
regional integrated energy system is constructed, and a mathematical model of micro-gas turbine, gas
boiler, distributed wind power and multi-energy storage device is established. Then, the multi-energy
storage and double-layer planning configuration model with multi-energy complementation is
established. The upper level of the model aims to minimize the comprehensive investment cost
of multi-energy storage, while the lower level of the model aims to minimize the comprehensive
systematic operating cost, in which the net losses cost is also included and the required multi-energy
storage capacity from the upper level is set as its constraint. During the programming and problem
solving, the second-order conic relaxation technology is introduced to realize the convex relaxation
for power flow constraint. At the same time, the piecewise linearization method is adopted to deal
with the natural gas pipeline flow constraint, which can convert the original model into a mixed
integer programming problem. In the end, the example analysis is carried out in the IEEE 33-bus
system and the improved 6-node natural gas system. The results show that the multi-energy storage
technology can improve the economics of the regionally integrated energy system to a certain extent,
and have verified the validity of the model.

Keywords: regional integrated energy system; multi-energy storage; optimized configuration;
distributed wind power; second-order cone

1. Introduction

In recent years, the fossil energy crisis and environmental problems are becoming increasingly
prominent, and the concept of energy interconnection has provided a new way of thinking for solving
this problem [1]. As an important component of energy interconnection [2], the regionally integrated
energy system focuses on the distributed energy production and in-place energy consumption aiming
to achieve high energy consumption efficiency [3]. However, the penetration of distributed renewable
energy has put forward new requirements for energy storage systems in terms of capacity, cost and
storage time [4,5], while traditional electrical storage devices struggle to meet these requirements at
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the same time [6–9]. In this way, it is of practical significance to configure multi-energy storage devices
in regional integrated energy systems.

Traditionally, different energy systems are planned and operated separately. Thus, the lack of
coordination and linkage between them has led to a lack of renewable energy. As a conversion device
between electricity and gas energy systems [10], the gas turbine unit uses the natural gas as the fuel to
generate electricity and provides its users with heat by reusing the residual heat discharged through
the waste heat recycling system; or provides its users with cooling by chiller conversion, thus to realize
the step-up utilization of the regional energy system. A two-stage mixed-integer linear stochastic
optimization model is proposed in paper [11] to analyze the scheduling of electricity-production units
under natural gas-supply uncertainty due to pipeline congestion and natural gas-price variability.
An integrated electricity and gas system with the lowest comprehensive cost for collaborative
optimization is proposed in paper [12]. Artificial optimization algorithms to calculate and optimize
the operation strategy of a regional integrated energy system based on economic benefits and energy
consumption are implemented in paper [13]. However, no papers illustrated above have considered
the energy storage device.

In the integrated energy system, the storage system has become the key equipment for the flexible
energy conversion between various energy forms. It can solve the production and consumption
asynchronization between various energies [14]. The comprehensive multi-energy storage scheduling
method of the integrated energy system for wind power consumption in the Three-North Area of
China is proposed in paper [15]. How the availability of micro-grids during natural disasters and in
their aftermath can be assessed is discussed in paper [16]. The model considers two critical groups
of components that allow micro-grids to improve power supply availability: distributed generators
and local energy storage. A hybrid energy storage system built with a virtual energy storage system
(VESS) and a battery system (BSS) is proposed in paper [17] in order to increase renewable energy
penetration into integrated community energy systems (ICESs) and prevent power fluctuations of the
tie-line (connection of the ICESs to the main grid). However, most models illustrated above are only
related to the battery model and have almost no relationship with the multi-energy storage devices
that heat storage devices included.

As the power flow constraint and natural gas pipeline flow constraint are all non-linear constraints,
the artificial algorithm is implemented in papers [18–21]. However, artificial algorithms can hardly
operate well in a local optimal solution. Thus, the newly developed methods in recent years like
semidefinite relaxation (SDR), second-order conic relaxation (SOCR), and interior point method have
provided new ideas for solving these problems. Second-order conic relaxation method is adopted
in this paper to realize convex relaxation for the power flow constraint. The piecewise linearization
method is adopted to deal with natural gas pipeline flow constraint by converting the original model
into mixed-integer second-order conic scheduling problem, thus the numerical method can be applied
to the fast and reliable solution.

Moreover, the planning and operation of energy storage are mutually reinforcing and inseparable.
The double-layer decision model is now normally used in planning and configuration problems
of energy storage, and the planning model can be divided into investment layer and operation
layer [22–24].

In summary, the double-layer model of multi-energy storage configuration in the regional
integrated power system that considers different wind power specific permeabilities is proposed. The
main contents of this paper are concluded as follows:

In Section 2, a basic framework structure of the multi-energy storage system in the regional
integrated power system is built, and the detail configuration and elements in the regional integrated
power system are proposed.

In Section 3, the double-layer planning model that considers the multi-storage
investment-operation is established, which includes the objective function and constraints of the upper
layer and lower layer model.



Energies 2019, 12, 3964 3 of 16

In Section 4, the second-order conic relaxation and piecewise linearization are implemented in the
proposed double-layer planning model.

In the last section of the paper, the correctness of the proposed model is verified under
different experiments.

2. Framework of Regional Integrated Energy System

As the primary form of the global interconnection, the regional integrated energy system is an
important foundation for the smart city and smart community. From the framework aspect, it can
be regarded as an energy unit with multiple inputs, outputs, conversions and energies sharing high
constructive and operational flexibility. Based on common forms of the regional energy system, this
paper establishes the equipment which includes the micro-gas turbine (MT), gas boiler, distributed
wind turbine (WT), electricity storage unit, and thermal storage unit, shown as in Figure 1.
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3. Double-Layer Optimized Model for Multi-Energy Storage

The multi-energy storage components in the regional integrated energy system are of great
significance in the multi-energy complementarity and coordinated operation. Electricity storage
devices can play the role of cutting peaks and filling the valley and improving the operation economy
of the integrated system. However, as the micro-gas turbine in the thermal system is in accordance
with the operation mode of “electricity is determined by thermal energy”, its peak scheduling ability is
limited by the operating plan set by end-of-the-terminal energy. In this way, the implementation of the
thermal storage device can play a role in improving the adjustability of the thermal system as a backup
of regulated resources.

This paper establishes an optimized configuration of a double-layer model of multi-energy storage
that considers the multi-energy complementation. The upper layer aims to minimize the comprehensive
investment cost of the multi-energy storage and tries to find the optimal capacity configuration of
various types of energy storage devices. The lower layer aims to minimize the comprehensive yearly
operating cost in the regional integrated energy system by taking the multi-energy storage capacity
from the upper layer as a constraint. Then, the optimal yearly operating cost will be transferred to the
upper layer of the model. The difference between the upper and lower objective function is represented
by the parameter ε, iteration stops when ε is less than the set value. By increasing iteration of the
double-layer optimized model, the value of optimal capacity configuration of the multi-energy storage
can be found. The framework of the bi-level optimization model is shown in Figure 2.
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3.1. Upper Layer Planning Model Considering the Comprehensive Investment Cost of Multi-Storage

3.1.1. Objective Function of Upper Layer Model

In the planning layer of the regional integrated energy system when multi-energy storage is
included, the operating maintenance cost and operating cost transmitted by operating layer of the
lower layer should be considered. The safety of the integrated energy system should also be the
prerequisite of planning. The target function can be written as:

min[365
24∑

t=1
(Cinse,ele + Cm,ele)EP

+ (Cinse,h + Cm,h)EH] +
M∑

n=1
COC(

1
(1+r) )

n
(1)

3.1.2. Constraints of Upper Layer Model

The constraints of the upper model mainly take the permeability constraint of distributed energy
and the investment capacity constraint of the multi-energy storage device into account, which can be
expressed as:

EPmin(t) ≤ EP(t) ≤ EPmax(t) (2)

EHmin(t) ≤ EH(t) ≤ EHmax(t) (3)

Pwind,min(t)ηwind ≤ Pwind(t) ≤ Pwind,max(t)ηwind (4)

The output of active power of the distributed wind turbines usually approximates the Weibull
distribution, and its active power output can be expressed as [25]:

f [PWT(v)] =


0, 0 ≤ v ≤ vi or vi ≥ vo

Pr
v−vi
vr−vi

, vi ≤ v ≤ vr

Pr, vr ≤ v ≤ vo

(5)

where vi, vr and vo are respectively the cut-in wind speed, rated wind speed and cut-out wind speed of
distributed wind turbine; Pr is the rated output power of distributed wind turbines.

With advantages of high charging efficiency and high energy density, the lead-acid battery is
implemented in electricity storage devices in the regional integrated energy system. At the same time,
the model can be described as follows if assuming that the charge and discharge power of the electrical
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storage device is constant during a scheduling cycle and its charging capacity is ignored with the
dissipation of the energy storage time:

Ichar(t) + Idis(t) ≤ 1
0 ≤ Pdis(t) ≤ Idis(t)Pmax

0 ≤ Pchar(t) ≤ Ichar(t)Pmax

EPmin(t) ≤ EP(t) ≤ EPmax(t)
EP(t + 1) = EP(t) + αcPchar(t) − αdPdis(t)

(6)

where Pdis(t), Pchar(t), EP(t) and Pmax are respectively discharge power, charging power, charging
capacity and maximum charge and discharge power of electricity storage device at the time t, αd and
αc are respectively the discharge and charge factors, and EPmin and EPmax are respectively the lower
and upper charging capacity of the electricity storage device.

The thermal electric boiler is adopted in this research as the heat storage device, which can store
the heat by converting electricity to heat power under high power conditions. To simplify the analysis,
the modeling method in papers [26,27] was adopted in this paper. Assuming that the heat storage
device will not dissipate energy over time, the remaining heat calculation formula can be expressed as:

EH(t + 1) = EH(t) + βcharHchar(t) − βdisHdis(t) (7)

where EH(t+ 1) and EH(t) are remaining heats of the heat storage devices at time t and t− 1 respectively.
βdis and βchar are respectively heat release and heat storage coefficient, Hchar and Hdis are respectively
heat storage and release power. Where the capacity and heat storage power of the thermal storage unit
should meet the following requirements:

0 ≤ Hchar(t) ≤ Hmax (8)

0 ≤ Hdis(t) ≤ Hmax (9)

3.2. Lower Layer Scheduling Model of Regional Integrated Energy System

3.2.1. Objective Function of Lower Layer Model

In the lower layer of the optimized scheduling model of the regional integrated energy system,
as the comprehensive operating cost in the system is aimed to be minimized and the capacity of the
storage device is set by the limit value of optimized outcome in the upper layer, the target function can
be expressed as follows after the satisfaction of constraints in other devices are met in the system:

minCOC =
365∑
τ=1

24∑
t=1

{
λele(t)[PGrid(t) − PMT

d (t)]+

λgas(t)[QMT
d (t) + QGB

d (t)] + Kloss
N∑

i=1

∑
j∈c(i)

I2
i j(t)ri j}

(10)

3.2.2. Lower Layer Model Constraints

Constraints of the lower layer model include the following, apart from the constraints of each
device component mentioned in Section 1:

1. Power Balance of Electricity, Heat and Gas


PGrid(t) + PMT

d (t) + Pdis(t) − Pchar(t) = Pd(t)
HGB

d (t) + HMT
d (t) + Hdis(t) −Hchar(t) = Hd(t)

QGrid(t) −QMT
d (t) + QGB

d (t) = Qd(t)
(11)
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2. Power Flow Constraint in Power Grid

δ (j) represents the collection of branch end nodes whose first-end nodes are j, and π (j) represents
the collection of branch first-end nodes whose end nodes are j [28].

∆P j(t) =
∑

k∈δ( j)
P jk(t) −

∑
i∈π( j)

(Pi j(t) − I2
i j(t)ri j) + g jV2

j (t)

∆Q j(t) =
∑

k∈δ( j)
Q jk(t) −

∑
i∈π( j)

(Qi j(t) − I2
i j(t)xi j) + b jV2

j (t)
,

∀t,∀ j ∈ B,∀i j ∈ E

(12)

V2
j (t) = V2

i (t) − 2(Pi j(t)ri j + Qi j(t)xi j) + I2
i j(t)(r

2
i j + x2

i j) (13)

I2
i j(t)V

2
i (t) = P2

i j(t) + Q2
i j(t) (14)

where rij and xij are node impedance matrixes, B represents the collection of all nodes in the network; E
represents the collection of all branches in the network. 4Pj,t and 4Qj,t are net input power of node j at
time t.

At the same time, node current and node voltage in the network should meet the satisfaction
as follows:

Ii j ≤ Ii j(t) ≤ Ii j (15)

V j ≤ V j(t) ≤ V j (16)

3. Natural Gas Constraints

• Natural gas network constraint

For natural gas pipeline systems, the relationship between the natural gas flow in each natural
gas pipeline and the air pressure of the corresponding two nodes that make up the pipeline can be
expressed as [29]:

Qgas
i j (t) = sgn(pgas

i , pgas
j )Ki j

√∣∣∣∣(pgas
i (t)2) − (pgas

j (t)2)
∣∣∣∣ (17)

sgn(pgas
i , pgas

j ) represents the direction of gas flow in the pipeline at time t, whose definition is as
follows:

sgn(pgas
i , pgas

j ) =

 1, pgas
i ≥ pgas

j
−1, pgas

j ≥ pgas
i

(18)

• Pressure constraint for natural gas node

Nodes in the natural gas system contain not only the gas supply nodes (normally the gas well)
but also include the natural gas load nodes. All natural gas nodes should fluctuate within a certain
pressure range to ensure the safe operation of the natural gas system. Therefore, the node pressure
needs to meet satisfaction as follows:

pmin
i ≤ pgas

i (t) ≤ pmax
i (19)

• Gas boiler constraint

The Gas boiler is a heat producer through burning natural gas and can serve as the heat load
when the power of the gas turbine is insufficient. The relationship between input natural gas power
QGB

d (t) and output heat power HGB
d (t) can be expressed as [30]:

HGB
d (t) = ηGBQGB

d (t) (20)
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• Gas turbine unit constraint

The heat can be provided by the remaining heat from pumping or exhaust heating generated by
natural gas-based heat turbine units using steam-driven turbine generator sets. The heat and electricity
can be produced at the same time with high usage efficiency, whose thermal efficiency can run up to
80%–90%. The gas turbine units normally can be divided into two kinds, which are the back-pressure
gas turbine and extraction steam gas turbine. To simplify the analysis, the output electricity and heat
power of the back-pressure natural gas turbine discussed in this paper are in direct proportion. As the
natural gas turbine operates under the mode of “electricity is determined by heat”, the model should
take the unit heat power as the decision variable, thus, the electricity and natural gas consumption can
be expressed as:

PMT
d = HMT

d ηMT/[(1− ηMT)ηMT
res Kh0] (21)

ηMT
res =

T1 − T2

T1 − T0
(22)

QMT
d (t) =

∑
HMT

d (t)∆t

(1− ηMT)ηMT
res Kh0H

(23)

T0 is the ambient temperature, which is 293.15 K, T1 and T2 are ambient coefficients, which are
573.15 K and 423.15 K. Kh0 is set to 2, H is set to 10.8 kW·h/m3.

4. Model Linearization

In Section 2, the power flow constraint in the power system and natural gas pipeline constraint
mentioned in the optimized double-layer model of multi-energy storage are nonlinear constraints. In
this paper, the original model is converted to mixed-integer planning problems and corresponding
methods are adopted to realize linearization.

4.1. Linearization of Power Flow in Power System

As the double-layer planning model is related to quadratic power flow constraint in the power
system, the method from paper [31] is adopted, the original problem can be converted to second-order
conic planning problem by variable substitution and relaxation: Xi j(t) = I2

i j(t)

Y j(t) = V2
j (t)

(24)

The original power flow constraint in the power system can be converted as follows after the
variable substitution shown above:

∆P j(t) =
∑

k∈δ( j)
P jk(t) −

∑
i∈π( j)

(Pi j(t) −Xi j(t)ri j) + g jY j(t)

∆Q j(t) =
∑

k∈δ( j)
Q jk(t) −

∑
i∈π( j)

(Qi j(t) −Xi j(t)xi j) + b jY j(t)
, (25)

Y j(t) = Yi(t) − 2(Pi j(t)ri j + Qi j(t)xi j) + Xi j(t)(r2
i j + x2

i j) (26)

At the same time, the new variables should meet the satisfaction of constraints as follow:

||
2Pi j(t)
2Qi j(t)

Xi j(t) −Y j(t)
||

2

≤ Xi j(t) + Y j(t)
(27)
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4.2. Linearization of Pipeline Flow in Natural Gas System

Square operation on both sides of the equation should be conducted for natural gas pipeline flow
constraint with square roots, then:

[Qgas
i j (t)]

2
= K2

i j

∣∣∣∣(pgas
i (t)2) − (pgas

j (t)2)
∣∣∣∣ (28)

where the variables are set as pgas
i (t)2 = π

gas
i (t) and pgas

j (t)2 = π
gas
j (t).

When sgn(pgas
i , pgas

j ) is equal to 1, the Equation (28) can be converted to:

(Qgas
i j (t))

2
= K2

i j[π
gas
i (t) −πgas

j (t)] (29)

When sgn(pgas
i , pgas

j ) is equal to −1, the Equation (28) can be converted to:

(Qgas
i j (t))

2
= −K2

i j[(π
gas
i (t) −πgas

j (t)] (30)

Quadratic term (Qgas
i j (t))

2
still exists in the two equations above, thus piecewise linearization

should be conducted shown as in Figure 3:
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According to the procedures illustrated above, the model can be converted to mixed-integer
planning problem and the CPLEX is adopted to realize the fast calculation.

5. Example Analysis

5.1. Composition of Example System

The IEEE 33-bus power system and modified 6-node natural gas system are used in example
analysis in this paper, the power system structure is shown in Figures 4 and 5. The natural gas price is
set as 3.45 yuan/m3. Correlation parameters of single electric and thermal storage are listed in Table 1.
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Figure 6 shows the daily forecast values of electricity price and wind speed, where the nominal capacity
of a wind turbine is assumed to be 500 kW, the cut-in wind speed is 5 m/s, the cut-off wind speed is
25 m/s, and the rated wind speed is 15 m/s. Figure 6 shows the data on electricity, heat and gas loads.
The electricity price of network loss is set as 0.68 yuan/(kW·h).

Table 1. Parameters of one storage unit.

Parameters Electricity Storage Thermal Storage

Nominal capacity/(W·h) 1000 400
Maximum charge and discharge power/W 500 200

Initial capacity/(W·h) 500 200
Investment cost/(yuan/W·h) 1.521 1.39
Operating and maintenance

cost/(yuan/W·h) 0.003 0.002

Life cycle/year 10 10
Bank rate 0.05 0.0475
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5.2. Result Comparison of Example Analysis

5.2.1. Result of Optimization When Wind Power Specific Permeability is 80%

In this analysis, the output of the distributed wind turbine is used as a priority to track and control
the maximum power output. As the distributed wind turbine is connected to nodes 5, 9, 14, 20, 28 and
32 in the distributed network, the total cost of the regional integrated power system will be the lowest
when the wind power specific permeability is 80%, the result of optimization is shown as Table 2.
The node number of connected electricity storage is set as 3 and the number of heat storage is set as 2.

Table 2. Planning Results.

Category Location Storage
Capacity/(MW·h)

Total Cost for
Storage

Investment/yuan

Electricity
Purchase Cost

from Main
Network/yuan

Gas
Purchase

Cost

Net Loss
Cost/yuan

Total
Daily

Operating
Cost/yuan

Electricity
storage

5 26.877

15,274,000
4927.2 3874.3 798.35 15,117

16 5.419

27 9.552

Heat
storage

- 36.313
5,061,200

- 36.434

According to planning results, the regional integrated energy system invested a total of 15,274,000
yuan of the electricity storage device and 5,061,200 yuan of the thermal energy storage device. In the
process of continuous solution for upper and lower functions, the capacity and location of the
multi-energy storage can be determined, of which the network loss cost of the distributed network
on a typical day is 798.35 yuan, and the total daily operating cost of the regional integrated system is
15,117 yuan.

Figure 7 shows the power purchase of the root node and the charge and discharge of the power
storage device after the electricity storage devices are connected when the distribution network meets
the satisfaction of the corresponding electricity load, where the net load represents the wind power
output, which is the difference between the electricity load and 80% wind power specific permeability.
It can be concluded that the root nodes do not purchase the electricity from the main network between
the time period of 7–23 in the regional integrated energy system with multi-energy storage included.
The energy supply can be balanced by the inner system storage itself. However, the load shifting in
storage devices is still related to the price mechanism and the natural gas price is comprehensively
considered. As the natural gas price is 0.3194 yuan/kWh after heat conversion, and is only higher than
real-time electricity price during the time period of 1–6 and 24, the large volume of electricity storage
will happen during the time period, while the discharge will happen when extra electricity prices are
relatively high, thus to meet the regional load requirement.

Figure 8 shows power output plots of heat storage units, gas turbine units and gas boilers in the
regional integrated power system. It can be concluded that the output fluctuation of the gas turbine is
rather limited due to its characteristic in “the electricity is defined by the heat”. When the real-time
price is lower than the natural gas price, like during the time period 1–6, the system will release heat
from the heat storage and lower the gas consumption in gas turbine and gas boiler when the heat load
in the system is within satisfaction; when the real-time price is higher than the natural gas price, like
during time period of 11–15, the system will enhance the output of the gas turbine and gas boiler for
energy storage with further energy release at a later time period by adopting the heat storage device.
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5.2.2. Result of Optimization When Wind Power Specific Permeability is 30%

To test the applicability of the regional integrated energy system under low-wind power specific
permeability, the optimization calculation of the regional integrated power system under the output
power whose wind power specific permeability is 30% in grid connection is conducted with the goal of
minimum cost in the integrated system, which can be shown in Table 3.

Table 3. Planning Results.

Category Location Storage
Capacity/(MW·h)

Total Cost for
Storage

Investment/yuan

Electricity
Purchase Cost

from Main
Network/yuan

Gas
Purchase

Cost/yuan

Net Loss
Cost/yuan

Total
Daily

Operating
Cost/yuan

Electricity
storage

5 34.053

16,017,000
12,222 5191.8 1196 23,012

16 3.959

27 5.869

Heat
storage

- 38.28
5,332,700

- 38.37

According to planning results, a total of 16,017,000 yuan of the electricity storage device and
5,332,700 yuan of the thermal energy storage device were invested in the regional integrated energy
system. The net loss cost for the distributed network under typical days is 1196 yuan, while the total
operating cost in regional integrated system in typical days is 23,012 yuan. Namely, under the low
wind power specific permeability, the integrated system will invest more electricity storage and heat
storage devices, and the costs in each kind will increase relatively on typical days.

Figure 9 shows the power purchase of root nodes and charge and discharge of the electricity
storage under low wind power specific permeability. As the wind power specific permeability is low,
the power purchase is obviously surging when the real-time price is low during the time periods of 1–6
and 22–24 in the integrated system. This is due to the satisfaction of net load requirement and electric
charge for the storage. During the time periods of 11–15 and 19–21, when the electricity price is rather
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high, the system will sell electricity to the main network, and the electricity will discharge from the
electricity storage to lower the total operating cost under the prerequisite of electricity load satisfaction.
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Figure 9. The curves of the ESS charge power and the power supplied by the distribution network.

Figure 10 shows the output plot of the heat storage, gas turbine and gas boiler in the regional
integrated power system with low wind power specific permeability. Compared with the output
result with high wind power specific permeability, the output power of gas turbine is increased but
with rather low adjustability. The power of the heat storage device during heat storage and release is
enhanced to decrease the operating cost in the integrated system and to increase the adjustability of
the system.
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5.2.3. Economic Analysis without Heat Storage Device

Multi-energy storage devices discussed in this paper are mainly electricity storage device and heat
storage devices. In this section, the economy of the regional integrated power system under various
operating modes will be discussed under the comparison between total investment cost and operating
cost with and without the heat storage devices, whose results are shown in Table 4. The wind power
specific permeability under the multi-energy storage condition is set to be as high as 80%.

Table 4. The investment and operation cost of the regional integrated energy system under two scenarios.

Without Heat Storage Devices (Unit:/yuan) With Heat Storage Devices (Unit:/yuan)

Total investment cost Daily operating cost Total investment cost Daily operating cost

16,028,000 18,187 20,335,200 15,117
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In the regional integrated power system with multi-energy storage devices, the total daily
operating cost in the system can be lowered with 3070 yuan, and the investment cost for the heat
storage device can be recovered within 3–4 years without bank rate.

6. Conclusions

Based on the regional integrated power system, the original model is converted to the linear
optimized model by second-order conic relaxation and piecewise linearization on the basis of the
non-linear double-layer model of multi-energy storage configuration with power flow constraint in
power grid and natural gas pipeline flow constraint. In the proposed double-layer model, the upper
planning layer aims to minimize the integrated investment cost in the multi-energy storage; while
the lower layer aims to minimize the total operating cost in the regional integrated energy system.
Moreover, economic problems under various wind power specific permeabilities in the distributed
wind power grid are discussed, and the detailed comparison of active power optimization results are
made between devices and multi-energy storages in the regional integrated power system. Conclusions
are as follows:

(1) The energy should be provided by the regional integrated power system to the distributed wind
power when the wind power specific permeability is high in grid connection. When the natural
gas price is lower than the real-time electricity price, it is not necessary to purchase electricity
from the main network, while various load requirements can be met by natural gas turbine units
and multi-energy storage devices.

(2) During the time period when the real-time price is lower than the natural gas price in the regional
integrated power system whose wind power specific permeability is low, the electricity should
be purchased in a large volume from the main network and the electricity should be stored
by the electricity storage device to release the energy in other time periods, thus to lower the
operating costs.

(3) The total operating cost in the regional integrated energy system will be lower when the
multi-energy storage is taken into consideration, and extra investment costs can be recovered
within one year, so it shares a higher economy.

Discussion: This paper focuses on the modeling and problem solving for the optimization
configuration of multi-energy storage in the regional integrated energy system with distributed wind
power. The next step will mainly focus on the modeling for mathematical problems in the dynamic
characteristics of electricity storage, thermal storage device, energy loss and each energy system.

This paper comprehensively considers the characteristic of multi-energy storage to establish
a double-stage comprehensive optimization model, which contributes to the planning problem of
multi-energy storage in regional integrated energy systems under different wind power penetration
rates, making the planning decision results of energy storage more reasonable.
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Nomenclature

Indices
t Time (hours)
τ Time (days)
n Time (years)
i,j,k branch line number
d demand
Constants
Cinse,ele electricity storage capacity investment cost
Cm,ele electricity storage capacity maintenance cost
Cinse,h heat storage capacity investment cost
Cm,h heat storage capacity maintenance cost
M depreciation life of the energy storage
r depreciation rate
EPmin minimum capacity value of electricity storage
EPmax maximum capacity value of electricity storage
EHmin minimum capacity value of heat storage
EHmax maximum capacity value of heat storage
Pwind,min minimum output value of distributed wind turbine
Pwind,max maximum output value of distributed wind turbine
Pmax maximum power of electricity storage
Hmax maximum power of heat storage
vr rated wind speed
Pr rated output power of distributed wind turbine
ηwind permeability value of distributed wind power
αc electricity storage charge factors
αd electricity storage discharge factors
βchar heat storage charge factors
βdis heat storage discharge factors
λele electricity price
λgas natural gas price
λgas value of total nodes
N value of total nodes
Kloss net loss electricity price
rij resistance of branch ij
Pd electricity demand
Hd heat demand
Qd gas demand
I minimum value of the branch current
I maximum value of the branch current
Kij natural gas pipeline parameter
pmin

i minimum value of the pressure value
pmax

i maximum value of the pressure value
ηGB conversion efficiency of gas boiler
ηMT conversion efficiency of gas turbine
ηMT

res waste heat recycling efficiency
Kh0 heating coefficient
H high thermal value of natural gas
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Variables
COC the operating cost of upper layer
EP capacity value of electricity storage
EH capacity value of heat storage
Pwind output of distributed wind turbine
vi cut-in wind speed
vo cut- out wind speed
Ichar charging binary marker variable
Idis discharging binary marker variable
Pdis charging power of electricity storage
Pchar charging power of electricity storage
Hdis discharging power of heat storage
Hchar charging power of heat storage
HGB

d heat power of gas boiler
HMT

d heat power of gas turbine
Ii j current of line ij

PGrid power purchase from the main grid
PMT

d output power of gas turbine
QMT

d natural gas consumption of gas turbine
QGB

d natural gas consumption of gas boiler
QGrid natural gas supplied from natural gas sources
Qgas

i j natural gas pipeline flow of ij

pgas pipeline pressure
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