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Abstract: This article focuses on the minimization of operational cost and optimal power dispatch
associated with microgrids coupled with natural gas networks using particle swarm optimization
(PSO). Introducing a natural gas turbine in a microgrid to overcome the drawbacks of renewable
energy resources is a recent trend. This results in increased load and congestion in the gas network.
To avoid congestion and balance the load, it is necessary to coordinate with the electric grid to plan
optimal dispatch of both interactive networks. A modification is done in applying PSO to solve this
coupled network problem. To study the proposed approach, a 7-node natural gas system coupled
with the IEEE bus 33 test system is used. The proposed strategy provides the optimal power dispatch.
Moreover, it indicates that power sharing between the main grid and microgrid is reduced in such
a way that it may help the main grid to shave the load curve peaks.

Keywords: natural gas and electricity integrated energy system; power scheduling strategy;
distribution networks; PSO; renewable energy sources; optimal power dispatch

1. Introduction

Technological advancement in the past decade such as combined cycle natural gas-powered
generation and recent policies are reshaping the primary energy networks. Meanwhile, electricity
networks are transforming from being centralized toward decentralized to become more secure,
independent and environmentally benign. The distributed electric networks are a promising approach
to accommodate a larger share of renewable energy sources (RES), e.g., photovoltaic and wind power
generation. RESs cause power fluctuations in the electricity grid, which are a concern for the reliability
and power quality of the system and supposed to be compensated by the main grid [1]. In the
meantime, current global policies are encouraging more gas and electric power network integration.
The new integration of these two-networks is becoming a popular approach for upcoming distributed
and Integrated Energy Systems (IES) [2,3]. In the IES, a gas-powered turbine performs the role of
coupling gear. This coupling component can increase the reliability and power quality of the electric
system because it has greater inertia and faster response. Due to these advantages, countries around
the globe are paying more attention to energy network coupling strategies, e.g., China has approved
more integration of energy networks in its 13th Five-Year Development Plan (2016-2020). According to
this plan, by 2020 the total capacity of electricity generation by natural gas will exceed 110 gigawatts.
This growing size and increasing share of gas-powered generation will have a significant effect on
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both networks. Moreover, in some parts of the world both energy networks, electricity and natural gas,
are operated by a single company, e.g., in Great Britain.

As per the review article [4], general microgrid management or control schemes can be categorized
on three levels; (1) primary; (2) secondary; (3) tertiary. These three levels of control are based on the
response speed and infrastructure. The first one, primary control, deals with voltage and frequency
regulation. The second one, secondary control, which is also called an energy management system
(EMS), deals with the reliability and economical operation of a microgrid. The third one, tertiary
control, deals with grids interacting with main grid and other grids. The problem addressed in this
article falls in the secondary control level category.

Microgrid optimal power dispatch problems belong to the mixed integer nonlinear programming
classification. This problem’s objective function will possibly involve second order or higher order
polynomial equations for the cost functions. It can also include complex system constraints related to
a variety of renewable energy resources and loads.

So far, several researchers have focused their attention to this issue using a lot of different
techniques to solve this problem. The authors in [5] noticed the congestion in gas networks and tried
to solve this problem by adjusting the electricity network. Optimal energy flow in electricity and the
natural gas coupled network was discussed in [6,7]. An attempt to reduce the total operational cost is
done in [8], where the authors combined two methods; the interior and Newton’s method, to perform
the optimization. The Newton Raphson method was used to solve the problem under discussion in [9].
A similar technique is used in [10], where the authors also used the Newton Raphson method and
multi-objective optimization using adaptive-covariance and Levy-flights (MGSO-ACL). The former
method is also used by [11] for coordinated operation of gas and electricity coupled networks. In [12]
the authors have done a steady-state analysis, including district heating, and tried to solve the problem
using the Newton-Raphson method. To solve the problem via heuristic optimization methods, Ant
Colony Optimization is presented in [13] and genetic algorithms in [14,15]. In [16], a hybrid genetic
algorithm is presented to solve the economic dispatch problem.

Some of these techniques are not appropriate if a carbon-tax or pollution treatment cost is included.
In this situation, the Integrated Energy System’s (IES) problem falls in the multi-objective optimization
category. The multi-objective function with heuristic optimization methods is studied in [17-19].

Comparisons of a few popular optimization methods used to solve the IES dispatch problem are
discussed in [4,20-22]. The superiority of particle swarm optimization (PSO) is proven in terms of
finding the most optimal operational cost of IES [22]. In [20,23] authors did complex modification in
PSO to make it converge faster and consume less computation time. In [24] hybrid swarm intelligence
is proposed for optimal power dispatch. A standalone grid’s operational economy is optimized using
a modified PSO in [25]. To do hourly optimal electric load flow of a microgrid having renewable energy
sources (RES), the authors in [26,27] chose PSO. In another article [28], the optimal flow problem of
a microgrid having PV, wind, combined heat and power (CHP), electric vehicles (EVs) and energy
storage system is solved using PSO. A recent review article [22], which covered optimization approaches
for distributed energy system, claims that Al techniques are dominating to solve the problem under
discussion and among these popular Al techniques, PSO is the most commonly used method.

In previous studies, most of the researchers considered running or operational cost only. Pollution
emission penalties or treatment costs are ignored and not included in the optimization function.
Moreover, most of the researchers used a barrier or interior point method based on linear or nonlinear
optimization to solve the coupled energy network problem. In this article, the authors” objective is to
optimize operational cost including some pollution emission penalty or pollution treatment cost. To do
so, the authors formulated this operational cost optimization problem as a multi-objective problem.
From the discussion in the above paragraphs, the authors concluded that particle swarm optimization
(PSO) is one of the best-recommended techniques in the literature to solve this type of optimization
problem. Moreover, PSO is well understood, easy to implement and easy to modify. Therefore, PSO
has been chosen to solve the optimization problem and a modification has been done in applying PSO
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to make it converge much faster to save computation time. A convergence test was carried out to
find convergence speed and the sufficient number of iterations to find the desired solution. After that,
the results are matched with the pre-optimization operational cost to prove the effectiveness of the
proposed technique. Furthermore, the microgrid became more reliable and its power-sharing with
main grid reduced in such a pattern that it also helped main grid to smoother its load curve. This paper
is organized as follows: in Section 2, an electricity and natural gas networks” model is formulated.
In Section 3 the dispatch strategy is described. A case study is presented in Section 4, and in Section 5
simulation results of the proposed strategy are presented.

2. Modeling of Integrated Energy System

The abstract illustration in Figure 1 shows the energy flow in an Integrated Energy System (IES).
Here different components of the IES can be seen. Arrow signs show the direction of energy flow.
The single head arrows show that energy can flow only in one direction, similarly, dual head arrows
show energy can flow in both directions. Further details and mathematical model of these components
are formulated in the following paragraphs.

Fuel

Cell

PV _'_’
Wind —><_L> Battery

— " Main Grid < —» Electric Power Load

A

Micro Gas Turbine

A
Natural Gas
Distribution —»{ Natural Gas Load
Network |
—_— —_—
Electric Power Network Natural Gas Network

Figure 1. Energy flow in an IES.
2.1. Micro Grid’s (Electricity Network) Component Modeling

The microgrid is connected with the main grid through a point of common coupling (PCC).
The distributed energy sources (DERs) in the proposed microgrid discussed in this article can be
divided into two types; (1) dispatchable, e.g., controlled dispatch, microturbine, fuel cells and
(2) non-dispatchable, e.g., solar and wind-powered generation.

In general, a renewable energy resource (RES), which depends on the natural occurrence,
is not very reliable. The reliability can be increased by more precise predictions of the subjected
natural occurrence.



Energies 2018, 11, 3499 40f 16

2.1.1. Photovoltaic

Photovoltaic (PV) mainly depends on available solar radiation to produce electric power.
The power generated by PV PV can be formulated as follows:

PPV = GPyANVte T 1)
The cost CI' of the power generated PP’V can be calculated by the following equation:
CPV = aPV x PPV 4+ BV x PPV 4+ 4PV x PPV, vt € T )

In this article, we supposed that as solar PV is not producing any pollution, e.g., NOy or CO,,
so 7"V is equal to zero.

2.1.2. Wind Turbine

Like PV, wind turbines (WTs) depend on nature-controlled phenomena like the wind speed. There
are some other parameters which also affect its performance. Power P}V produced by wind turbines in
term of its parameters can be formulated as follows:

PV = Cp(vs)N,Vt € T 3)
The cost C}" of this power P}Y produced is given as follows:
ClV=a"V x PV + YV x PV + W x PV, Ve T (4)
As wind turbines do not produce pollution, the pollution coefficient 4" is equal to zero.

2.1.3. Fuel Cell

Fuel cells (FCs) produce electricity through an electrochemical reaction. They are a good choice
for the microgrid because they can be easily adjusted accompanied with noiseless operation and low
emission. Electric power produced by a FC, PfC, can be expressed by the following equation:

PfC =ViLN,VteT (5)
The cost of power generation by a FC can be formulated as follows:
CFC = afC x PFC 4+ BFC x PFC 4+ € x PFC, vt e T (6)
As a FC does not produce any harmful gases, its pollution coefficient 4 is considered zero.

2.1.4. Micro Turbine

The micro turbine (MT) considered here is natural gas turbine, which helps in producing electric
power. MT is an important player for the system under discussion, as it is the way in which natural
gas and electric network interact with each other. MTs are becoming popular as they can quickly ramp
up and ramp down, have a fast start-up, short downtime and less installation time.

Power output PMT from a MT in terms of fuel cost can be written as follows:

MT PtMT
Cfuel - Cgasz 7, Vt S T (7)
t
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A MT also has a maintenance cost C¥”, which is related to the power produced. The relation
between maintenance cost C}!T and power produced PMT is given as follows:

eyl =Y KyPMT, vteT (8)
t

As a MT uses a hydrocarbon-based fuel, during its operation harmful gases (e.g. NOy, CO,, SO,)
are also produced. The treatment cost (CMT) of these exhaust gases can be written as follows:

CMT — ¥ 0(1073 (M7 + BMTPMT 4 A MT(PMT)2) 4 ) exp(ZPMT))) )
t

CMT

Total operational cost of MT (C;,,

) at time ¢ can be calculated as given below:

Chotat, = Caet + Cont + Comt (10)

2.1.5. Batteries

A battery bank is used to store electric power and make it available when needed. Typically,
it stores extra power and helps in nullifying fluctuations. Here extra power also includes power from
the main grid when its tariff is the cheapest. Battery bank functional cost can be calculated by its main
factors, which are listed in the following equation:

Cgmt — bt Ptbat + 'Bbat « Pthat + ,)/hat « Ptbﬂt,Vt cT (17)

In addition to that, there are also some minor factors which affect the battery function, i.e., shelf
life, service life, self-discharge. There are some other constraints also considered in battery functionality,
i.e., charge and discharge rate, which depend on the charging state, and the lowest discharging level.

2.1.6. Main Grid

The national grid or main grid is one of the most important players of the proposed microgrid.
It is supposed that the main grid can have failures caused by external interruptions like the weather or
a cascaded shutdown. The most important function of the main grid is to enable the market to sell
and purchase electricity to and from microgrid. Other assumptions about the main grid are taken in
this article, i.e., the main grid has a time of use (TOU) price tariff, and the main grid already includes
a pollution treatment cost or penalty. The selling and buying price-related equations are given below:

Cnil. = TOU(CIgre!), vt € T (12)

where ngerlif ; Grid sale price at time ¢, time of use (TOU) function defines the buying price on an hourly

market
buyt *

Likewise, the following equation explains the buying price:

basis using C

cf;;‘ft = TOU(Clrket), vt € T (13)

The main grid has its own limitations, for example, there is a limit to its sale and purchase volume.
We have not calculated the pollution cost for the main grid as it is assumed that the pollution penalty
is already included in the main grid price.

2.2. Natural Gas Network Modeling

In general, the gas network has a gas source or gas well, pipeline, compressors, interconnection,
storage, and gas load. The natural gas flow related equations are described in Osiadacz’s book [29].
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The goal of the gas network is to maximize social welfare, which can be done by minimizing operational
cost and maximizing utilization.

2.2.1. Pipeline Model

For natural gas, the general flow Equation (14) is derived from energy balance [6]:

()

I FGLTZ (14)

To
fz/ = Sij X 3.23877_?0 S

+1 if T — T > 0
—1if7Ti—7Tj <0’
the friction factor of the pipeline, D is the pipeline diameter (in inches). G is the natural gas specific
gravity (natural gas = 0.6), L is the length of the pipeline, 77; is the pressure of node i (psia), 7; is the
pressure of node j (psia), 71y is the standard pressure (psia), Tp is the standard temperature, T is the
natural gas average temperature, and Z is the average natural gas compressibility factor. Through
Equation (14), the pressure drop between two nodes can be measured.

where f;; is the flow rate of the pipeline (SCF/h), §;; is the flow direction { Fis

2.2.2. Compressor Model

As per Equation (14), gas flow results in a pressure drop or a pressure difference causes a gas flow.
This pressure drop is caused by the loss of energy due to friction. To compensate this pressure-drop,
gas compressors are used. Compressors require energy, which can be calculated as per the following

Equation (15) [6]:
Hj; —Bfl(nf)w“l) —1] (15)

355485 T o
- Ucom a—1

H;; Compressor horsepower:

B (16)
where f is the compressor flow rate (psia), 71; is the compressor inlet pressure (psia), 7t; is the compressor
outlet pressure (psia), Z is the natural gas compressibility factor, a is the constant specific heat ratio
and 5"

The compressors’ required energy is generated by using gas. For simplicity, we assume that gas

is the efficiency of the compressor.

flow through a pipeline consumes gas to maintain its pressure. This results in a cost increment of the
natural gas as it passes through the compressor.

2.3. Micro Grid and Natural Gas Coupling Constraints

The microturbine is a link between the electric and natural gas network. Both networks have their
own operational objective, priorities, and limitations.
For the electricity network, the operational objective is to meet electric load demand with the
lowest possible cost:
CMG = PV 4 ¥ 4 CFC 4 CMT 4 8™ 4 chot (17)

To do so, first, the network uses its renewable resource. Second, the network uses economical and
clean generation, i.e., fuel cells, as well as it gets a benefit from the time of use policy.

For the natural gas network, the operational objective is to be utilized fully without having
congestion. First, it is necessary to fulfill the direct gas load and second, to provide rest of available
gas capacity to the MT.

The natural gas network first estimates and satisfies the household gas load or heat load.
Second, it provides the natural-gas related information to the microturbine of the electricity network.
Equations (14) and (15) imply that as the natural gas network approaches its upper capacity limits,
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the natural gas gets more expensive, because a higher energy ratio is required by the natural gas
compressor to pump the gas near its full capacity. Other than the capacity limits, distance is also
a cause that increases the natural gas price.

3. Coupled Networks’ Dispatch Strategy

The electricity network tries to operate the microgrids in island-mode without incurring in a cost
increment. To do this, the network needs to meet its electric load demand via its renewable resource
and storage. To make an efficient dispatch strategy, its renewable power is estimated by forecasting
and using maximum power point tracking (MPPT). If the estimated renewable generation is less than
estimated electric load, other power sources will be considered, e.g., fuel cells, microturbines, batteries
and the main grid. To do so, the PSO algorithm will be used, which will determine which DERs and in
what ratio will be the most economical to use. This strategy is summarized in Figure 2.

Start

v

Estimate RPV R EW

v

Yes

P” +P" > Load —

Extra power store in battery

No

Check which resources are available

I—D Modified PSO 4—'

y

Optimized Dispatch

v

End

Figure 2. IES’s dispatch strategy overview.

A brief introduction of the proposed strategy is described in the above paragraphs. The strategy
is executed with the help of the PSO algorithm as summarized in Figure 3. The modification is done
by limiting the search area. Limitation in the search area is done as per the electricity and natural gas
network constraints. For example, for PV, the total expected generated power is calculated by getting
weather forecasting information and using MPPT techniques. As this type of produced energy has no
significant effect on operating cost, therefore, the PSO algorithm does not need to search the optimized
solution because it is already known and the expected calculated power is used in the simulation
(Figure 3, step 3). Kennedy [30] introduced the PSO for the first time back in 1995. Later, some
modifications have been done in different aspects of the PSO algorithm. Shi [31] added a new variable
inertia weight. In [30], Kennedy described that the PSO is based on the observation of natural swarms’
behavior, i.e., a school of fish or a flock of birds. It can be implemented easily. In this algorithm, there
are total three global variables; (1) gBest, the best global available solution; (2) stopping criteria and
(3) condition or target. This algorithm depends on imaginary particle moments. Each of the particles
has three values: (1) the best valid (pBest) solution; (2) velocity and (3) the best local value. Further,
there are many topologies for the particles to communicate with each other. The topology used in
the algorithm implemented in this article is called fully connected. In this topology, every particle is
connected to each other.
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The proposed modification is done in the searching area for the particles, inspired by old and
experienced members of the flock or school, who already know the best and worst places to search.
By using already known information about the system, the search area can be limited, which makes
the algorithm converge much faster and able to find the solution in a shorter time. To validate the
assumption, a number of tests are carried out, and it is found that it converges faster compared to the
previous unmodified algorithm. The population size of 20, the learning factors c¢; and ¢ equal to 2 and
inertia weight w equal to 0.7, are used throughout the simulations.

Start
v

Initialization of particle

Adjust or modify particle data as

e —
per “old members’ memory”

Calculate the cost function for each particle

Is current cost

v es[ lower than pBest lNO

Store current value as pBest Keep previous value
[ ]

v
Assign pBest value to gBest

Update particle data as per
velocity and data values

Nio Is target achieved Yes
Stopping condition "
End

Figure 3. Flowchart of PSO.

In Figure 4, the number of iterations is shown on the x-axis and the best solution per case is given
on the y-axis. In this testing environment, the proposed electric and natural gas networks” data is used.
To make it easier to compare the simulation result, the data is normalized. The best available solution
in every case is 1. As shown in Figure 4, the algorithm achieved the solution in less than 150 iterations.
To make sure, we wouldn’t miss the best solution available, the 350th iteration is set as the stopping
criteria in an actual simulation.

2 1.06 datal
5 data2
= data3
13
L tad
= 1.04 data
S datas
Eif data6
k= 102 s (| 1107
a ’ datag
e \_\ﬁ
E 3

100 120 140
No. iterations

Figure 4. Conversion test for modified PSO.
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4. Case Study

The simulation was done on an IES having a 7-node natural gas system coupled with the IEEE
bus 33 test system. The structure for these networks can be seen in the following Figures 5 and 6.
The electricity network parameters are given in Table 1, and the natural gas network parameters are
given in Table 2. This study is focused on a residential microgrid.

O
IR

1,23456789101112131415161718

26 27 28 29 30 31 32 33

23 24 25

jNcYc

Figure 5. IEEE bus 33 with DERs.

Gas

Source 1 IEEE
_I_I L3 ap L5 MT, Bus;ﬂ
L7 8
= MT, P

Gas
Source 1 25

L2 L4 L6 I ’
—>O- als MT;

[\S]

_—  ——

Natural Gas Network  Electric Power Network ~ Compressor  Gas well Node

Figure 6. Natural gas network.

In the simulation, the main grid, which is also called national grid, does electricity trading as per
a Time of Use price (TOU) policy. The trading price has three intervals: (1) lower price; (2) normal
price and (3) higher price. As shown in Figure 7. The first interval lasts from 0:00 to 8:00 h. The second
interval lasts from 9:00 to 11:00 and 17:00 to 19:00 h. The third interval lasts from 12:00 to 16:00 and
20:00 to 24:00 h. The main grid also has a difference in its selling and buying price.

1 T T T T T

_Q
[~
T

1

=)
I

T
|

F
o
T

1

Price (RMB per kW)

=
s

T
L

3 6 9 12 15 18 21 24
Time (in Hours)

(=]

Figure 7. Electricity network trading price.

The electricity network’s load pattern is taken from a typical day of the residential load, which
can be seen in Figure 8.
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Figure 8. Load curve of the electricity network.

In the electricity network, load and electricity price mostly follow the same pattern. Similarly, the
gas network load pattern from a typical day, which represents the household load of the gas network,
is shown in Figure 9.

Gas Network Load (MW)
[ fa = tn ()
= = = = =

(=1
T
1

=

=
L=
(%

9 12 15 18 21 24
Time (in Hours)

Figure 9. Load curve of the gas network (excluding MT).

For the natural gas network, there is an increment in gas price as the gas passes through the gas
pipeline. As natural gas travels through the pipeline, its pressure drops, which affects the natural gas
network capacity. To maintain the required pressure, compressors are used, which consume gas and
cause a price increment. The residential demand for electricity and gas varies throughout the year.
For simplicity, this variation can be divided into three categories:

(1) Summer case:

Generally, in summer, electricity demand is higher and its peak and off-peak demand differences
are also higher. As compared to electricity, natural gas demand drops significantly. Mostly, natural gas
is available for electricity generation due to lower demand for household or district heating [32].

(2) Spring case:

In general, both electricity and natural gas are not in high demand. It means there is not much
stress on both networks.

(3) Winter case:

In winter, both networks are under stress to meet their load requirements. Explicitly, natural gas
is in high demand and its peak and off-peak demand gaps are also higher. Considering the coupled
network, in winter case, the total energy flow is the highest [32]. As per the above discussion, in winter,
both networks have a higher possibility of having congestion and this may cause a rise in per unit
price. That’s why this simulation is about the winter case only.

The electricity network components’ parameters are given below.
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Table 1. Microgrid’s DER and load parameters.

Source Description
Micro Turbine 3 x 66 MW /h
Fuel cell 40 MW /h
Wind Turbine 50 MW /h

PV 100 MW /h

Grid (+max) 250 MW /h

Load (max) 250 MW /h
Battery bank 80 MWh

The battery bank consists of eight lithium ion-based battery units, each with 10 MWh capacity,
or 80 MWh in total. The natural gas network components’ parameters are given below.

Table 2. Gas network parameters.

Source Description
Gas source 1 13,800 m3 /h
Gas source 2 10,200 m3/h
Gas load (max) 6000 m3/h
Gas MT demand (max) 31,200 m3/h

The microturbines (MT) used here are Siemens SGT-A65 gas turbines. Their combined cycle
power generation capacity at 50 Hz is 65.3 MW. Its maximum operating efficiency is 53.6%.

The electricity network’s 24 h dispatch as per the proposed strategy is shown in Figure 10.
According to the results shown in Figures 10 and 11, the micro-grids” dependency on the main grid
is reduced. The battery bank was charged when the main grid price was the lowest and discharged
in needy hours, e.g., discharged at 11:00 h. When the MT production got lower, the batteries started
functioning to fill the power gap. The battery bank got charged when the main grid electricity price
was the lowest, e.g., from 0:00 to 8:00 h. This strategic function of the battery bank also provides
an economic benefit.

Figure 11 shows the sale and purchase before and after introducing the microgrid. All the
electricity was purchased from the main grid before optimization, but in the later optimized case,
electricity is produced by DERs and a battery bank is also introduced in the microgrid.

The proposed dispatch strategy is focused on the time of use price, but it can also help the regional
grid shave its load curve peaks, which is the main purpose of using time of use price. Figure 12 shows
the microgrid effect on the regional grid, assuming the regional grid’s peak load is 1000 MW.

— PV+WT
E 60 | I Battery =
= ——MTI ] I_
= MT2 — —
E 40 |——m3
&= = Fuel Cell
|
o — -
£ 20} - | | i
2y
E ]
% 0 =
it l
m
_ZU 1 1 1 1 1 1 1
0 3 ] 9 12 15 18 21 24

Time (in Hours)

Figure 10. Electricity network dispatch.
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Figure 11. Sale and purchase for the main grid.
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Figure 12. Effect on the regional grid.

Before introducing MT and other DER, the total expenditure was 2.7240 million RMB on
a typical day. In the second case, this expenditure was 2.0529 million RMB on the same typical
day. This financial benefit also includes 0.0590 million RMB from battery bank operational financial
benefit. The comparison of dispatch strategy with different techniques is given in Table 3. All these
algorithms were run on the same machine (Core i3 CPU, 4 GB RAM).

Table 3. Comparison of dispatch solutions with different methods.

Technique (24 h) 2 Cost (million RMB) Time (s)
Main Grid 2.7240 0.00 ¢
LRP 2.0533 9.84
Ant Colony Optimization (ACO) 4 2.0433 3.58
Artificial Bee Colony algorithm (ABC) 4 2.0529 7.12
PSO 4 2.0529 5.42
Proposed PSO ¢ 2.0529 452

2 The technique is used for 24 h dispatch with an internal time of an hour. b IR mean Lagrange Relaxation method.

¢ It is zero as no dispatch planning was needed and all power was simply purchased via the main grid. ¢ Population
size = 20, maximum number of iterations allowed = 350.

As depicted in Table 3, the 24 h cost for ABC, PSO and the proposed method of applying PSO is
same, and only the computational time is lesser for latter. Here it is worth noting that ACO has an edge
to pursuit a better search direction depending on the experience and to produce better initial result
solutions using a heuristic technique, but this feature can often cause trapping in a local minimum. This
is the reason for the lesser computational time and higher cost (local minima) for ACO as mentioned
in Table 3. ABC is good at finding the correct global minima, but its computation time is higher. In the
literature, some authors claim to develop a better metaheuristic optimization algorithm based on
swarm optimization. Most of these claims are based on some selective aspect of the comparison results.
For example in [33] authors performed only 40 iterations and did not mention the computational time
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in comparison. Having a conversion test is a must thing for metaheuristic optimization algorithms
as these types of algorithms cannot find the correct global optimum every time if the number of
maximum iterations are not enough. In Figure 4, a conversation test of the algorithm used in this
article is given. The authors proposed to calculate the output of PV and wind generation and fully
used it. It does not need to be optimized via PSO, as it can be realized that using all the power by
renewables will be a better option than using a portion. This modification in applying PSO results in
lesser time consumption to compute the desired results.

The dispatch strategy for natural gas MT operation provided by the simulation is summarized in
Table 4. Here “0” means shut down or in standby mode (less than 5 MW). “1” represents operational
status in respective hours.

Table 4. One-day gas turbine operation.

Unit Hours (1-24)

1 000000010111111101110010
2 000000001011111010101100
3 00o0000011001111101011010

5. Conclusions

This paper proposed a dispatch strategy for microgrids coupled with the natural gas networks
using particle swarm optimization (PSO). The coupled networks’” optimal dispatch problem is
formulated as a multi-objective optimization problem. This model covered the non-linear cost function
of the natural gas network, natural gas-powered micro gas turbine and other components of the
microgrid. A modification was done in applying PSO by limiting the search area as coupled to the
network constraints. To verify the effectiveness of the proposed strategy, first a test was done to
check its convergence speed and find a sufficient number of iterations and then it was applied to the
proposed Integrated Energy System (IES). This proposed IES consists of a 7-node natural gas system
coupled with the IEEE bus 33 test system. The results provide an optimal dispatch scheme, which is
able to reduce the operational cost by 0. 6710 million RMB per day. Furthermore, it is also noticed that
power sharing between microgrid and main grid is also reduced in such a beneficial way that it also
supports the main grid to shave its load curve. This can be a promising approach for robust operation
of the microgrid. The conclusion can be summarized as follows:

o  We formulated the power dispatch strategy of a microgrid coupled with a natural gas network as
a multi-objective problem and used PSO to solve it.

e Limited the search area for PSO.

e Included pollution treatment costs or emission penalties.

e  Verified the effectiveness of the proposed strategy. First, a test was done to check its convergence
speed and find out a sufficient number of iterations and then it was applied to the proposed
Integrated Energy System (IES).

e  The results provided an optimal dispatch scheme, which is able to reduce the operational cost of
the microgrid by 0. 6710 million RMB per day.

e The proposed strategy not only provides an optimal dispatch, but also reduces the power
dependability of the microgrid in such a way that it helps the main grid to smoothen its power
demand curve.

As we know that the forecasting information of renewable energy is changing continuously, so,
it is suggested that the proposed strategy should be executed whenever the forecasting information
changes, to get up-to-date optimized dispatch strategy for the day ahead dispatch. Installation cost
of DERs and pollution treatment penalty is subjected to local market situations and policies. It may
revise in succeeding work.



Energies 2018, 11, 3499 14 of 16

Author Contributions: Conceptualization and methodology, M.Y. and Q.A.; software, and data curation, M.Y.
and Y.G.; writing—original draft preparation, M.Y.; writing—review and editing, M.Y, WA.W,, RH. and Z.J.;
supervision and funding acquisition, Q.A.

Funding: This work was supported by National Natural Science Foundation of China (U1866206).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

A Area of PV panels

Cf ¢ Total social cost of FC at time ¢

Chat Total social cost of battery at time ¢

Cf\(ﬁgl, ¢ Total social cost of MT at time ¢

Cf v Total social cost of PV at time ¢

C;N Total social cost of a wind turbine at time ¢

Cgas Natural gas price per unit

cMT Pollution treatment cost for MT

C}VL{ZI Fuel cost for MT

cMT MT maintenance cost

Cp Power curve provided by WT manufacture

Gf Global tilted solar irradiation on PV

Iy Fuel cell stack current

K Maintenance cost constant for MT

N Number of units installed

phet Power supplied or stored (charge or discharge) by battery at time ¢

PtF c Estimated power generated by FC at time ¢

pMT Power generated by MT at time ¢

pPv Estimated power generated by PV at time ¢

PtW Estimated power generated by WT at time ¢

t Index of hour

T All hours in the year

Vi DC voltage between stack of FC at time ¢

(7 Velocity of the wind at time ¢

abat Maintenance coefficient for battery

ofC Maintenance coefficient for FC

aMT Emission characteristic coefficient for MT

aPV Maintenance coefficient of PV

aW Maintenance coefficient of wind turbine

phat Emission characteristic coefficient for battery
Fc FC value depreciation coefficient

pMT Value depreciation coefficient for MT

prv PV value depreciation coefficient

W Wind value depreciation coefficient

'yb at Pollution treatment cost coefficient for battery

FC
MT

Pollution treatment cost coefficient for FC

Emission characteristic coefficient for MT

Pollution treatment cost coefficient for PV

Pollution treatment cost coefficient for wind turbine
Efficiency of solar PV

MT Power generation efficiency at time ¢

Emission characteristic coefficient for MT

Unit pollution cost

Emission characteristic coefficient for MT

= 3

I S R R R
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