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Abstract

As a key component of an integrated energy system (IES), energy storage can effectively alleviate the problem of
the times between energy production and consumption. Exploiting the benefits of energy storage can improve the
competitiveness of multi-energy systems. This paper proposes a method for day-ahead operation optimization of a
building-level integrated energy system (BIES) considering additional potential benefits of energy storage. Based on
the characteristics of peak-shaving and valley-filling of energy storage, and further consideration of the changes in
the system’s load and real-time electricity price, a model of additional potential benefits of energy storage is
developed. Aiming at the lowest total operating cost, a bi-level optimal operational model for day-ahead operation
of BIES is developed. A case analysis of different dispatch strategies verifies that the addition of the proposed
battery scheduling strategy improves economic operation. The results demonstrate that the model can exploit
energy storage’s potential, further optimize the power output of BIES and reduce the economic cost.

Keywords: Building-level integrated energy system, Energy storage, Additional potential benefits, Bi-level
optimization

1 Introduction
According to reports issued by the International Energy
Agency and the U.S. Energy Information Administration,
energy consumption of global buildings accounts for ap-
proximately 32% of total consumption. Among which,
the energy consumption of residential and commercial
buildings account for about 20% of the total transmitted
energy in the world, and the total CO2 emissions from
building energy consumption account for 30% of the
total [1–4]. At present, China’s building energy con-
sumption accounts for more than 27% of its total energy
consumption [5]. Moreover, with continuous
urbanization and adjustment of industrial structure,

building energy consumption continues to increase,
which may further exacerbate the problems of environ-
mental degradation and resource scarcity. Therefore, op-
timizing the scheduling strategy of the energy system in
a BIES and promoting the efficient use of various types
of clean energy are of great significance for energy use
improvement, system operating costs reduction, and sus-
tainable urban development [6–8].
At present, research on BIES mainly focuses on the

system model, optimization strategy, and solution algo-
rithm. Reference [9] constructs two-dimensional and
three-dimensional models of distributed energy systems,
which can effectively reduce the operating cost of a
BIES. However, the energy consumption equipment only
has a few selections with low strategic flexibility. Refer-
ence [10] proposes an economic optimization scheduling
method for multi-type cooling systems in large
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buildings, which reduces the energy consumption of the
cooling system. However, it lacks a comprehensive con-
sideration of the combined cooling, heating and power
systems. Taking the intelligent building group as a
multi-stakeholder application scenario, reference [11]
constructs a day-ahead optimization sharing model, and
the Shapley value method is used to allocate the income
of each building to increase the total income of the clus-
ter. Reference [12] studies the energy distribution strat-
egy between buildings. On the basis of the minimum
electricity cost of cluster electric vehicles, the model
considers the energy sharing and the lowest scheduling
cost between buildings and establishes a day-ahead
optimization scheduling model. From the perspective of
energy utilization, references [13, 14] tackle the energy
waste problem caused by the mismatch of the charge-
side electric-heat ratio of the interconnected CCHP-type
microgrid sources by energy sharing, so the economic
competitiveness of microgrid operation is improved.
Aiming at air-conditioning load, the outdoor
temperature and real-time electricity price are trans-
formed into a fuzzy set in [15]. This is solved with the
lowest electricity cost and minimum room temperature
violation as the objective functions can reduce the im-
pact of forecast uncertainty on BIES operating costs.
Reference [16] investigates the influence of the electricity
tariff on energy flexibility in buildings and associated en-
ergy costs, including real-time pricing, two-level day-
night tariff and critical-peak pricing with both fixed and
variable feed-in price components. The flexibility of user
heating demand is considered in [17] and a flexible de-
mand response model of electric-heat load is established.
This effectively reduces the peak-to-valley difference of
the load and the total operating cost of a BIES. In [18],
artificial neural networks are integrated into an
optimization problem for a price-based demand re-
sponse to solve various electricity prices and building
thermal conditions, while reference [19] calculates the
flexibility potential by evaluating the capability of build-
ings to dynamically change their demand profiles ac-
cording to external penalty signals, such as energy price,
carbon emission, etc.
Energy storage equipment plays an important role in

cutting peaks and filling valleys, smoothing fluctuations
in renewable energy, and alleviating the imbalance be-
tween energy production and consumption. It can im-
prove the economic efficiency and flexibility of a BIES.
The application of a combined heat and power system
and energy storage in an IES is analyzed in [20], and the
economic benefits to system operation of battery energy
storage are studied by solving the economic optimization
model. The results show that combination of heat and
power system and energy storage can reduce the operat-
ing cost of the microgrid. Reference [21] proposes a

mixed-integer linear programming method to solve the
problem of microgrid economic dispatch. The study lin-
earizes the models of traditional micro power and energy
storage, and compares with traditional genetic algo-
rithms in terms of speed of solution and accuracy. Based
on an improved gravitational search algorithm, reference
[22] solves the problem on the premise of energy storage
and new energy generation, and optimizes the output of
dispatchable micro power sources such as fuel cells and
diesel engines in the microgrid. Power storage equip-
ment is introduced in [23] as a key tool for demand re-
sponse in household energy management while the
proposed model maximizes the benefits to consumers
and network operators with reduced electricity costs and
investment costs. Using a variety of energy storage
modes including thermal inertia and the flexibility of
cooling and heating loads, a coordinated scheduling
model is established in [24] for multi-energy comple-
mentary systems to determine the optimal control strat-
egy. Most studies focus on an optimal scheduling and
solution algorithm of an IES with energy storage, while
considering the effect of energy storage and renewable
energy on peak shaving and valley filling. However, the
operational status of energy storage is relatively fixed be-
cause of the limitation of distributed energy output and
IES load demand. Those studies do not consider the in-
fluence of the daily electricity price fluctuation and the
pattern of load change on the optimization of IES oper-
ation. As a result, the full picture of the dispatching role
of energy storage is not shown.
This paper takes the user-side building as the research

object and integrates the technology of combined cool-
ing, heating and power into a BIES. Energy storage for
enhancing the coupling of equipment is introduced, and
the flexibility and economic efficiency are further im-
proved. Firstly, an operating characteristic model of the
distributed energy equipment is established considering
the factors in the energy consumption of the BIES. Sec-
ondly, an energy storage model is established that com-
pletely considers the impacts of load deficiencies, real-
time electricity prices, and the additional potential bene-
fits of energy storage. Thirdly, a bi-level optimal oper-
ation model for day-ahead operation with the goal of the
lowest total operating cost is established. Finally, a prac-
tical testing cases are analyzed to further optimize the
scheduling strategy of energy storage based on total op-
erating cost reduction and peak load shifting to exploit
its potential.

2 Modeling of BIES
2.1 Typical structure
A BIES has the distinct characteristics of residential
users, and can provide various forms of energy according
to users to achieve the optimal use of energy resources
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by combining existing energy, resources, technical con-
ditions etc. Compared with other energy distribution
systems, a BIES has higher operational stability, energy
efficiency and economic benefits. The structure diagram
of a BIES is shown in Fig. 1, which shows a photovoltaic
unit (PV), wind turbine (WT), gas turbine (GT), gas
boiler (GB), electric chiller (EC), absorption chiller (AC),
Electric energy storage (ES) and a heat recovery boiler
(HRB).

2.2 Modeling of equipment operating characteristic
2.2.1 Gas turbine
Gas turbines are the core equipment of a combined
cooling, heating and power system, which can be
expressed as:

Pe
GT:i tð Þ ¼ Pg

GT:i tð ÞHgasηeGT ð1Þ

Ph
GT:i tð Þ ¼ Pg

GT:i tð ÞHgas 1 − ηeGT − ηlossGT

� � ð2Þ

where Pe
GT:iðtÞ, Ph

GT:iðtÞ and Pg
GT:iðtÞ are the output elec-

tric power, output thermal power, and natural gas con-
sumption of gas turbine i at time t, respectively. ηeGT is
the net power generation efficiency of the gas turbine,
and ηlossGT is the gas turbine energy loss rate. Hgas is the
low calorific value of natural gas and this paper takes
Hgas as 9.78kWh/m3.

2.2.2 Gas boiler
As a backup heat source in the BIES, gas boilers play a
role in peak shaving and can be expressed as:

Ph
GB:i tð Þ ¼ Pg

GB:i tð ÞHgasηhGB ð3Þ

where Ph
GB:iðtÞ and Pg

GB:iðtÞ are the output thermal power
and consumed natural gas of gas boiler i at time t, re-
spectively. ηhGB is the heating efficiency of the gas boilers.

2.2.3 Absorption chiller
Absorption chillers use the characteristics of refrigerant
vaporization to absorb heat to achieve the purpose of ex-
ternal cooling, and can be expressed as:

Pc
AC tð Þ ¼ COPACP

h
AC tð Þ ð4Þ

where Pc
ACðtÞ and Ph

ACðtÞ are the output cold power and
consumed residual calories of absorption chiller i at time
t, respectively. COPAC is the refrigeration energy effi-
ciency ratio of the absorption chillers.

2.2.4 Electric chiller
Refrigerators are compressor-type loads, which can pro-
vide additional cooling when the refrigeration device of
an IES or cold storage and cooling are insufficient. They
play the role of peak shaving and can be expressed as:

Pc
EC tð Þ ¼ COPECP

e
EC tð Þ ð5Þ

where Pc
ECðtÞ and Pe

ECðtÞ are the output cold power and
consumed electric power of the electric refrigerators, re-
spectively. COPEC is the refrigeration energy efficiency
ratio of the electric refrigerators.

2.2.5 Electrical energy storage
Battery devices can smooth the uncertainty of renewable
energy output. They can be used to improve the optimal
allocation capability of IES in a large time and space. To
increase the capacity of renewable energy consumption.
Battery devices can be expressed as:

SOCES tð Þ ¼ SES tð Þ
SES:rate

ð6Þ

where SOCES(t) and SES(t) are the state of charge and
remaining capacity of the electrical energy storage, re-
spectively. SES. rate is the rated capacity of the electrical
energy storage.

3 Additional potential benefits of energy storage
In a BIES, the development and addition of electricity
storage technology help to make full use of clean energy
that is difficult to connect to the grid, reduce the curtail-
ment of wind and solar power, and minimize the output
fluctuation of gas turbines. Through reasonable and ef-
fective scheduling and coordinated optimization among
various energy subsystems, the efficiency of energy stor-
age can be maximized and the invisible economic sched-
uling role of the battery can be brought into operation.
In current research on the optimal operation of a

BIES, the battery mainly cooperates with distributed en-
ergy sources to supply the loads, and plays the role of
peak-shaving and valley-filling. Most research is focused
on reducing the amount of wind and solar energy cur-
tailment, optimizing energy storage configuration,Fig. 1 Building-level integrated energy system structure
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capacity, etc. The operating state of the battery is fixed
because of the limitation of distributed energy output
and BIES load demand. The charging/discharging sched-
uling method of the battery fails to adjust the operating
state according to changes in electricity prices. This is
not conducive to maximizing the dispatching role of the
battery. In order to fully use the battery in promoting
economic dispatch in energy interactive benefits, and to
improve the overall economic benefits of the system, this
paper determines the battery charging and discharging
schedule from a dynamic perspective by fully consider-
ing the fluctuation of the electricity price, the change
pattern of the load and the change in interactive power.
The additional potential income of energy storage re-

fers to the income brought by the current state of charge
and discharge when the battery participates in the “en-
ergy transfer” process of a BIES. In essence, on a basis of
not changing the basic function of energy storage, the
battery is charged at a low price in order to be sold at a
higher price at a certain time in the future, thereby add-
ing part of the revenue to the BIES.
To pursue greater economic benefits of a BIES, it is

necessary to make full use of the difference in electricity
prices at different times and fully mobilize the dispatch-
ability of the battery. To fully consider the impact of the
generation shortage and real-time electricity price, this
paper establishes the objective function of the additional
potential income of energy storage as follows:

PNGS tð Þ ¼ Pe
Load tð Þ −

X
i

Pi tð Þ ð7Þ
X
i

Pi tð Þ ¼
X
i

Pe
GT:i tð Þ þ PPV tð Þ þ PWT tð Þ ð8Þ

Pe
Load tð Þ ¼ Pe

load tð Þ þ Pe
EC tð Þ ð9Þ

where PNGS(t) is the net generation power shortage, Pi(t)
is the output power of each energy device, Pe

LoadðtÞ is the
electricity demand from users, and Pe

loadðtÞ is the elec-
trical load at time t. PPV(t) and PWT(t) are the photovol-
taic and wind turbine outputs, respectively.
To ensure that the battery will meet the conditions of

discharging during a large generation shortage and char-
ging during a small generation shortage, the following
coefficients αNGS(t) and βNGS(t) are set as:

αNGS tð Þ ¼ kdis
PNGS tð Þ
PNGS max

ð10Þ

βNGS tð Þ ¼ kch
PNGS max − PNGS tð Þ

PNGS max
ð11Þ

where αNGS(t) and βNGS(t) are the battery discharge and
charge coefficients, respectively. PNGS _max is the max-
imum net load shortfall power, while kch and kdis repre-
sent the proportionality of the charge and discharge

coefficient, respectively. When the shortage of power at
time t is large, αNGS(t) is high and the battery is more
likely to discharge. In contrast, when the shortage of
power at time t is small, βNGS(t) is large and the battery
is more likely to be charged. Thus, αNGS(t) and βNGS(t)
can effectively identify the generation shortage and in-
struct battery charging and discharging.
The additional potential revenue function of energy

storage is given as:

FES ¼ FES dis þ FES ch ð12Þ

FES dis ¼
XT
t¼1

ΑNGSP
dis
ES tð Þ

¼
XT
t¼1

αNGS tð Þ þ δdis ρse tð Þ − ρse max

� �� �
Pdis
ES tð Þ

ð13Þ

FES ch ¼
XT
t¼1

ΒNGSP
ch
ES tð ÞηchESηdisES

¼
XT
t¼1

ðβNGS tð Þ þ δch ρse max − ρbe tð Þ� �
Pch
ES tð ÞηchESηdisES

ð14Þ
where FES is the additional potential economic benefit of
energy storage. FES _ dis and FES _ ch are the battery dis-
charge and charge benefits, respectively. ρse(t) is the
price of electricity sold by BIES at time t, ρse _ max is the
maximum price of electricity sold on a day, and ρbe(t) is
the price of electricity purchased by the BIES from the
distribution network at time t. δch and δdis are the re-
spective charge and discharge coefficients following the
changes in real-time electricity prices. ΑNGS is the cor-
relation coefficient between battery discharge status and
real-time electricity price and generation shortage, while
ΒNGS is the correlation coefficient between the SOC of
the battery and the real-time electricity price and gener-
ation shortage. Pch

ESðtÞ and Pdis
ES ðtÞ are the charging and

discharging power of the battery at time t, respectively.
The discharge of the battery under the current higher
electricity price will gain more benefit than the discharge
at a lower electricity price. If the power shortage is also
large at the time, the battery discharge benefit will in-
crease further. In the same way, when the battery is
charged under the current low electricity price and dis-
charged when the electricity price is high in the future,
additional benefit will be obtained. Similarly, if the
power shortage is also small at this time, the battery
charging benefit will be further increased. To achieve
the scheduling strategy of battery charging at low electri-
city price and discharging at high electricity price, the
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revenue should be increased as much as possible when
optimizing the function FES, so as to ensure the optimal
charge/discharge scheduling strategy of the battery.

4 Economical optimal operational model
considering additional potential benefits of
energy storage
Considering the cost and environmental benefits of each
equipment, the curtailment of wind and solar power
should be avoided, and the use of clean energy should
be treated with higher priority. The gas turbine adopting
the ‘cogeneration’ method uses a waste heat recovery
system to recover heat energy. When heat supply is in-
sufficient, a gas boiler or heat storage tank is used to
compensate for the heat generation shortage. In this
paper, a bi-level optimization model of economic
dispatch considering the additional potential benefits of
electricity storage is established for the economic
optimization of a BIES. The upper-level model targets
the total cost of the BIES, including operating costs,
interaction costs with the distribution network, and nat-
ural gas costs. The lower-level model targets the add-
itional potential benefits of electricity storage. The
transfer relationship of decision variables between the
upper level and the lower level is shown in Fig. 2.
Firstly, the upper level transmits the dispatching op-

eration status of distributed energy equipment to the
lower level, while the lower level returns the opti-
mized battery charge and discharge state to the upper
level to continue the optimization. The upper level
then revises the total economic cost based on the
optimization results of the lower level, optimizes the
dispatch operation of distributed energy equipment,
and transmits it to the lower level. Finally, by apply-
ing continuous optimization iterations, the optimal
scheduling strategy of BIES and the optimal charging
and discharging state of the battery under the optimal
economic conditions are produced.

4.1 Upper-level model
The upper-level model can be represented by:

minFup ¼ F fu þ Fm − Fex ð15Þ

F fu ¼
XT
t¼1

Pg
GT tð Þ þ Pg

GB tð Þ� �
ρgas ð16Þ

Fm ¼
XT
t¼1

X
αiPi tð Þ ð17Þ

Fex ¼
XT
t¼1

ρse tð Þ þ ρbe tð Þ� �Pex tð Þ
2

þ

ρse tð Þ − ρbe tð Þ� � Pex tð Þ
2

����
����

ð18Þ

Pex tð Þ ¼ Pch
ES tð Þ − Pdis

ES tð Þ − PNGS tð Þ ð19Þ
In the above equations, T is the total time of the

scheduling cycle. Ffu is the cost of natural gas consump-
tion of gas turbines and gas boilers, Fm is the operating
cost of each piece of equipment, and Fex is the inter-
active benefit between the BIES and power grid. αi and
Pi(t) are the operating cost of equipment i and the out-
put power at time t, respectively. Pex(t) is the interactive
power between the BIES and power grid at time t.
Pex(t) > 0 means that the BIES sends power to the distri-
bution network whereas Pex(t) < 0 means that the BIES
purchases electricity from the distribution network.

4.2 Lower-level model
In order to incorporate the value-added role of batteries
in a BIES and formulate a reasonable and effective
dispatch strategy, the lower-level model introduces the
additional potential income model of electricity storage
to optimize the unknown output. Seeking the highest
economic benefit brought by the additional potential
benefits of electricity storage is equivalent to finding the
smallest value of Flow. FES is shown in (12) and there is

minF low ¼ min − FESð Þ ð20Þ
The lower model can obtain the optimal charge and

discharge strategy of the battery, and it is returned to
the upper model to continue iterative optimization.

4.3 Operational constraints
4.3.1 Power balance constraint

Pbuy tð Þ þ
X
i

Pe
GT:i tð Þ þ PPV tð Þ þ PWT tð Þ þ Pdis

ES tð Þ

¼ Psell tð Þ þ Pe
EC tð Þ þ Pch

ES tð Þ þ Pe
load tð Þ

ð21Þ
X
i

Ph
GT:i tð Þ þ

X
i

Ph
GB:i tð Þ ¼ Ph

AC:i tð Þ þ Ph
load tð Þ ð22ÞFig. 2 Transfer relationship of decision variables in the upper

and lower levels
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Pc
EC tð Þ þ Pc

AC tð Þ ¼ Pc
load tð Þ ð23Þ

where Pbuy(t) and Psell(t) are the electric power pur-
chased and sold by the BIES from the power grid at time
t, respectively. Ph

loadðtÞ and Pc
loadðtÞ are the respective

heating load and cooling load of the BIES at time t.

4.3.2 Equipment upper and lower limits

Pi min < Pi < Pi max ð24Þ
where Pi _ max and Pi _ min are the upper and lower limits
of the output of distributed energy equipment i,
respectively.

4.3.3 Interactive power constraint

Pex min≤Pex≤Pex max ð25Þ
where Pex _ max and Pex _ min are the upper and lower
limits of the interactive power between the BIES and the
power grid, respectively. These are related to the over-
load capacity of the tie line.

4.3.4 Battery constraints

Pdis
ES min≤P

dis
ES tð Þ≤Pdis

ES max ð26Þ

Pch
ES min≤P

ch
ES tð Þ≤Pch

ES max ð27Þ
Smin
ES ≤SES tð Þ≤Smax

ES ð28Þ

Smin
ES − S0ES≤

XT
t¼1

ηchESP
ch
ES tð Þ − Pdis

ES tð Þ
ηdisES

≤Smax
ES − S0ES ð29Þ

S0ES ¼ SES Tð Þ 1 − σ lossES

� �þ
ηchESP

ch
ES Tð Þ − Pdis

ES Tð ÞIdisES Tð Þ
ηdisES

� � ð30Þ

where Pdis
ES max and Pdis

ES min are the upper and lower
limits of battery discharge power, respectively. Pch

ES max

and Pch
ES min are the upper and lower limits of battery

charging power, respectively. Smax
ES and Smin

ES are the upper
and lower limits of the battery capacity, respectively. S0ES
is the initial capacity of the battery, and SES(T) is the
remaining power in the battery at time T, where T = 24.
The capacity of the battery is the same at the beginning
and end of the dispatch period, and this constraint
makes it convenient for the dispatch in the next period.

4.4 Solving steps
The above model is a mixed integer nonlinear
optimization problem. This paper uses a particle swarm
optimization algorithm (PSO) to solve the bi-level opti-
mal operation problem. The model establishment and
solution process can be summarized as follows.

Step 1: Input the operating parameters of the energy
production, energy conversion and energy storage
equipment of the BIES, system maintenance cost,
various cost and user load parameters;
Step 2: Set the basic parameters of PSO, such as
number of iterations, number of particles, learning
factor and inertia weight, etc.
Step 3: Solving the upper-level problem of the model.
(1) Use gas turbine output as the decision variable and

set operating constraints for each distributed device.
Initialize the population P0 and determine the
output power of other distributed equipment
according to the load demand and the output of
renewable energy during the corresponding period.
Calculate the optimal economic cost of the BIES as
the fitness value.

(2) Compare the individual extremum p _ best and the
fitness value, the global extremum g _ best and the
fitness value of each particle, and update the
current global extreme value and the global optimal
position.

(3) The speed and position of the particles are updated
by (31)–(33). This paper adopts a linear decrement
to adjust the weight so as to improve the
optimization efficiency and accelerate the
convergence speed.

vid t þ 1ð Þ ¼ wvid tð Þ þ η1 randðÞ p besti − zid tð Þ½ �
þ η2 randðÞ g besti − zid tð Þ½ �

ð31Þ
zid t þ 1ð Þ ¼ zid tð Þ þ vid tð Þ ð32Þ

where η1 and η2 are learning factors, and both are taken
as 2. vid is the particle velocity, zid is the particle position
and w is the inertia weight.

wt ¼ wmax − t � wmax − wminð Þ=N ð33Þ
where wmax and wmin are the maximum and minimum
values of inertia weight, respectively. N is the number of
iterations.

Step 4: Repeat Step 3. After meeting the error standard,
the dispatching strategy of distributed energy
equipment is generated and transmitted to the lower
level.
Step 5: Solving the lower-level problem of the model.
(1) Use battery output as a decision variable. Initialize

the population P
0
0 and calculate the optimal

additional potential income of electricity storage as
the fitness value.

(2) Same as Step 3 (2) (3).
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Step 6: Repeat Step 3. After meeting the error
standard, the optimal charge and discharge strategy
of the battery is generated considering the system
load shortage and real-time electricity price, and
transmitted to the upper level to continue the itera-
tive solution.
Step 7: Output the global optimal solution set.

5 Case analysis
In order to verify the feasibility and superiority of the
proposed optimization model, a typical winter day in a
certain area in the north is selected as the research sce-
nario. Cold, heat and electricity demand are considered
simultaneously. Taking T = 24 h and Δt = 1 h as example,
the load demand on a typical day in this area is shown
in Fig. 3.
The time-of-use electricity price of energy under grid-

connected conditions is shown in Table 1. The eco-
nomic and technical parameters of equipment are shown
in Table 2, and the relevant parameters of energy storage
equipment are shown in Table 3.
Assuming that the real-time electricity price remains

unchanged within one hour, the following four operating
strategies are adopted.

Strategy 1: The battery does not run, and the
renewable energy, gas turbine and interactive power
meet the generation shortage in the microgrid.
Strategy 2: When the battery is running, the charging
or discharging state is determined by the generation

shortage instead of the real-time electricity price
changes.
Strategy 3: When the battery is running, the charging
or discharging state is determined by the real-time elec-
tricity price changes instead of the generation shortage.
Strategy 4: When the battery is running, the charging
or discharging state is determined by both the internal
generation shortage and the real-time electricity price
changes.

MATLAB programming is used to implement the sys-
tem operation strategy under different operation sched-
uling modes during the day, as shown in Fig. 4,
including new energy output, gas turbine output, inter-
active power with the distribution network, and electri-
city demand within the BIES. The input, conversion and
interaction of electric energy under different operation
scheduling modes are shown in Fig. 5.
From Figs. 4a-d and 5, it can be seen that the schedul-

ing plan in the optimal scheduling period can meet the
electrical load demand and heat load demand of the
BIES. It can be seen from the comparison of the four op-
eration scheduling strategies that 00:00–05:00 is the val-
ley period of time-of-use electricity price. The dispatch
results in Fig. 4 show that wind power output is rela-
tively high. In order to minimize the system’s generation
of power being fed back to the power grid during the
electricity price valley period, the battery is in a charging
state during this stage. When the wind power output
does not meet users’ power demand, the more econom-
ical purchase of electricity from the distribution network
is considered to meet the power load demand.
It can be observed from Figs. 4 and 5 that Strategies 2,

3, and 4 all contribute to peak shaving and valley filling.
In Strategy 2, the battery focuses on meeting the BIES
load demand. Therefore, during the periods 12:00–15:00
and 19:00–21:00 with a large generation shortage, the
battery is in a discharge state, while during the period

Fig. 3 Typical daily load demand in winter

Table 1 Energy time-of-use price in the dispatch period

Type Unit Peak Normal Valley

08:00–11:00
17:00–22:00

07:00–08:00
11:00–17:00
22:00–23:00

23:00–7:00

Purchase electricity ¥/(kW·h) 0.99 0.53 0.17

Selling electricity ¥/(kW·h) 0.72 0.41 0.12

Natural gas ¥/m3 2.9 2.9 2.9

Table 2 Economic and technical parameters of each
equipment

Equipment Pi _min/kW Pi _max/kW ηe ηh/ ηc αi/(¥/kW)

PV 0 1500 – – 0.0235

WT 0 1500 – – 0.0196

GT 120 2000 0.3 0.69 0.059

GB 0 2000 – 0.9 0.026

EC 0 500 – 4 0.013

AC 0 500 – 1.2 0.013

Table 3 Related parameters of energy storage equipment

σlossES ηchES/ η
dis
ES PchES maxðtÞ/kW PdisES maxðtÞ/kW αi/(¥/kW)

0.01 0.95 200 400 0.013
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00:00–04:00 when the generation shortage is low, the
battery is charged, thereby saving electricity purchase
costs. In Strategy 3, the battery focuses on adjusting
charge and discharge following the changes in real-time
electricity prices. Compared with Strategy 2, Strategy 3

does not consider the generation shortage. During the
valley electricity price period 00:00–07:00 and the nor-
mal electricity price period 13:00–17:00, the battery is
charged to reduce the cost of the BIES. During the peak
electricity price period 09:00–11:00 and 18:00–22:00, the
battery is discharged to obtain more additional benefits.
In Strategy 3, due to the incentive of the time-of-use
electricity price, the storage battery responds to the
change of the real-time electricity price and successfully
transfers electric energy from the valley period to the
peak period. In Strategy 4, the storage battery responds
to the real-time electricity price with the consideration
of the load demand change, so the scheduling method is
between Strategies 2 and 3.
The correlation coefficient of the real-time electricity

price and generation shortage is shown in Fig. 6. The 18:
00–22:00 period has a high discharge coefficient during
this period, the generation shortage is large and the real-
time electricity price is at a peak, and hence, the battery
is discharged. In contrast, the period 00:00–04:00 has
the largest charging coefficient. In Strategy 4, the battery
charging and discharging decision corresponds to the
correlation coefficient, and the battery is charged during
the period of low electricity price from 00:00–07:00.
However, in Strategy 3, the battery is charged between
04:00–07:00, that is closer to the peak electricity price
period of discharge which can reduce the loss of electric
energy. In Strategy 4, the battery is mainly charged at
00:00–04:00, as because of the high wind power output
and low generation shortage during this period, charging
is beneficial for realizing the energy transport function
of the battery and smoothing the load fluctuation of the
BIES. During the peak electricity price period from 09:00
to 11:00, there are also differences between Strategies 3
and 4 in battery scheduling strategies. In Strategy 3, the
battery discharges more electricity during the period
from 09:00 to 10:00, when the electricity price is higher,
which reduces the loss of electric energy. In Strategy 4,
it considers the impact of the generation shortage and
focuses on the discharge at 10:00–11:00, which is more
conducive to the stability of BIES.
During the normal-price period 13:00–17:00, the

battery charging intensity in Strategy 4 is much lower
than in Strategy 3, as the generation shortage during
this period is relatively large. This is because Strategy
3 only considers the advantages of real-time electricity
prices for charging, which is not conducive to the sta-
bility of the BIES. Through the comparative analysis,
it can be seen that the additional potential revenue
model of electricity storage can fully use the electri-
city price difference to reduce the operating cost
while meeting the electricity demand of users. Thus,
the potential of battery participation in market ser-
vices is tapped.

Fig. 4 Optimization operation results of BIES under different
operation scheduling modes during a day
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Table 4 shows the scheduling results under the four
different scheduling strategies. It can be seen from the
total cost that the proposed operating mode that con-
siders the additional potential benefits of electricity stor-
age has the lowest economic cost. The proposed
scheduling Strategy 4 saves 7% over Strategy 1, 3% over
Strategy 2, and 2% over Strategy 3. It demonstrates that
using a reasonable and effective strategy to plan battery
charging and discharging can effectively exploit the po-
tential of energy storage, reduce the total cost of the sys-
tem and improve the economic benefits.

6 Conclusion
In this paper, the form and model of additional po-
tential income from energy storage are analyzed in
the context of a BIES. Combining the physical struc-
ture and energy consumption characteristics of a
BIES, a bi-level optimal operation model of a BIES
considering the additional potential benefits of energy
storage is established. Aiming at optimal economic ef-
ficiency, the economic operation of the battery under
different dispatching modes is analyzed. The results
show that the proposed scheduling strategy saves 7%
over Strategy 1, 3% over Strategy 2, and 2% over
Strategy 3 in cost. The proposed optimization model
allows promote energy storage for more active partici-
pation in market scheduling. It also helps to optimize
the output of each component, and to further im-
prove economic benefit.
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