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Aiming at the integrated energy microgrid, an important part of the energy
internet, this paper constructs a multi-energy storage system optimization
configuration model of the integrated energy microgrid in an independent
mode, and proposes a configuration method that includes the rated power
and capacity of the storage system and the heat storage system. The storage
system model includes the estimation of battery life during heating and non-
heating periods. The model takes economy as the index, and considers the
relevant constraints of thermoelectric coupling of thermoelectric units,
including thermal and electrical balance, unit climb, energy storage system and
self-sufficiency probability, etc., and uses a The bacterial colony chemotaxis (BCC)
algorithm model based on unit output and energy storage system power
distribution strategy to solve the problem. The operation characteristics of
cogeneration units equipped with energy storage system are discussed. The
results show that the proposed multi-energy storage system configuration
method has significant economic and environmental benefits in both heating
and non-heating periods, and promotes the uptake of wind power.

KEYWORDS

integrated energy microgrid, multi-energy storage system, optimal sizing methods,
battery life, heat storage system

1 Introduction

With the gradual depletion of traditional fossil energy and the increasingly serious
environmental problems and global warming, vigorously developing low-carbon new energy
represented by wind and light, and improving the penetration rate of renewable energy in the
existing power grid has become one of the important ways to solve the above problems. As a
result, the concept of energy Internet proposed by Jeremy Rifkin has received wide attention
(Sezgin, 2018). The integrated energy micro network that can be applied to isolated islands,
urban and rural residential areas, factories, remote areas away from the main network and
other areas will become an important part of the energy Internet, and will become one of the
trends in the development of the energy system in the future (Shiming et al., 2010). The
concept of integrated energy micro grid is developed from the concept of micro grid, which
generally includes four forms of energy: cold, heat, electricity and gas. All energy supply
equipment sources in the region are integrated and dispatched using Internet of Things
technology and information technology, so as to achieve the effect of optimizing energy
supply for regional cold and hot electric loads and improving energy utilization efficiency
(Pratama et al., 2017; Chen et al., 2016).

However, renewable energy represented by wind and light has strong intermittent and
random volatility, which often leads to the generation of wind and light abandonment.
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Especially during heat supply, the operation mode of “power is
determined by heat” of cogeneration units will reduce the peak
shaving capacity of the entire microgrid, and even cause a lot of
“wind abandonment” (Sadeghian et al., 2020). In order to absorb
renewable energy and enhance the flexibility of the microgrid, we
have introduced an energy storage system that can be used for multi
energy storage in the microgrid.

The storage function of energy is called energy storage, mainly in the
form of electricity storage, heat storage, gas storage and composite energy
storage (P2G, liquid hydrogen SMES, etc.) (Marc et al., 2010). This paper
mainly discusses two types of energy storage systems: electric storage and
thermal storage. The promotion of microgrid technology researchmakes
the research on power storage technology very sufficient. The electric
energy storage technology can be used to suppress the short-term power
fluctuation of renewable energy power generation, track the output of the
dispatching plan, improve the power quality of renewable energy power
generation connected to the grid,meet the flexible access of new energy to
optimize the load, cut the peak and fill the valley, improve the system’s
self-regulating ability, achieve load management and obtain economic
benefits (Kousksou et al., 2014). A large number of scholars have studied
the configuration of electric energy storage system. Reference
(Bahramirad et al., 2012) established an optimal allocation model of
energy storage system investment cost and operation cost, taking into
account the stability of the entire microgrid. The literature (Fengbing
et al., 2014) takes the optimal economic operation of microgrid as the
research objec. The literature (Xiaojuan et al., 2013) studies the influence
of the depth and times of charging and discharging of lead acid battery on
its life. The literature (Yuming et al., 2014) establishes the optimal
economic operation model of microgrid. The document (longyun
et al., 2016) established the breaking principle of the discrete Fourier
transform breaking point of unbalanced power and established the island
type microgrid hybrid energy storage optimization configuration model.
Reference (Xie et al., 2013) take the hybrid energy storage system
composed of batteryas the research object. Reference (Xiao et al.,
2019; Heijde et al., 2019) use the complementary characteristics of
battery and super-capacitor to establish the capacity allocation model
of hybrid energy storage system. Literature (Minglei et al., 2023; Hengyu
et al., 2022) present the function of energy storage and microgrid in the
energy hubs and industrial parks. Literature (Sheng et al., 2023; Wang
et al., 2023) is to refine the modelling methodology of energy storages.
Moreover, more about the optimization methods are introduce in
microgrids based on energy storages in (Junyi et al., 2022; Xiao et al.,
2023).

In terms of heat storage technology, sensible heat storage and
phase-change heat storage have been developed rapidly, and have a
wide range of practical engineering ap-plications. Literature (Bartnik
et al., 2021) provides dispatching strategies by studying the impact of
co-generation units with heat storage devices and carbon capture
devices on economy and low carbon, and provides certain reference
for power grid dispatching. Literature (Yu et al., 2019) has built a
coordinated scheduling model for waste air consumption of
cogeneration units with heat storage and electric boilers. The
literature (Teng et al., 2019) introduces the research work on key
technologies of electricity heat combined system including large
capacity heat storage, which is in line with the development trend of
energy field.

However, the research on integrated configuration of multi-energy
storage system is less. For example, the literature (Zhengmao et al., 2015)

establishes a microgrid electric heating joint dis-patching model
including fans, photovoltaic cells, cogeneration systems, electric
boilers, fuel cells and energy storage (electric energy storage and
thermal energy storage) systems. According to the characteristics of
urban communities, Literature (Liu et al., 2020) proposed amicro energy
network architecture based on compressed air energy storage, combined
with community energy consumption data to configure the capacity of
the main equipment, and analyzed the specific supporting design and
operation mode of the energy storage sub-system, including electric
energy storage and thermal energy storage. Literature (Rohit and
Rangnekar, 2017) pro-posed an equipment investment planning
optimization method for wind power and coal chemical multi energy
coupling system based on hydrogen energy storage.

The above literature has made some progress in the
configuration of microgrid energy storage system, but through
reading and comparing such literature, it is found that the
following problems are relatively prominent:

1) The rated power and capacity of the heat storage system are not
considered in the configuration of the energy storage system;

2) Considering the battery life, the difference of battery state of
charge curve between heating period and non-heating period is
not taken into account;

3) In most literatures, the optimal allocation algorithm is not
combined with the power allocation strategy, resulting in a
large number of redundant solutions.

Aiming at the above problems, this paper constructs the optimal
configurationmodel of the integrated energy microgrid multi energy
storage system under the independent mode. The main
contributions of this paper are as follows:

1) Considering the rated power and capacity of the power and heat
storage systems, an optimization configuration method for the
integrated energy microgrid multi energy storage system in
independent mode is proposed.

2) Considering the battery life during heating and non-heating
periods, this paper constructs an energy storage system
model. On this basis, taking economy as an indicator and
considering the constraints related to thermoelectric coupling
of thermoelectric units, a multi energy storage system
optimization configuration model is established.

3) The bacterial population chemotaxis algorithm is combined with
the unit output and energy storage system power allocation
strategy to solve the optimization configuration model of a
multi-energy storage system. This algorithm greatly improves
the solving speed and convergence.

2 Operating characteristics of each
power supply and wind power
consumption principle

2.1 Typica microgrid structure

The structural configuration of typical microgrid mainly
includes wind turbine (WT), conventional thermal power unit,
electric boiler, electrical energy storage (EES), heat storage (HS)
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and other units. All units in the network are uniformly controlled
and communicated by the microgrid central controller (MGCC).

2.2 Principle of cogeneration unit

Common cogeneration units can be divided into four categories
according to their characteristics (Roy et al., 2014). This paper takes the
most common exhaust type cogeneration unit as an example, and its
electric heating characteristics are shown in Figure 1. It can be seen that
themaximum andminimum electric output of the steam turbine under
the pure condensation condition are and respectively.With the increase
of air extraction, the electric power decreases in proportion to a certain
elastic coefficient. When the heating power is, the adjustment range of
the electric power is. The power generation output is restricted by the
thermoelectric coupling, and the ability to adjust the electric output is
very limited. The figure shows the reduction of electric power when the
unit heating heat is extracted more when the steam inflow is constant
(Bartnik et al., 2021). According to the operation principle of the
extraction type unit, the following relations can be obtained for the
generating power, net generating power and thermal power under the
pure condensing condition:

p � pe + γh (1)
The electrothermal characteristics can be expressed as follows:

p min − γh≤pe ≤p max − γh
0≤ h≤ h max

{ (2)

where hmax is the maximum heating power of the unit. p max and
pmin are respectively the maximum andminimum generating power
of the unit under pure condensing condition.

After installing the energy storage system, the operation of the
traditional cogeneration unit will be greatly changed. First of all, after
adding the heat storage device, when the cogeneration unit outputs the
same heat power, the electric output adjustment range increases (Yu
et al., 2019). The addition of energy storage battery further increases the
regulation range of electric output, which can effectively decouple the

thermoelectric coupling characteristics and achieve the purpose of
flexibly regulating the output of the thermoelectric unit.

2.3 Typical microgrid structure

2.3.1 Power storage system
The power storage system mainly includes battery, compressed

air energy storage, flywheel energy storage, superconducting energy
storage, super capacitor energy storage and other forms. This paper
takes the most widely used battery as an example.

The state of charge (SOC) of the battery is a parameter reflecting
the proportion of the remaining battery power to the total capacity
of the battery. Generally, the relationship between SOC and the
charging and discharging power and capacity of the battery is used
to build a battery model.

The charging process is:

SOC t( ) � 1 − δ( )SOC t − 1( ) + pc△t
ηc

Ce
max

(3)

The discharge process is:

SOC t( ) � 1 − δ( )SOC t − 1( ) − PdΔt
Ce

maxηd
(4)

where SOC(t) is the state of charge of the energy storage system at the
end of the t period; SOC(t − 1) is the state of charge of the energy
storage system at the end of the t-1 period; δ is the self discharge rate of
the energy storage system. pc and pd are charge and discharge power of
energy storage system. ηc and ηd are charge and discharge efficiency of
the storage system; Ce

max is the rated capacity of the storage system.

2.3.2 Heat storage system
Heat storage technology is divided into sensible heat storage and

phase change heat storage. Generally, similar to energy storage
battery, the thermal storage state of the thermal storage system
and its charging and discharging power and thermal storage capacity
are modeled as follows:

The heat storage process is:

HHS t( ) � 1 − μ( )HHS t − 1( ) + QC t( )△t
ηhc
Hhold

(5)

The exothermic process is

HHS t( ) � 1 − μ( )HHS t − 1( ) + Qd t( )Δt
Hholdηhd

(6)

where HHS(t) is the thermal energy storage capacity of period t;
HHS(t − 1) is the thermal energy storage capacity at the end of t-1
period; μ is the heat storage heat dissipation loss rate. QHS ch(t),
QHS dis(t) and ηhch, ηhdis are the heat absorption and release power
and efficiency of time period t;Hhold(t) is the capacity of the heat storage
system.

2.4 Principle of optimal energy storage
system configuration

The energy storage system is divided into electric energy storage
system (battery) and thermal energy storage system. The

FIGURE 1
The diagram of heat-electricity relationship for combined heat
power units.
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configuration of the energy storage system includes power and
capacity configuration. The power storage system includes
battery, converter and other equipment, so the investment cost is
settled in the form of power and capacity. The heat storage system
includes heat storage tanks and heat transfer materials, so the
investment cost is also settled in the form of power and capacity.

The configuration of the energy storage system affects the
investment cost of the energy storage system, the operation cost
of the entire microgrid, and the pollution control cost. The energy
storage system with lower configuration can not meet the expected
economy and stability of the system, can not effectively reduce the
operating costs, and the content of pollutants emitted is high. The
investment cost of energy storage system with higher configuration
is high, and the overall maintenance cost is relatively high.
Therefore, the optimal configuration of energy storage system
can reach a balance point among investment cost, operation cost
and pollution control cost, that is, the configuration of energy
storage system with the minimum total cost.

2.5 Life model of energy storage battery

The life of the energy storage battery is affected by many factors,
including the discharge depth, rate performance, charge and
discharge cut-off voltage and ambient temperature of the battery.
As mentioned above, the maximum power of the energy storage
battery is taken as the rated value, so the influence of the battery’s
magnification performance on its life is not considered for the time
being. Since the capacity range of the energy storage battery has been
set in the paper, the impact of the battery’s charge and discharge cut-
off voltage on its life is not considered for the time being. The
ambient temperature is regarded as room temperature, and its
impact on battery life is not considered temporarily. After some
simplifications, this paper only considers the influence of the
discharge depth on the battery life, so we can use the rain flow
counting method to predict the battery life.

The rain flow counting method, also known as the “tower top
method,” was proposed by two British engineers Matsuiski and
Endo. The rain flow counting method is mainly used in the
engineering field, especially in the calculation of fatigue life.

The commonly used fitting methods include N-order function
method, power function method and subsection fitting method. In
this paper, the fourth order function in literature (Xiaojuan et al.,
2013) is used to characterize the relationship between cycle life and
discharge depth.

Cyc � −3.728DoD
4 − 5DoD

3 + 12823DoD
2 − 14122DoD + 5112 (7)

where Cyc is the maximum number i of cycles corresponding to the
first cycle; DoD is the discharge depth of the cycle.

Since the energy storage system considered in this paper
includes two aspects: power storage and heat storage, the SOC
curve of the energy storage battery is significantly different after
the heat storage system is installed in the heating period and non-
heating period, so the method of calculating the life of the traditional
rain-flow counting method is further improved. The heating period
is 120 days from November to March of the next year; The non-
heating period is from April to October, with a total of 245 days:

dloss � θ∑k
i�1

1
Cyci

(8)

dwinloss � θ∑k
i�1

1
Cyci

(9)

T � 1/ 245dloss + 120dwinloss( ) (10)
where dloss refers to the life loss rate of the electric energy storage
system in the non-heating period of 1 day; dwinloss is the life loss rate
of electric energy storage system for 1 day of heating period; θ is the
cycle coefficient, the full cycle is 1, and the half cycle is 0.5; Cyci is
the maximum number of cycles corresponding to the second cycle i;
T is the life cycle.

In this way, the life of the energy storage system can be estimated
by constructing the charge-discharge curve of the battery in a typical
day in the heating period and non-heating period.

2.6 Principle of energy storage system
absorbing wind power

Due to the coupling relationship between the generating output
and the heating output of the thermoelectric unit, the adjustable
range of the generating power of the unit is limited by the heating
output under a certain heating power (Bartnik et al., 2021).

In the independent microgrid, due to excessive wind power at
night, it is impossible to connect to the grid. Therefore, during the
winter heating period, the power generation output of
thermoelectric units cannot be reduced due to heat supply
constraints, resulting in more serious wind abandonment. After
installing heat storage devices in the microgrid, the thermoelectric
units supply heat load and also store heat to the heat storage device
during the non-wind abandonment period. During the wind
abandonment period, the output of the thermoelectric units can
be reduced, while the insufficient heat supply is supplemented by the
heat stored by the heat storage device, so as to accept more wind
power and minimize the wind abandonment.

3 Optimal configuration model of
energy storage system

According to the principle of the highest economic efficiency
and maximum benefit in the microgrid, this paper aims at
minimizing the total economic cost of the system, and establishes
a planning systemmodel including the investment cost of the energy
storage system, the operation cost of the microgrid, and the
pollution control cost, as shown in Figure 2.

3.1 Objective function

In the optimization configuration of energy storage system, we
take economy as the optimization objective, and propose the
following objective function:

Total � Min IC + OC + PC( ) (11)
IC � αPR

B + βCe
max + χhRB + δCh

max (12)

Frontiers in Energy Research frontiersin.org04

Chen 10.3389/fenrg.2023.1283859

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1283859


OC � ∑NT

t�1
∑NH

h�1
∑NG

i�1
∑NL

l�1
Fe Pith( )Iith + Fh Plth( )Llth + SUth + SDth[ ] (13)

PC � ∑NT

t�1
∑NH

h�1
∑NK

K�1
αKβKpdie t( ) (14)

Where Total is the total cost of the microgrid in the planning
period of the energy storage system; IC is the investment cost of the
energy storage system;OC is the operation cost of the microgrid; PC is
the cost of microgrid pollution control; α is the unit power investment
coefficient of the battery; β is the unit capacity investment coefficient of
the battery; χ is the unit power investment coefficient of the heat storage
system; δ is the unit capacity investment coefficient of the heat storage
system; PR

B and Ce
max are the maximum power and capacity of the

battery respectively; hRB and Ch
max are the maximum power and

maximum capacity of the heat storage system respectively; NT is
the total number of days; NH is the total number of hours; NG is
the total number of conventional thermal generator sets;NL is the total
number of cogeneration units; Pith is the power generated by a
conventional unit in a certain period of time; Fe is the functional
relationship between the power and cost; Iith is the state index of
whether the distributed power supply works. When the distributed
power supply works, Iith � 1; otherwise, Iith � 0. Plth is the power
generated by a cogeneration unit in a certain period of time, and Fh is
the functional relationship between the power and cost; Llth is the state
index of whether the distributed power supply works. When the
distributed power supply works, LIth � 1; otherwise, LIth � 0. SUth

and SDth are the start-up and shutdown costs of the generator unit; αK
is the treatment cost coefficient of different pollutants; βK is the
emission coefficient of different pollutants; NK is the total amount
of pollutants; pdie(t) refers to the power generated by a unit in a certain
period of time.

The investment coefficient per unit capacity of battery is as
follows:

β � CE

Tlife
+ Cm (15)

Where CE is the total investment cost per unit capacity; Cm is the
sum of the repair and maintenance costs of the equipment per unit
capacity and the disposal costs of the device; Tlife is the estimated life of
the energy storage system. In this way, these costs are spread evenly over

the cycle life of the energy storage system, and the investment coefficient
of unit capacity in the planning cycle can be obtained.

Generation cost can generally be expressed as a quadratic
function of generation power. The power cost functions of
conventional thermal power units and cogeneration units are:

Fe pith( ) � aip
2
ith + bipith + ci (16)

alp
2
lth + blplth + cl � al pei,t + γlhlth( )2 + bl pei,t + γlhlth( ) + cl (17)

Where: ai, bi, ci and al, bl, cl are the cost coefficients of
conventional units and cogeneration units.

It can be seen that Eqs 16, 17) are nonlinear, which brings
difficulty to the solution of the model. To linearize the equations, the
piecewise linearization technique is adopted, the detailed description
of which in (Tuladhar et al., 2022).

3.1.1 System constraints
(1) Electrical power balance constraint

∑NG

i�1
PithIith +∑NL

l�1
PlthLlth +∑NR

i�1
Pirth + PESS � Pload,th (18)

Where NR is the quantity of new energy; Pirth is power
generated for new energy; PESS is the power to charge or
discharge the energy storage system; Pload,th is the power required
for the load in this period.

(2) Heating power balance constraint

∑NL

l�1
hlth + hhs � hload,th (19)

Where hlth is the thermal power of thermoelectric unit i in this
period; hhs is the heat storage and heat release power of the heat
storage system in this period; hth is the thermal load of the system
during this period; NL is the number of all thermoelectric units.

(3) Wind power output constraint

Pwth

0 vht < vCI or vht ≥ vco

Pw
maxvht − vCI

vR − vCI
vCI ≤ vht < vR

Pw
max vR ≤ vht < vCO

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (20)

Where Pw
max is the rated power of the wind turbine, vCI, vR, and

vCO are the cut-in wind speed, rated wind speed and cut-out wind
speed of the fan; vht is the wind speed in a certain period.

3.1.2 Unit constraints
(1) Unit output constraint:

pi,min ≤pi,t ≤pi,max (21)
Where pi,min and pi,max are the minimum and maximum

electric output of the unit respectively.

(2) Thermal output constraint of steam extraction unit:

0≤ hlth ≤ hl,max (22)
Where hl,max is the maximum limit value of the thermal output

of unit l, which mainly depends on the capacity of the heat
exchanger.

FIGURE 2
Each cost diagram of the system.
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(3) Gross power ramp constraints for the unit:

Pith − Pit h−1( ) ≤Δpu,i (23)
Pith h−1( ) − Pith ≤Δpd,i (24)

Where Δpu,i and Δpd,i are the maximum uphill and downhill
climbing outputs of the unit.

(4) Thermal Climbing Constraints for Steam Extraction Units:

hlth − hlt h−1( ) ≤Δhu,l (25)
hlt h−1( ) − hlth ≤Δhd,l (26)

Where Δhu,l and Δhd,l are the maximum changes in thermal
power per unit time of the extraction unit.

3.1.3 Energy storage system constraint
(1) Energy storage battery output constraints:

SOC min ≤ SOCt ≤ SOC max (27)
Where SOCmin and SOC max are the minimum and maximum

values of the state of charge of the energy storage battery.

(2) Thermal storage system output constraints:

HHS. min ≤Ht
HS ≤HHS. max (28)

Where HHS. min and HHS. max are the minimum and maximum
values of the thermal storage state of the thermal storage system,
respectively.

3.1.4 Self-sufficiency probability constraint
In the independent operation mode of the microgrid, it is

particularly important to meet the load requirements and achieve
system stability. Therefore, we introduce the concept of self-
sufficiency probability. Configure the energy storage system by
constraining the probability of meeting the load demand within
the planning period, considering the load and wind output
prediction errors.

For electrical loads:

P(∑NG

i�1
PithIith + Pwth + Δw + λPESS ≥Pload,th + Δd)≥PSSe (29)

For thermal loads:

P ∑NL

l�1
hlthLlth + μhhs ≥ hload,th + Δh⎛⎝ ⎞⎠≥PSSh (30)

Where PSSe and PSSh are the self-sufficiency probabilities of
electrical and thermal loads in the microgrid, respectively, Δw, Δd,
and Δh are wind power output prediction errors, electrical load
errors, and thermal load errors that meet normal distribution.

4 Solution method

The bacterial colony chemotaxis algorithm is an improvement of
the bacterial chemotaxis algorithm (BC). By exchanging information
with surrounding peers, bacteria can greatly save search time in the
solution space, which improves speed and convergence while

retaining the simplicity and robustness of the BC algorithm. This
article adopts a bacterial population chemotaxis algorithm based on
unit output and energy storage system power allocation strategy.

Each row of 4 bacteria represents the rated power and capacity of
the power storage system, as well as the rated power and capacity of
the heat storage system. In order to reasonably coordinate the power
output within the system in the microgrid to meet the needs of the
load. Ensure real-time power balance between power output and
load demand at each time period, prevent overcharging and
discharging of the energy storage system, and achieve optimized
scheduling of distributed power sources in the microgrid. In the
actual planning process, it is often necessary to select a reasonable
power allocation strategy, which can effectively improve the
efficiency of generating feasible solutions and thereby improve
algorithm performance.

The planning cycle of energy storage systems is generally divided
into heating period and non heating period. The non heating period
generally refers to April to October, when the cogeneration unit and
heat storage system stop operating. The heating period generally
refers to November to March of the following year, when the
cogeneration unit and heat storage system are put into operation.

During non heating periods, wind power is prioritized in
microgrids, and excess wind power is stored through energy
storage batteries. If wind power is insufficient, conventional units
are used to supplement output demand.

During the heating period, due to the fact that the loss cost of
charging and discharging heat in the heat storage system is much
lower than that of charging and discharging batteries, priority is
given to utilizing the heat storage system to absorb wind power. The
specific operation strategy is as follows:

Firstly, determine whether the period is in the wind
abandonment stage, based on whether the wind power output
meets the electricity load demand. If during the wind
abandonment stage, the heat storage system releases heat, the
cogeneration unit prioritizes supplementing the heat load
demand, and the electricity load prioritizes consuming the output
of wind power and cogeneration units. Excess electricity is stored
through energy storage batteries. If in the non wind abandonment
stage, the thermal power unit not only meets the thermal load but
also stores heat for the heat storage system, and then judges the
charging and discharging needs of the energy storage system based
on the power load. If there is insufficient power, it will be
supplemented by conventional thermal power units. The specific
steps are shown in Figure 3.

5 Case studies

5.1 Case description

In this paper, a 6-unit system is used for simulation, with a
planning period of 1 year. The system consists of 3 conventional
thermal power units, 2 extraction thermoelectric units, and 1 wind
turbine. The system load is divided into heating and non-heating
periods, and the wind power is predicted by selecting historical data
from an island. The island load is mainly residential load. The coal
consumption characteristic parameters and electric heating output
operation parameters are shown in (Jiaming et al., 2016). The
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self-sufficiency probability requirement is 90%. The self-sufficiency
probability prediction error normal distribution Δw, Δd, and Δh are
taken as (0, 144) kW, (0, 256) kW, and (0, 256) kW. The annual
investment cost coefficient α is 240 $/(kW·a), and the total cost of
capacity investment CE is 80 $/(kW·h), The sum of the annual unit
capacity equipment repair and maintenance costs and device
disposal costs is 30 $/(kW·h)·a), the annual unit power
investment coefficient of the heat storage system is 192 $/(kW·a),
and the annual unit capacity investment coefficient is 9 $/(kW·h)·a.
The planning cycle of the microgrid is taken as 1 a. To prevent
overcharging and discharging, the upper and lower limits of SOC are
taken as 0.9 and 0.2, respectively. The upper and lower limits are
0.9 and 0.1 respectively. The initial SOC setting is 0.2, and the initial
settingHHS for the heating period is 0.5; The self-discharge rate and
self-heat release rate of the energy storage system are both 0.01, and

the charge discharge efficiency and charge heat release efficiency are
both 0.75. The thermoelectric unit is 0.9.

The number of bacteria is 50, the maximum number of
iterations is 100, the initial accuracy is 2, the final accuracy is
0.01, the accuracy update constant is 1.25, and each bacteria
moves at a speed of 1.

The configuration is tested on a personal computer with Intel(R)
Core (TM) i7-8565U CPU and 8.00 GB RAM using MATLAB
R2020b.

In order to compare and analyze the economic benefits of energy
storage system configuration on the system, three different scenarios
are set up:
Scenario A: There is no energy storage device in the system;
Scenario B:Adding a randomly configured energy storage system to
the system;
Scenario C: Configure an optimized energy storage system in the
system.

5.2 Simulation results

5.2.1 Analysis of optimization results
Select a typical heating and non-heating day, and the SOC curve

of the energy storage battery in the ideal state (that is, not limited by
capacity, but only related to load demand) is shown in Figures 4, 5.
As can be seen from the figure, during the non-heating period, there
are 4.5 cycles with discharge depths of 0.6, 0.6, 0.2, and 0.2,
respectively. The heating period is 2.5 cycles, and the discharge
depth is 0.4 and 0.4, respectively. According to calculation, the
annual life loss rate is about 0.45. During the heating period, as wind
power is mainly dissipated through the heat storage system, the SOC
of the energy storage battery has a small change. It can be estimated
that the service life of the energy storage battery is about 2.2 a, and
then the annual investment coefficient per unit capacity of the
energy storage battery is 66 $/(kW·h)·a.

The total cost of Scenario A is 171.1902 million $, including
171.118 million $ of operation cost and 10,200 $ of pollution control
cost. The probability of self-sufficiency in electrical load is 65%, and

FIGURE 3
The calculation process of bacterial colony chemotaxis
algorithm.

FIGURE 4
A typical SOC curve during the non-heating period.
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the probability of self-sufficiency in thermal load is 87%, which does
not meet the requirements. During non-heating periods, thermal
power unit 1 operates all the time, and during periods of insufficient
output, it is supplemented by thermal power units 2 and 3. During
the heating period, the operation of thermoelectric units gives
priority to meeting the thermal load. Due to the “heat to power”
mode of air extraction units, when wind energy resources are
sufficient in winter, a large amount of wind energy will be discarded.

Scenario B randomly selects the configurations of 3 MW and
5 MW·h energy storage batteries and 1 MW and 6 MW·h heat
storage systems, with a total cost of 79.364 million $, of which
the investment cost of the energy storage system is 1.08 million $, the
operation cost of the microgrid and the pollution control cost are
78.346 million $ and 9,700 $, respectively. Compared to Scenario A,
the total cost decreased by 53% year-on-year. The main reason for
the decrease in total cost is that after configuring the energy storage
system, the energy storage battery can reduce peak load and valley
load, optimize output scheduling, reduce wind power losses, and the
heat storage system can increase the utilization rate of wind power
during the heating period, avoiding the generation of abandoned
wind, resulting in a decrease in total cost. Under this scheme, the
probability of self-sufficiency of electrical load is 97%, and the
probability of self-sufficiency of thermal load is 99%, which
meets the self-sufficiency probability set by the system.

Scenario C uses the energy storage system optimization
configuration method proposed in the article to seek the optimal
configuration, and obtains the optimal configuration of 2.6 MW,
9.1 MW·h energy storage batteries, and 2.2 MW, 10 MW·h heat
storage systems, which is the optimal configuration sought. Under
this configuration, the total cost is 77.751 million $, compared to
Scenario A, the total cost decreased by 54% year-on-year, and
compared to Scenario B, the total cost decreased by 2% year-on-
year. Among them, the investment cost of energy storage system is
1548000 $, the operation cost of microgrid and the pollution control
cost are 76.193 million $ and 9,300 $ respectively. The probability of
self-sufficiency of both electrical and thermal loads in this
configuration is 99%. Compared to Scenario B, the reason for the
total cost reduction is that the system is configured with an

optimized energy storage system, which can more effectively
optimize system output and reduce wind abandonment. The
specific comparison results are shown in Table 1.

As can be seen from Figure 6A, in the wind abandonment phase
of the microgrid, the energy storage batteries are charged. In the

FIGURE 5
Typical SOC curve during the heating period.

TABLE 1 Cost in different scenes.

Scenario A Scenario B Scenario C

Investment cost (104$) 0 100.8 154.8

Operating cost (104$) 17,118 7,834.6 7,619.3

Pollution control cost (104$) 1.02 0.97 0.93

Total cost (104$) 17,119.02 7,936.4 7,775.1

FIGURE 6
Composition of load output on a typical day during the heating
and non-heating periods. (A) Typical load output composition during
non-heating period. (B) Typical load output composition during
heating period. (C) Typical daily heat load output composition
during heating period.
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non-wind abandonment phase, after using the wind power, priority
is given to replenishing the output through the energy storage
batteries, which can effectively reduce peak load and valley load,
reducing energy consumption.

Figures 6B, C show the electricity and heat output during the
heating period. During the wind abandonment stage, the heat
storage system releases heat energy and the cogeneration unit
jointly meet the heat load. At this time, the cogeneration unit has
a small output, and wind energy can be preferentially utilized to
reduce wind abandonment. In this case, there is sometimes still a
large amount of remaining electrical energy, and at this time, energy
storage batteries can be used to store electrical energy. In the non-
wind abandonment stage, the thermoelectric unit stores heat for the
heat storage system while meeting the thermal load, and then judges
the charging and discharging requirements of the power storage
system based on the electrical load. It can be seen that the
introduction of a multi-purpose storage system into the
microgrid has increased the flexibility and system benefits of the
microgrid, reducing the generation of wind abandonment.

The operating cost during the non-heating period only considers
the power and capacity of the energy storage battery. As shown in
Figure 7, selecting a series of data with a step size of 1 MW, it can be
seen that as the system configuration increases, the system operating
costs gradually decrease, while the investment costs increase, and the
pollution control costs decrease.

During the heating period, the overall configuration of energy
storage batteries and heat storage systems is considered. As the
configuration increases, the investment cost of the energy storage
system increases, and the operating cost and pollution control cost
of the microgrid also decrease.

5.2.2 Analysis of wind power absorption effect
Figure 8 shows the exhaust air volume under different scenarios on

a typical day during a heating period. It can be seen that the total
exhaust air volume under scenario 1 reaches 39.11 MW. The reason is
that during the heating period, the production mode of the
cogeneration unit “determining power based on heat” causes the
forced power output of the system to be too high due to heating.

After adding energy storage, the exhaust air volume for Scenario 2 and
Scenario 3 is 8.19 MW and 7.84MW, respectively, greatly reducing the
exhaust air volume. It can be seen that the existence of energy storage
systems has significantly improved the acceptance of wind power,
which has played a positive role in the overall economy of the system.

5.2.3 Comparative analysis with traditional optimal
allocation methods

During the comparative analysis process, the following scenarios
are set up.
Scenario D: Adding an energy storage system with traditional
optimization configuration methods to the system.

The main difference between the traditional optimal configuration
method for energy storage systems and the configurationmethod in this
paper is that the traditional method does not consider the difference
between the SOC curve heating period and the non-heating period
when estimating the life of the energy storage system.

When estimating the life of energy storage batteries using traditional
configuration methods, the SOC curve of a typical day is generally
selected. Here, selecting a typical non-heating period SOC curve, as
shown in Figure 4, it can be obtained that the discharge depths for
4.5 cycles are 0.6, 0.6, 0.2, and 0.2, respectively. After calculation, the
annual loss rate is 0.55, and the estimated life of the power storage system
is about 1.8 years. The main reason for calculating this result is that the
difference between the SOC curve during the heating period and the non-
heating period is not considered. During the heating period, the SOC
curve of the energy storage battery changes slightly due to the dissipation
of waste air mainly through the charging and discharging effects of the
heat storage system. Therefore, using traditional methods to estimate the
life of energy storage batteries has generated certain errors, resulting in
inaccurate investment cost calculations.

5.2.4 Sensitivity analysis of energy storage system
investment

The annual unit power investment coefficient is larger than the
annual unit capacity investment of the energy storage system. This
section mainly analyzes the impact of the annual unit power
investment coefficient of the energy storage system on the
optimal configuration and total cost of the energy storage system.
Taking a series of data with other cost factors unchanged, the
resulting results are shown in Figure 9. It can be seen that when

FIGURE 7
Relationship between operation cost and energy storage system
sizing during the non-heating period.

FIGURE 8
Comparison of typical drought scenarios during the heating
period.
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it is small, due to the lower investment unit cost, the optimal
configuration power of the power storage system is larger, which
also brings benefits to the system. As the investment increases, the
unit cost of investment increases, and the optimal allocation of
power increases, while the system benefits also decrease due to the
reduced configuration of the energy storage system. Other cost
factors have similar effects.

6 Conclusion

This paper proposes a model for optimal configuration of energy
storage systems in microgrids, and the following conclusions are
obtained.

(1) The configuration of energy storage systems in amicrogrid can affect
the investment cost of energy storage systems, as well as the operating
and pollution control costs of the entire microgrid. As a constraint in
system operation, it affects the selection of power allocation strategies
for the entire microgrid. Therefore, selecting a more reasonable
configuration of the energy storage system can improve the
utilization rate of new energy and increase system revenue.

(2) The reasonable configuration of the energy storage system can,
to a certain extent, avoid wind abandonment caused by the
forced power output of the cogeneration unit in the “heat to
power” mode during the winter heating period, thereby
improving the overall economy and low-carbon performance
of the independent microgrid.

Further research should consider the configuration and coupling
relationship of electricity, gas, and heat storage in the integrated
energy microgrid, as well as the planning and configuration of
composite energy storage and energy conversion devices such as
P2G and liquid hydrogen SMES in themicrogrid. In existingmodels,
in order to more accurately estimate the life of the energy storage
system, it is possible to further consider a modified model that
predicts the life changing with the actual situation. At the same time,
the main research object of this article is independent microgrids,
which can continue to be studied.
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