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Abstract This paper addresses an energy sharing strategy in a two-layer microgrid
with the renewable distributed generation and hybrid energy storage system consid-
ered to minimize the total energy bill purchased from the utility grid and reduce the
peak time consumption from the utility grid. This approach considers the energy
operation management of thermal energy loads and electrical energy loads, in which
the thermal energy loads are supplied by electrical energy and gas energy. Moreover,
this energy sharing model is designed to allow the operation with different types
of end-user modes, and the participants are divided into different layers based on
their characteristics. Furthermore, the modified trading method is based on the trad-
ing model of stock opening with the maximum transaction volume. The proposed
two-layer model is tested in 18-bus IEEE system with the real historical data in the
Australia energy market. With the proposed two-layer energy sharing strategy, the
simulation results show that the two-layer energy sharing model provides economic
profits to participants and encourages load schedule.
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Abbreviations

βbat,ch
n &βbat,dch

n Charging and discharging coefficient of BESS
βbatn Coefficient of BESS degradation cost
β th
c &β th

l Coefficients of the thermal energy capacity and loss
γbat,loss
n Coefficient of BESS loss

A Price of electrical and gas energy
B Benefit and profit
C Cost
E Energy
P Power
t Time
T Temperature
bat Battery energy storage system (BESS)
ch Energy charging of BESS
dch Energy discharging of BESS
ele Electrical energy
rate Rate value of variable
th Thermal energy
Abuy
n,t , Asell

n,t Planning buying and selling price

Abuy
t &Asell

t Sorted matrixes of buying price Abuy
n,t and selling price Asell

n,t

Bele
n,t Benefit from electrical energy sharing

Eth,loss
n, Loss energy of thermal energy

Erdg
n,t &Edem

n,t DRG energy and demand energy for the n-th participant at time t

Ebuy
n,t &Esell

n,t Planning buying and selling energy
Et−b
n,t &Et−s

n,t Traded buying and selling energy for the n-th trading player at time
t

Ebuy
t , Esell

t Sorted matrixes of buying energy Ebuy
n,t and selling energy Esell

n,t

f Abuy
n,t

{
Ebuy
n,t

}
Function to sort the buying energy Ebuy

n,t by the same with the same

sorting sequence of the buying price Abuy
n,t

f ′
Abuy
n,t

{
E′buy

t

}
Function to sort the energy E′buy

t with the inverse sequence of

f Abuy
n,t

{
Ebuy
n,t

}

Mbuy
t &Msell

t Amount energy of the buying and selling energy
Nbat

n,lc Charging numbers during the battery lifetime
Pwasten,t Waste energy generated by RDG
Pdemn,t Demand energy of the n-th participant at time t
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Pi , Qi , Vi Active power, reactive power and voltage in the i-th branch
T th
amb Ambient temperature

1 Introduction

With the development of the Renewable Distributed Generation (RDG) and the
energy storage system, several existing works focus on the energy management
strategy of distribution network with RDG and energy storage system [1]. The dis-
tributed energy storage system can mitigate the RDG fluctuation and increase the
RDG penetration [2, 3]. Because of this significant role and the high investment cost
of DESS in the distribution network, this paper focuses on the energy sharing strategy
with Hybrid Energy Storage System (HESS).

Based on the increasing trend of the energy trading method applied in the energy
market [4], the two-layer energy sharing model is developed on the energy trading
method [5–7] and the energy management method of the energy storage system [3,
8, 9]. A real-time energy trading system is improved with rational aggregator in
microgrids for the most currently energy market [5]. Another application of energy
trading is proposed for the end-user and energy resources in the energy market [5].
Moreover, the energy sharing provider is proposed with the dynamic internal pricing
and the demand response in microgrids [7]. Furthermore, a hierarchical energy man-
agement method is proposed to coordinate multiple groups of energy storage system
[8]. Meanwhile, there is an optimal sizing model to provide the services of RDG
fluctuation smoothing and the peak-time power supplying in the distributed network
[3]. At last, A novel model of household energy management is applied with the
energy storage devices for demand response [9]. In this paper, we are interested in
the application of distributed network within the energy trading method, especially
considering different end-users. Our motivation is to reduce the requirement of the
capacity of the energy storage system, increase the utilization of RDG, and reduce
the energy bill. To achieve these aims, HESS is operated in this model including the
distributed Battery Energy Storage System (BESS) and the Thermal Energy Storage
System (TESS), and the energy sharing model is modified on the energy trading
method. In this paper, we discuss the two-layer energy sharing strategy with the
consideration of the maximum transaction volume in the trading algorithm. The
contributions of the two-layer energy sharing strategy are as follows.

• Theproposed frameworkof the two-layer energy sharingmodel classifies different
end-users into different communities based on the different characteristics, such
as the RDG & load characteristics and geographical location.

• Based on the trading method of stock opening, the trading model is modified
with the maximum transaction volume for this two-layer energy sharing model to
achieve the aims of increasing RDG utilization, reducing energy bill, and saving
HESS cost.
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Fig. 1 Frame structure of
the energy sharing model for
one participant

This frame structure of the proposed two-layer energy sharing strategy has been
shown in Fig. 1. It is not independent of the traditional energy networks, and any
kind end-users can be connected to. The rest of this paper is organized as follows.
Section 2 introduces an overview of the proposed model. The model functions are
presented in Sect. 3. Section 4 shows the case study simulated with the real-world
data in the Australia electricity market,and conclusions are discussed in Section 5.

2 Energy Sharing Model Overview

In this paper, we propose a two-layer energy sharing strategy for the end-users in
the distribution network. Users are classified into different communities based on
their different characteristics, and a single end-user can be a community. In this two-
layer energy sharing strategy, all participants are classed into two layers. Firstly, the
demand is supplied by RDG, HESS, sharing with other participants and buying from
the utility grid for each user in the first layer. Moreover, the participants in 1-layer are
geographically adjacent and in the same sub-network. There are several groups in 1-
layer and energy sharing is operated in each group. After the group-energy-sharing,
the energy sharing between groups and other participants are in 2-layer. By this way,
there is no network limitation in 1-layer, the energy sharing can be more efficient,
and the utilization of RDG is maximized.

The model structure is shown in Fig. 2. It shows the operation in each group of
1-layer, and the energy sharing between groups and other participants in 2-layer.
The 1-layer is operated in every community, in which the energy is shared with
the participants who have the same load characteristics or are geographically close.
After the 1-layer energy sharing, the remaining RDG or the shortage of demand is
transferred to participate in the 2-layer energy sharing progressing. For each par-
ticipant, the energy management model with the HESS operation could calculate
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Fig. 2 The flow chart of
two-layer energy sharing
model

the charging/discharging/selling/buying energy. According to the calculation, cus-
tomers could share their selling/buying energy with other participants in the same
layer based on the energy trading system. Moreover, the energy trading model is
based on the trading method of stock opening, and the maximum transaction volume
as the trading principle will increase the energy utilization of RDG and reduce the
costs.
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3 Model and Function

3.1 Energy Management Model

The energy storage systemplays an important role in energy trading of the distribution
network [10]. In this paper, the Battery Energy Storage System (BESS) and Thermal
Energy Storage System (TESS) are considered for participants. The management
strategy is based on the forecast data of RDG, demand and energy trading, in which
the predictive data is referred by the method of the minimization optimization of
empirical mean absolute percentage error [11].

The cost of BESSCele
n,t is assumed to be the depreciation cost for every participant.

The cost of TESS Cth
n,t is the Operation and Management (O&M) cost in which the

cost considers the thermal energy loss to the ambient. The HESS cost is the sum of
costs of BESS and TESS, which the cost functions are expressed as,

Cele
n,t = βbat

n �t
∑

Pch,e
n,t + Pdch,e

n,t + γ bat,loss
n Ebat

n,t (1)

βbat
n = Cbat

n,inv

Ebat
n,rateN

bat
n,lc

(2)

Cth
n,t = β th

n

∑
Pch,th
n,t + Pdch,th

n,t + Abuy,th
gas

∑
Eth,loss
n, (3)

Eth,loss
n

(
t j − ti

) = β th
c

(
T th
n

(
t j

) − T th
n (ti )

t j − ti

)

+ β th
l

(
T th
n

(
t j

) + T th
n (ti )

2
− T th

amb

)
(4)

Based on the energy balance, the aimof the energymanagementmodel is to reduce
the costs of BESS and TESS

(
Cth
n,t,C

ele
n,t

)
, increase the benefit of energy sharing

(
Bele
n,t

)
and decrease the energy waste of RDG

(
Pwasten,t

)
, the objective function of the energy

model is expressed as,

argmin
Pth
n,t , P

e
n,t , P

waste
n,t

{
Abuy,e
grid Pwaste

n,t + Cth
n,t + Cele

n,t − Bele
n,t

}
(5)

Bele
n,t =

∑
Abuy,e
grid Prdg,e

n,ele,t +
∑

Abuy,e
grid

Pdch,e
n,t

β
dch,e
n

+
∑ (

Abuy,e
grid − Abuy,e

n,t

)
Pbuy,e
n,t +

∑
Asell,e
n,t Psell,e

n,t (6)

Prdg
n,t + Pdch,e

n,t + Pdch,th
n,t + Pbuy,th

n,t + Pbuy,e
n,t = Pdem,e

n,t + Pdem,th
n,t + Pch,e

n,t + Pch,th
n,t

+ Psell,th
n,t + Psell,e

n,t + Pwaste
n,t (7)
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∑
Eren
n,t + Ech

n,t + Ebuy
n,t =

∑
Edem
n,t + Edch

n,t + Esell
n,t (8)

Pi+1(t) =
N∑

h=i+2

Rh(t) (9)

Qi+1(t) =
N∑

h=i+2

Qh(t) (10)

Vi+1(t)
2 = Vi (t) − ri Pi (t) + si Qi (t)

Vi,0
(11)

Vi,min ≤ Vi (t) ≤ Vi,max (12)

Pi,min ≤ Pi (t) ≤ Pi,max (13)

Gi = fg,i KgΓ0

ρ0

√
fg,i

(
ρ2
x − ρ2

y

)
D5

g,i

gFi LiΓi Zg
(14)

fg,i =
{+1, ρx − ρy > 0

−1, ρx − ρy < 0
(15)

Tn,min ≤ Tn,th(t) ≤ Tn,max (16)

SBESS
n,min ≤ SBESS

n,t ≤ SBESS
n,max (17)

ST ESS
n,min ≤ ST ESS

n,t ≤ ST ESS
n,max (18)

where Eq. (6) denotes the benefit of energy sharing; Eqs. (7)–(8) denote the power
balance; Eqs. (9)–(13) denote the power flow and the boundaries of the voltage
and power; Eqs. (14)–(15) denote the gas power flow; Eqs. (16)–(18) denote the
maximum and minimum values of temperature

(
Tn,th

)
and SOC

(
SBESS
n,t , ST ESS

n,t

)
of

BESS and TESS.

3.2 Energy Trading

The energy sharing strategy is based on the call-action method with the maximum
transaction volume. For the energy sharing mechanism in the same sharing layer,
the sharing energy data is shown by the trading players based on the energy man-
agement strategy. The pricing model is not the main focus in this paper, the prices
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(
Asell
n,t , Abuy

n,t

)
are assumed to the forecast price based on the method of the min-

imization optimization of empirical mean absolute percentage error [11]. In this
paper, there is a uniform trading price (clearing price) for every trading player. As
the power energy is the homogeneous product in the current energy market, the price
is the only factor for the energy sharing mechanism, and the trading principle is to
achieve the maximum transaction volume. The trading price

(
Atrade
n,t

)
is represented

as

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Atrade
min ≤ Atrade

t ≤ Atrade
max

Atrade
max = max

{
max

(
Abuy
n,t

)
,max

(
Asell
n,t

)}

Atrade
min = min

{
min

(
Abuy
n,t

)
,min

(
Asell
n,t

)}

n ∈ [1, N ]

(18)

Atrade
t ∈

{
argmax

{
min

(
N∑

n=1

Ebuy
n,t γ

buy
n,t ,

N∑
n=1

Esell
n,t γ sell

n,t

)}}
, (19)

⎧
⎪⎪⎨
⎪⎪⎩

γ
buy
n,t =

{
1,
0,

Abuy
n,t (t) ≥ Atrade

n,t (t)
others

γ sell
n,t =

{
1,
0,

Asell
n,t (t) ≤ Atrade

n,t (t)
others

(20)

where the Eqs. (18)–(20) denote the mathematical algorithm of the energy trading, in
which γ sell

n , γ buy
n denote the coefficients of selling/buying, they are binary variables.

To achieve the principle of the maximum transaction volume, the trading amount
with the same clearing price is processed as

Abuy
t = descend

{
Abuy
n,t

}
, Asell

t = ascend
{
Asell
n,t

}
(21)

Ebuy
t = f Abuy

n,t

{
Ebuy
n,t

}
, Esell

t = f Asell
n,t

{
Esell
n,t

}
(22)

Mbuy
t =

∑
Ebuy
n,t , Msell

t =
∑

Esell
n,t (23)

Mtrade
t = min

{
Mbuy

t , Msell
t

}
(24)

mbuy
t = 1 + argmin

i

{
Mtrade

t −
i∑

n=1
Ebuy

t (n : i)
}
,

i f Mtrade
t −

i∑
n=1

Ebuy
t (n : i) ≥ 0, i ∈ [1, N ]

(25)
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msell
t = 1 + argmin

j

{
Mtrade

t −
j∑

n=1
Esell

t (n : j)

}
,

i f Mtrade
t −

j∑
n=1

Esell
t (n : j) ≥ 0, j ∈ [1, N ]

(26)

E′buy
t (m) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Ebuy
t (m), m ≤

(
mbuy

t − 1
)

Mtrade
t −

mbuy
t −1∑
1

Ebuy
t (1 : m), m = mbuy

t

0, m > mbuy
t

(27)

E′sell
t (m) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Esell
t (m), m ≤ (

msell
t − 1

)

Mtrade
t −

msell
t −1∑
1

Esell
t (1 : m), m = msell

t

0, m > msell
t

(28)

Et−b
t = f ′

Abuy
n,t

{
E′buy

t

}
, Et−s

t = f ′
Abuy
n,t

{
E′sell

t

}
(29)

Et−b
n,t = Et−b

t (n), Et−s
n,t = Et−s

t (n) (30)

where the Eqs. (21)–(22) denote the ordering based on the prices; the Eqs. (23)–(26)
denote the total buying and selling transaction volume; the Eqs. (27)–(30) denote the
selling or buying energy for each trading players. By the processing the equations,
the trading energy for every trading player

(
Et−b
n,t , Et−s

n,t

)
can be calculated.

4 Case Study

In this paper, the two-layer energy sharing strategy is proposed to possess end-users
with different load characteristics and different HESS capacities in the distribution
network. The participants 1–11 are the residential end-users, based on the geograph-
ical location they are classed into three communities (1–6, 7–9, 10–11) in the 1-layer.
The participants 12–18 are the business and industry energy users, each of them is
assumed to be one community and only progress in the 2-layer. The HESS capacities
of participants 10–15 are zero, which is noHESS; the TESS capacities of participants
2 and 6–8 are the lowest value, which is the no extra TESS. The case study is operated
in Matlab® on a PC with Intel Core i7-6600 CPU@ 2.80 GHZ with 8.00 GB RAM.
All the data of the participants is the real historical data in the Australia national
electricity market [12].

1. Simulation in 1-layer

With energy management model, the energy sharing strategy is operated for par-
ticipants 1–11 in three communities. As shown in Fig. 3, the energy strategies for
11 participants are operated in 1-layer. The purple bar denotes the electrical buying
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Fig. 3 The simulation results of the energy strategies in 1-layer at time 1 am, 6 am, 11 am, 2 pm,
7 pm and 11 pm



Two-Layer Energy Sharing Strategy in Distribution Network … 11

energy from the utility grid, the green bar denotes the gas buying energy to supply the
thermal demand. For the residential under-users, the investment costs of RDG and
HESS is very high, the capacities of them are low, the supplying energy for electrical
demand and thermal demand are main buying from the main grid. For the residential
under-users, the investment costs of RDG and HESS is very high, the capacities of
them are low, the supplying energy for electrical demand and thermal demand are
main buying from the main grids. Figure 4 shows the hourly simulation results of
three communities in 1-layers, this data is the transferring data for 2-layer.

2. Simulation in Two-Layer Energy Sharing Strategy

With the transferring data of three communities from 1-layer, the simulation
results are calculated for the three communities and the participants 12–18. The
energy sharing strategies in 2-layer of participants 12–18 are shown in Fig. 5. Because
of the demand and generation characteristics of participants 12–18, the capacities
of RDG and HESS are higher than the residential und-users in 1-layer, the energy
charging is from 12.00 to 18.00, because that the PV panels generation is higher,
and the energy sharing volume is much lower than the remaining energy, since the
remaining energy is used as the HESS charging energy. Based on all the simulation
data, the priority of energy management in this two-layer energy sharing strategy
is shown in Fig. 6. There is the charging energy of HESS after energy sharing. By
this way, the utilization of RDG can be provided, and the requirement of HESS is
reduced.

Fig. 4 The energy data of 1-layer is transferred for 2-layer energy sharing of 24 h
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Fig. 5 The hourly simulation results of 2-layer for participants 12–18

Fig. 6 The energy
management priority in this
proposed two-layer energy
sharing model

5 Conclusion

The two-layer energy sharing strategy is proposed to improve the utilization of RDG,
reduce the energy cost of end-users, and decrease the investment of energy storage
devices. Moreover, the HESS model is used in this paper, which includes BESS and
TESS. The power flow and gas flow are considered in the energy management model
under the energy nodal balance. Furthermore, the energy trading model with the
maximum transaction volume is proposed as the energy sharing mechanism based
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on the stock trading method of stock opening. In the future, our work will focus on
the trading player complete and the pricing model generalization works.
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