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ABSTRACT In recent years, with the rapid development of renewable energy, microgrid that behaves as a
multi-energy coupling system, has attracted more and more attention. A growing trend needs to be concerned
is that the relation among the electric power, thermal and gas in a microgrid system gets closer and closer,
which could significantly affect the system dispatching. The existing research on microgrid dispatch mainly
focuses on power and load coordination and improving the utilization rate of primary energy. However, there
is some limit in the energy form independence and operation mode. Besides, some research had ignored the
consumer electricity experience in load optimization. To settle such problem, a dispatching model based on a
complicated electric-thermal-gas coupling microgrid is firstly proposed in this paper. Then the mathematical
model of the subsystems in the microgrid is established, and the demand side response based on consumer
satisfaction is employed to optimize the loads. Finally, the operation cost of the microgrid can be minimized
by the proposed economic optimization strategy. Case studies were performed to verify the effectiveness of
the proposed scheduling strategy.

INDEX TERMS Microgrid, demand side response, electric-thermal-gas coupling, consumer satisfaction.

I. INTRODUCTION
Nowadays, microgrids which include a large number of dis-
tributed energy, energy storage equipment and communica-
tion systems have become a very important part of the power
system [1]–[3]. However, in the earlier years, the energy
form of microgrids is quite simple, i.e., only generated and
consumed as electric power. This leads to the low utilization
of resources, and also poses new challenge to the dispatch
issue [4]–[7]. To settle this problem, in [8] an electric-thermal
coupling dispatching model is established which realizes the
full utilization of electric energy and thermal energy, and
thus reduces the operating cost of the microgrid. In [9],
a microgrid system that combined cooling, heating and elec-
tric power is presented, based on which a peak-adjusting
strategy is proposed by considering the prediction errors of
load and photovoltaic (PV). However, the method in [8] only
takes the combination of electricity and heat into account, but
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does not consider the cooling load. In [9], though the cooling,
heating and power are combined, its optimization objective
only focus on the fuel cost and electricity price, leaving the
load-side behavior irrespective.

In fact, the demand side response has been recognized
as an important factor in the microgrid dispatching process.
Through reasonable classification and guidance of the loads,
their reduction or transfer can be realized to reduce the load
fluctuation. Besides, when the load transfer is combined with
time of use (TOU) price and consumer satisfaction, it is
really beneficial to the economy and power users [10]–[12].
In [13], the electrical loads are divided into two categories,
i.e., the interruptible loads and the transferrable ones, where
a demand side response model is presented. Computer sim-
ulations verified that it can reduce the operating cost of
the microgrid. In [14], taking the electric-thermal coupling
system as the background, an elastic demand side response
model is established to optimize the load scheduling, prov-
ing that the it can cut down the system operating cost and
improve the absorption capacity of PVs as well. However,
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it needs to point out that when scheduling the loads, not
only the economic factors should be considered, but also the
satisfaction of the consumers ought to be thought over. Note
that in [13] and [14], the consumer satisfaction affected by
the demand side response had not been considered, which in
fact, plays an important role in the dispatching design of a
microgrid.

As a specific contribution, this paper proposes an optimal
dispatching strategy for the complicated electric-thermal-gas
coupling microgrid, taking the consumer satisfaction into
consideration. To do so, the optimizing scheduling model of
the microgrid has been established in detail, and solved by the
particle swarm optimization algorithm (PSO). The following
part of this paper is organized as follows. Section II presents
the modeling of the electric-thermal-gas coupling microgrid.
Then the demand side response model that considers con-
sumer satisfaction is established in Section III. In Section IV,
an economic dispatching strategy is put forward, and its
effectiveness is thus verified by case studies in Section V.
Finally, Section VI concludes the findings.

II. MODELING OF THE ELECTRIC-THERMAL-GAS
COUPLING MICROGRID
A. MICROGRID CONFIGURATION
The basic configuration of the electricity-thermal-gas cou-
pling microgrid is shown in Fig. 1. The grid-connected dis-
tributed power supplies are composed of the gas turbine,
internal combustion engine, gas boiler, heat recovery system,
hot cooler, electric cooler, wind power generation, photo-
voltaic and battery. As shown, the loads includes the electric
load, cooling load, heat load and gas load.

FIGURE 1. Configuration of the electric-thermal-gas coupling microgrid.

B. MATHEMATICAL MODEL OF GAS TURBINE AND
INTERNAL COMBUSTION ENGINE
The mathematical model of gas turbine, internal combustion
engine are given in [15, 16]. Their mathematical model can
be represented as

ηGT(t) = AGT + BGT ∗
PGT,e(t)
PGTN

+CGM ∗ (
PGT,e(t)
PGTN

)2 + DGT ∗ (
PGT,e(t)
PGTN

)3 (1)

ηCE(t) = ACE + BCE ∗
PCE,e(t)
PCEN

+CCE ∗ (
PCE,e(t)
PCEN

)2 + DCE ∗ (
PCE,e(t)
PCEN

)3 (2)

where ηGT(t) and ηCE(t) are the efficiency of the gas turbine
and internal combustion engine at time t; PGT(t) and PCE,e(t)
are their output electric power at time t; PGTN and PCEN
represent their rated power; AGT-DGT and ACE-DCE stand for
the efficiency parameters.

The operation cost model can then be expressed as

CGT(t) = CFGT(t)+ COGT(t)+ CMGT(t)

= Cng ×
PGT(t)
ηGT(t)

+ KCOGT × PGT(t)

+

M∑
k=1

αk × λkGT × PGT(t) (3)

CCE(t) = CFCE(t)+ COCE(t)+ CMCE(t)

= Cng ×
PCE(t)
ηCE(t)

+ KCOCE × PCE(t)

+

M∑
k=1

αk × λkCE × PCE(t) (4)

where CGT(t) and CCE(t) stand for the operation cost of
the gas turbine and internal combustion engine at time t;
CFGT(t) and CFCE(t) are gas cost; COGT(t) and COCE(t) are
maintenance cost; CMGT(t) and CMCE(t) are environmental
cost; Cng denotes the price of the gas; KCOGT and KCOCE are
the proportionality constant of maintenance cost; αk is the
discounted cost; λkGT and λkCE are the emission coefficient;
M stands for the pollution type. Here, the pollution types of
the NOx, SO2 and CO2 are considered.
Fig. 1 shows that gas turbine and internal combustion

engine generate heat while generating electricity, their heat-
ing model can then be given as

PGT,h(t) =
PGT(t)
ηGT(t)

× (1− ηGT(t)− ηl,GT) (5)

PCE,h(t) =
PCE(t)
ηCE(t)

× (1− ηCE(t)− ηl,CE) (6)

where PGT,h(t) and PCE,h(t) are heat production of gas turbine
and internal combustion engine at time t; ηl,GT and ηl,CE are
the heat loss coefficient.

C. MATHEMATICAL MODEL OF BATTERY
The charging and discharging model of the battery can be
expressed as [17]

C(t + 1) = (1− ηST,s)C(t)+ dd
PST,dt

ηST,d
+ dc

PST,ct

ηST,c
(7)

where C(t) is the energy stored in the battery at time t; dd and
dc indicate the discharge and charge respectively, i.e., when
the battery is charged, dd = 0, dc = 1, and when the battery is
discharged, dd = 1, dc = 0; PST,dt and PST,ct are respectively
the discharge and charging power of the battery at time t , and
the charging power is negative, while the discharging power
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is positive; ηST,s is the self discharge rate of the battery; ηST,d
and ηST,c are the discharge and charging efficiency of the
battery, respectively.

The battery maintenance cost model can then be expressed
by

COST(t) = KCOST × |PST(t)| + (CMCi + PSTMCP)HST(t)

(8)

where COST(t) is the maintenance cost of battery; KCOST is
the proportionality constant of maintenance cost; PST(t) is
charging or discharging power of the battery; CM denotes the
nominal capacity of the battery; Ci is the installation cost per
unit capacity of the battery; PSTM is the rated power of the
battery; CP is the unit power installation cost of the battery;
HST(t) stands for battery life loss function, which can be
expressed as follows:

HST(t) =
Closs(t)
CMOUT

(9)

Closs(t) = |PST(t)| × f (SOC) (10)

where CMOUT is the total energy throughput of the battery
in its service life, which can be given by the manufacturer;
Closs(t) is the energy of the battery in a certain dispatching
period; SOC is the charged state of the battery; f (SOC) is the
weight coefficient of battery life loss, as depicted in Fig. 2.

FIGURE 2. Battery life loss weight coefficient curve.

D. MATHEMATICAL MODEL OF POWER PURCHASE
The mathematical model of power purchase can be repre-
sented as

Cp(t) = ρp(t)× Pp(t) (11)

where ρp(t) is the electricity price at time t; Pp(t) is the
power purchase at time t; when the microgrid purchases
electricity from the grid, Pp(t) represents a positive number,
while microgrid sells electricity to the grid, it represents as a
negative number.

E. MATHEMATICAL MODEL OF THE REST OF THE
EQUIPMENT
The mathematical model of the gas boiler can be represented
as

PGB,h(t) = ηGBPGB,g(t) (12)

where PGB,h(t) represents the heat power output by the gas
boiler at time t; ηGB indicates the efficiency of the heat
generation; PGB,g(t) is the gas input to the gas boiler.

The operation cost model can then be expressed as

CGB(t) = CFGB(t)+ COGB(t)

= Cng × PGB,g(t)+ KCOGB × PGB,h(t) (13)

where CGB(t) stands for the operation cost of the gas boiler
at time t; CFGB(t) is gas cost; COGB(t) is maintenance cost;
KCOGB is the proportionality constant of maintenance cost.

The mathematical model of the heat recovery system, elec-
tric cooler and hot cooler can be referred to (12), which are
given as below

PHR,h(t) = ηHR,hPHR,ih(t) (14)

PEC,c(t) = CRECPEC,ie(t) (15)

PHC,c(t) = CRHCPHC,ih(t) (16)

In (14)-(16), PHR,h(t), PEC,c(t) and PHC,c(t) respectively
stand for heat power output by heat recovery system, and
cool power output by electric cooler and hot cooler; PHR,ih(t)
is heat power input to the heat recovery system; PEC,ie(t) is
electric power input to the electric cooler; PHC,ih(t) is heat
power input to the hot cooler; ηHR,h represents the efficiency
of the heat recovery system; CREC and CRHC represent the
refrigeration coefficient of electric cooler and hot cooler
respectively.

The operating cost of the heat recovery system, electric
cooler and hot cooler are mainly the maintenance cost, which
can be expressed as

COHR(t) = KCOHR × PHR,h(t) (17)

COEC(t) = KCOEC × PEC,c(t) (18)

COHC(t) = KCOHC × PHC,c(t) (19)

where COHR(t), COEC(t) and COHC(t) represent the main-
tenance cost of the heat recovery system, electric cooler and
hot cooler respectively; KCOHR, KCOEC and KCOHC are the
proportionality constant of maintenance cost.

F. MODEL CONSTRAINTS
The constraints of the microgrid can be given as below:

EL(t) = PGT,e(t)+ PCE,e(t)+ PST(t)

+PWT(t)+ PPV(t)+ Pp(t)− PEC,ie(t) (20)

HL(t) = PHR,h(t)+ PGB,h(t)− PHC,ih(t) (21)

CL(t) = PEC,c(t)+ PHC,c(t) (22)

Pmin
i ≤ Pi(t) ≤ Pmax

i (23)∣∣Pgrid(t)∣∣ ≤ Pmax
grid (24)

SOC min ≤ SOC(t) ≤ SOC max (25)

SOC(t) =
C(t)
CM
× 100% (26)

In (20)-(26), (20) represents the electrical power balance
of the microgrid, (21) represents the heat power balance and
(22) is the cool power balance, EL(t), HL(t) and CL(t) are
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electrical load, heat load and cooling load; (23) represents
the output constraint of the equipment in microgrid; (24)
represents the capacity constraint of the tie line with the
power grid; (25) and (26) stand for the SOC constraints of
the battery; C(t) denotes the capacity of the battery at time t .

III. DEMAND SIDE RESPONSE MODEL THAT CONSIDERS
CONSUMER SATISFACTION
In the demand side model, the electrical loads can be divided
into the schedulable and the non-schedulable ones [18]. And
the non-schedulable part can be regarded as the basic load of
the microgrid. As for the schedulable ones, it can further be
classified into the transferrable load and interruptible loads.

Themathematical models of transferrable and interruptible
loads can be respectively expressed as [19]

T∑
t=1

Ptran,k = PT,k (27)

Pint,t =
Ncut∑
k=1

Sk,tPint,k,t (28)

In (27) and (28),Ptran,k represents the value of class k trans-
ferable load at time t;PT,k represents the total amount of class
k transferable load.; Pint,t is the reduction of interruptible load
at time t; Pint,k,t is the load of class interruptible load at time
t; Ncut is the number of types of interruptible loads; Sk,t is the
reduction of class k interruptible load at time t , where 1means
reduced, 0 means un-reduced.

As for the load optimization, the consumer satisfaction can
be expressed by electricity price, electricity consumption and
load reduction before and after demand side response [20].
Thus, the consumer satisfaction can be given as below

SL = Ses + SeL + Sint

= (1−

T∑
t=1

1Cpl(t)

T∑
t=1

Cpl(t)

)+ (1−

T∑
t=1
|1dp(t)|

T∑
t=1

dp(t)

)

+ (1−

T∑
t=1
|1Pint,t|

T∑
t=1

PINT,t

) (29)

Cpl(t) = dp(t) · ρp(t) (30)

1Cpl(t) = 1dp(t) · ρp(t) (31)

In (29)-(31), SL stands for the satisfaction of the consumer;
Ses represents the satisfaction degree of electricity purchase;
Cpl(t) represents the electricity purchase price before demand
side response and 1Cpl(t) is the change of electricity pur-
chase price before and after the demand side response at time
t; ρp(t) is the electricity price; SeL is the satisfaction degree
of load transfer; dp(t) is the electricity consumption before
the demand side response;1dp(t) is the change of electricity
consumption before and after the demand side response; Sint

is the consumer satisfaction with load reduction;1Pint,t is the
change of interruptible load; PINT,t is the load of interruptible
load before demand side response.

IV. ECONOMIC DISPATCHING APPROACH
Based on the presented models of the microgrid and the
demand side, the optimal dispatching process can be devel-
oped according to the objective function.

Considering the customer satisfaction, the objective func-
tion in the load side can be established by

f (PL) = max SL (32)

Meanwhile, on the power side, the optimization goal is to
lowest the operating cost of the microgrid, and the objective
function can be built up as

F(P) =
T∑
t=1

[∑
i=1

CFi(t)+
∑
i=1

COi(t)

+

∑
i=1

CMi(t)+
∑
i=1

CGi(t)

]
(33)

where CFi(t) is the gas cost; COi(t) is the maintenance cost;
CMi(t) is the environmental cost; CGi(t) is the power pur-
chase cost; i represents the type of equipment.

The proposed economic dispatching flow chart of the
microgrid is shown detailedly in Fig. 3, which can be sum-
marized as follows:

Step 1: According to the load data of microgrid system,
the output limitation and algorithm parameters of each equip-
ment are firstly determined.

Step 2: The electrical load is then divided into three parts:
the important load, transferable load and interruptible load.

Step 3: Based on the load prediction results and (32), opti-
mize the electric load with the highest consumer satisfaction.

TABLE 1. Time of use of the electricity price.

Step 4: Before carrying out the economic optimization,
it is necessary to arrange the battery dispatching strategy
combining the TOU electricity price and load optimization
results. Tab. 1 shows the TOU electricity price under these
periods. As can be seen from Tab. 1, when the microgrid is
in the peak period, the power purchase price is high, so the
battery should discharge to reduce the power purchase. When
the microgrid enters the flat period and valley period with
low electricity price, the battery can decide whether to charge
according to its own SOC.
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Step 5: According to the load curve obtained in Step 3 and
the working state of battery in Step 4, the economic dispatch-
ing of microgrid can be carried out. In the dispatch process,
priority is given to the consumption of wind power and PVs,
and the purchase of electricity is reasonably arranged accord-
ing to the electricity price.

V. CASE STUDIES
To verify the effectiveness of the proposed dispatch strat-
egy, case studies are performed with its configuration shown
in Fig. 1. The grid-connected microgrid coupling electric-
thermal-gas consists of wind power, PVs, battery, electric-
thermal systems and other equipment. The scheduling cycle
is 24h, and the unit scheduling time is 1h. The parameters of
some equipment are shown in Tab. 2, where PM is the rated
power; Pmax means maximum power and Pmin is minimum
power. Among these power parameters, the electrical power
features for the gas turbine, internal combustion engine,
power grid and battery, while the heat power characterizes
the gas boiler and heat recovery system.

TABLE 2. Relevant parameters of microgrid equipment.

A. DISPATCH RESULT ANALYSIS
According to the flow chart in Fig. 3, the scheduling of the
microgrid can be optimized under the grid-connected

operation mode. The curves of the initial daily load and
renewable energy are shown in Fig. 4, while the dispatching
results are presented in Fig. 5.

Comparing Figs. 4 and 5, it can be concluded that the
electrical load is significantly reduced in the peak period
when the proposed strategy is adopted, i.e., part of the trans-
ferrable load is shifted to the flat and valley period which
time the electricity price ismuch lower. Affected by consumer
satisfaction, the transferrable load cannot be transferred out
of peak period completely, and the reduction amount of inter-
ruptible load in peak period is lower than that in other periods.

Besides, based on the load optimization curve obtained
in Fig. 5, the economic dispatching of the microgrid can
be explored. The economic scheduling results are displayed
in Fig. 7 and the results before the demand side response are
presented in Fig. 6.

By comparing Figs. 6 and 7, it can also be seen that the
electric load during 9h-12h is reduced when the demand side

FIGURE 3. Dispatch process of the microgrid.

response is adopted, which reduces the generation capac-
ity of gas turbine and internal combustion engine and is
conducive to the reduction of operating cost. During 1h-6h,
themicrogrid is in the valley period, under the influence of the
demand side, the electrical load at this stage increases slightly,
resulting in the increase the output of the internal combustion
engine. However, the electricity price and gas price are lower
in the valley period and flat period, so it has little increase in
the operation cost.

The variation of power generation capacity of each gen-
eration equipment in the microgrid before and after the
demand side response is exhibited in Fig. 8. As can be
seen from Fig. 8, as the main power generation equipment,
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FIGURE 4. Daily load forecasting curve.

FIGURE 5. Load optimization curve.

FIGURE 6. Economic dispatch result before the demand side response.

the generation capacity of internal combustion engine and
gas turbine decreases to a large extent after the adoption of
demand side response. Since the capacity and cost of tie lines
and batteries are low, their variation is not so significant.

FIGURE 7. Economic dispatch result after the demand side response.

FIGURE 8. Changes in the power generation of equipment.

As for the working state of the battery, Fig. 9 shows the
changes of the SOC in a day after using the demand side
response. According to Fig. 3 and (25), it can be seen that
its output is related to the electricity price and SOC. There-
fore, in Figs. 7 and 9, due to the low initial capacity of the
battery, the battery is charged during the valley period and
the flat period when the electricity price is low; at the time
interval of 9h-12h, the microgrid is in peak period, and the
electricity price is the highest. Therefore, according to the
scheduling strategy, the battery needs to be discharged to
reduce the amount of electricity purchased; during 13h-14h,
the micogrid gets into the flat period again. Since in the peak
period the battery has released more electric quantity, and its
SOC has reached the limit value, it turns into the charging
mode. The working state of the battery in the later period
of time is similar to before, but the output power is reduced.
It can be seen from Fig. 9 that after the end of the first peak
period, the SOC of the battery significantly decreases. And as
can be seen fromFig. 2, when the SOC of the battery is low, its
weight coefficient is higher, so the cost gets high. Therefore,
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the battery in the later period of time reduces its output power
to decline the operating cost.

FIGURE 9. SOC of battery after demand side response.

B. MICROGRID OPERATION COST ANALYSIS
The demand side response can not only reduce electricity
consumption, but also has a great impact on the reduction of
operating cost of the microgrid. Tab. 3 shows the economic
costs of electricity-thermal-gas coupling microgrid with and
without the proposed dispatch strategy.

TABLE 3. Economic cost of the microgrid.

FIGURE 10. Contribution of each part to the cost reduction.

As can be seen in Tab. 3, all costs of the system have been
reduced after the adoption of demand side response. To give
a clear illustration, the contribution of each part to the cost

reduction is shown in Fig. 10. Combined with Figs. 8 and
10, it can be concluded that the main reduction of operation
cost comes from the gas cost, since the gas turbines and
internal combustion are the main generators of electricity in
the microgrid. For the power purchase cost, the adjustment
of battery output and the reduction of peak load are the main
reasons for its decline.

VI. CONCLUSION
A dispatch strategy considering consumer satisfaction is put
forward for the electricity-thermal-gas coupling microgrid in
this paper. Simulation results are carried out to verify the
effectiveness of the proposed strategy. Some useful conclu-
sions can be summarized as follows.

(1) After the adoption of demand side response, part of
the load in the peak period is reduced or transferred to the
flat period and valley period with low electricity price, so the
peak-valley difference and the overall load of the system are
reduced.

(2) Under the corresponding influence of the demand side,
the output of power generation equipment in the microgrid
decreases, and the total power consumption of the battery also
decreases slightly, which has a positive effect on reducing the
energy consumption.

(3) The economy impact of demand side response ismainly
reflected in the gas cost, since decrease in power generation
of major equipment.

However, in this paper, the demand side response is only
adopted to the dispatch of electrical load. The cooling load
and heat load in the microgrid had not been optimized,
resulting in certain limitation in the application of the pro-
posed method. In the near future, we will try to address this
deficiency.
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