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Abstract: The interdependency of electric and natural gas systems is becoming stronger. The challenge
of how to meet various energy demands in an integrated energy system (IES) with minimal cost
has drawn considerable attention. The optimal scheduling of IESs is an ideal method to solve this
problem. In this study, a day-ahead optimal scheduling model for IES that included an electrical
system, a natural gas system, and an energy hub (EH), was established. The proposed EH contained
detailed models of the fuel cell (FC) and power to gas (P2G) system. Considering that the optimal
scheduling of an IES is a non-convex complex optimal problem, a piecewise self-adaptive particle
swarm optimization (PCAPSO) algorithm based on multistage chaotic mapping was proposed to
solve it. The objective was to minimize the operating cost of the IES. Three operation scenarios were
designed to analyze the operation characteristics of the system under different coupling conditions.
The simulation results showed that the PCAPSO algorithm improved the convergence rate and
stability compared to the original PSO. An analysis of the results demonstrated the economics of an
IES with the proposed EHs and the advantage of cooperation between the FC and P2G system.

Keywords: integrated energy system; optimal scheduling; piecewise self-adaptive; chaotic mapping;
fuel cell

1. Introduction

An integrated energy system (IES) can couple various forms of energy, such as electric-
ity and natural gas, to meet the demands of users for multiple energy sources. Additionally,
IESs are capable of realizing the complementary utilization of energy, reducing the opera-
tion cost of the system, promoting the absorption of solar/wind power [1,2], improving
energy efficiency, and mitigating pollution emissions, which makes them a viable option to
solve the energy and environmental problems [3]. Optimal energy flow (OEF) calculation
provides a basis for the economic operation of IESs. Furthermore, the daily fluctuation of
wind power and load should be taken into consideration [4], which requires day-ahead
planning of the optimal energy flow of the IES.

The modeling of the energy hub (EH) and its internal components is one of the key
points in current research on day-ahead optimal energy flow. In [5], taking the industrial
production process (IPP) as a control variable of optimal scheduling, a universal extension
EH model was proposed. The results demonstrate that such a method reduces the operation
cost. Analogously, a digester can be added to the EH to interconnect the EH with a
biogas–electric multi-energy system to form a biogas–solar–wind complementary model,
which improves the absorption rate of renewable energy and reduces the operation cost
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of the IES [6]. A concentrating solar power plant model that couples the power grid
and the heating network, making the internal components of the EH more diversified,
was established in [7]. The results showed that the EH can lower the operation cost and
promote the wind power penetration of the IES. Considering nitrogen and ammonia cycles,
Xu et al. used a power to ammonia system to replace the P2G system in a general EH,
which improved the operating efficiency and economics of the EH [8]. This topology
strengthened the interconnection between electrical and thermal systems but weakened the
interconnection between electrical and gas systems. An energy router was added into the
EH in [9] to form a new EH model structure, and an optimal energy management strategy
was proposed. The case studies demonstrated that the interconnection of two EHs could
effectively reduce the operation cost of the IES. Ju et al. designed a novel structure of a
P2G-based virtual power plant. The P2G model was divided into two parts: electrolysis
for hydrogen production and the synthesis of methane [10]. In [11], an energy hub that
incorporates emerging distributed energy resources as well as energy storage devices was
proposed. The results showed that the operation cost was reduced with multiple energy
hubs. A literature review shows that the research on EHs mainly focuses on the elaboration
and enrichment of the model, which can improve the energy utilization rate of the IES and
reduce its operation cost.

On the other hand, exploring the optimal algorithms suitable for the OEF problem is
also important research in the field of IESs. Numerical algorithms, such as mixed-integer
linear programming [7,12,13], Benders decomposition [14], and second-order cone program-
ming [15], are fast in convergence. However, the implementation of the numerical algorithm
is complicated, and they may not converge when the objective function is discontinuous or
contains multiple extreme points. Many intelligent optimization algorithms are used to
solve the OEF problem of the IES, such as the genetic algorithm [16–18], teaching–learning-
based optimization algorithm [19,20], whale optimization algorithm [21,22], particle swarm
optimization (PSO) algorithm, etc. PSO, proposed by Eberhart and Kennedy [23], does not
require the continuity and convexity of the objective functions and has a strong adaptability
to the uncertainty of computational data. Nevertheless, premature convergence and falling
into local optima are disadvantages of PSO [24,25]. In [26], a modified crisscross PSO
and improved binary PSO technique was proposed, in which the crisscross search has
horizontal and vertical crossover operators to explore the search space in every dimension
and mitigate the stagnancy problem. The results showed that the modified crisscross
PSO reduced the local optimal problem of PSO and the computational effort of the algo-
rithm. Mellouk et al. proposed a new parallel hybrid genetic algorithm–particle swarm
optimization algorithm to solve the optimization problem, which had a convergence time
and solution quality that were better than those of ordinary PSO [27]. Combining PSO
with other algorithms can also overcome the weaknesses of the original PSO. Bao et al.
integrated a heuristic PSO into the decomposition-based sequential multi-energy flow
calculation to effectively solve a scheduling model with highly nonlinear multi-energy flow
constraints [28]. In [29], the PSO algorithm and niche technology were combined to form a
nonlinear decreasing inertia weighting strategy to prevent the algorithm from falling into
local optima. The authors in [30] proposed a distributed algorithm that combined PSO
and the interior point method. The above work indicates that the modification of the PSO
algorithm or its combination with other algorithms can feasibly solve the OEF problem
of IESs.

Little of the above literature jointly considered detailed models of the FC and P2G
system, and none of it mentioned the effect of their operation on the energy flow distribu-
tion, renewable energy consumption, and economics of IESs. In the literature, the deeply
modified PSO algorithm and the mathematical optimization algorithm are improved in
efficiency; however, their complexity or computation effort is also increased accordingly.

Based on the above discussion, we developed a piecewise self-adaptive particle swarm
optimization (PCAPSO) algorithm based on chaotic mapping, which updates the inertia
weight factor utilizing the random numbers generated by different types of chaotic map-
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pings during the iteration, to prevent the algorithm from falling into local optima and
to enhance its ability to jump out of local optima. In addition, a novel model of energy
hubs (EH) was established, which includes detailed models of the fuel cell (FC) and P2G
system, and the joint operation of the P2G system, FC, and hydrogen storage tank (HST)
was studied. To investigate the influence of multiple EHs on the IES, three EHs were added
to the electricity–gas energy system. The operation costs of the systems with different
numbers of EHs were compared.

The rest of this paper is organized as follows. In Section 2, the novel EH model is
proposed, and the mathematical models of the coupling components are presented. The
models of the electrical system and natural gas system are presented in this section as well.
In Section 3, the constraints of each system are introduced. The PCAPSO algorithm based
on chaotic mapping is constructed and the objective function is presented. Case studies for
the day-ahead scheduling of OEF for IESs are provided in Section 4. Finally, the conclusions
are drawn in Section 5.

2. Electric–Natural Gas IES Considering New Structural EH

In this section, the structure and formula of EHs are explained first. Then the detailed
mathematical models of each coupling component, specifically the two-stage model of the
P2G system and co-generation model of the FC, are presented. Thirdly, the steady-state
energy flow model of the electric and natural gas system is introduced.

2.1. EH Model

In an IES, the EH is an important structure that couples different energies to provide
input and output interfaces for each energy sub-system. The schematic diagram of the
proposed EH is shown in Figure 1. The EH mainly includes a battery storage system (BSS),
power to hydrogen (P2H) system, hydrogen to gas (H2G) system, hydrogen storage tank
(HST), fuel cell (FC), electrical chillers (EC), gas boiler (GB), micro-turbine (MT), and an
external renewable energy source (RES). The P2G model consists of an electrolytic cell
and a synthetic cell. The electrolytic cell can cooperate with the HST and FC to integrate
hydrogen energy flow into the EH, thus enhancing the flexibility of the energy supply. The
input energy mainly includes electric energy and natural gas, while the output energy
includes electric, thermal, cooling energy, and natural gas.

Figure 1. Structure of proposed EH.

The relationship between the input and output ports of the EH can be expressed by a
coupling matrix [20]:

L = C · P (1)
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Lα

Lβ
...

Lζ

 =


cαα cβα · · · cζα

cαβ cββ · · · cζβ
...

...
. . .

...
cαζ cβζ · · · cζζ




Pα

Pβ
...

Pζ

 (2)

where L is the output matrix; P is the input matrix; and C is the coupling matrix; α, β, . . . , ζ
represent the forms of energy, such as electricity, natural gas, thermal energy, cold en-
ergy, etc. Each element in C can be a constant or an input-output formulation of a
coupling component.

2.2. Modeling of Coupling Components
2.2.1. Power to Gas (P2G) System

The P2G system is an energy coupling device capable of converting electrical energy
into natural gas using two main processes: electrolysis and synthesis. In the electrolysis pro-
cess, water is used as a feedstock to produce hydrogen. The hydrogen is then synthesized
with carbon dioxide to produce synthetic natural gas. The chemical reaction equations
corresponding to the above processes are [31]:

2H2O→ 2H2+O2
CO2+4H2 → CH4+2H2O

(3)

The mathematical model of the P2G system is refined into two processes, P2H and
H2G. In this case, the hydrogen produced by the electrolytic cell can be used not only as
the reactant of synthetic natural gas, but also as the fuel material for the FC; in addition, it
can be fed into the HST for storage, thus enhancing the coupling between the P2G system,
HST, and FC. The conversion equations are:

FP2H = ηP2HPP2H (4)

FH2G = ηH2GFP2H (5)

where FP2H is the hydrogen flow generated by electrolysis; ηP2H is the operation efficiency
of the electrolytic cell; PP2H is the electric power input into the electrolytic cell; FH2G is the
flow of synthesized natural gas; and ηH2G is the synthesis efficiency.

2.2.2. Co-Generation Model of the Fuel Cell (FC)

The FC is a device that can convert the chemical energy in hydrogen into electricity
and thermal energy. The FC output voltage is affected by various internal overvoltages [32]:

VFC = ENernst − ςact − ςohm − ςdiff (6)

where ENernst is the Nernst voltage; ηact is the activation polarization overvoltage; ηohm is
the ohmic overvoltage; and ηdiff is the concentration overvoltage. The expressions for the
above overvoltages are [32,33]:

ENernst = 1.299− 0.85× 10−3(TFC − 298.15)
+4.3085× 10−5TFC · [ln(pH) + 0.5 ln(pO)]

(7)

where TFC is the operation temperature of the FC; pH is the pressure of hydrogen fed into
the FC; and pO is the pressure of oxygen fed into the FC.

ςact = ξ1 + ξ2TFC + ξ4TFC ln I + ξ3TFC ln
[

pO

5.08× 106 exp(−498/TFC)

]
(8)
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In Equation (8), I is the current density of FC; ξ1 = −0.9514; ξ2 = 0.00286+ 0.0002 ln AFC
+ 4.3× 10−5 ln

{
pH/

[
1.09× 106 exp(77/TFC)

]}
; AFC is the effective area of the FC; ξ3 =

7.4× 10−5; and ξ4 = −1.87× 10−4.

ςohm = IRint (9)

In Equation (9), Rint is the internal resistance of the FC.

ςdiff = m exp(nI) (10)

In Equation (10), n is the porosity function of the gas diffusion layer, which is a
constant in this paper, and m is the conductivity function of the electrolyte, which is a
temperature-related function as follows [34]:{

1.1× 10−4 − 1.2× 10−6(TFC − 273.15), TFC ≥ 312.15K
3.3× 10−3 − 8.2× 10−5(TFC − 273.15), TFC < 312.15K

(11)

If N1 FCs are in parallel and N2 FCs are in series, then the output voltage and current
of the FC stack are:

Vout = N2VFC (12)

I =
2FWH

N1MH
(13)

where F is the Faraday constant, 96,485 C/mol; WH is the rate of hydrogen fed into the FC
stack; and MH is the molar mass of hydrogen. The active power and thermal energy output
of the FC can be obtained as:

PFC = Vout I =
2FWH

MH
(ENernst − ςact − ςohm − ςdiff) (14)

QFC = I(N1ENernst −Vout) =
2FWH

MH
(ςact + ςohm + ςdiff) (15)

2.2.3. Hydrogen Storage Tank (HST)

The HST is mainly used to store hydrogen converted from surplus renewable energy
through the P2H process. On the one hand, the stored hydrogen can be used in the P2G
process to synthesize natural gas; on the other hand, it can be used as fuel for the FC. The
storage state of the HST at time t can be expressed as [10]:

SHST,t = SHST,T +
T

∑
t=1

ηHST

(
FP2H

HST,t − FFC
HST,t − FH2G

HST,t

)
(16)

where SHST,T is the hydrogen storage capacity of the HST at initial time; ηHST is the
operation efficiency of the HST; FP2H

HST,t is the hydrogen fed into the HST from the P2H
system at time t; FFC

HST,t is the hydrogen fed into the FC from the HST at time t; and FH2G
HST,t is

the hydrogen fed into the H2G system from the HST at time t.

2.3. Modeling of Power System
2.3.1. Electric Network

The steady-state power flow model is assumed [35].

2.3.2. Battery Storage System (BSS)

The energy storage state of the BSS is generally represented by its state of charge (SOC).
According to the different operating characteristics, the SOC can be divided into two states:
the charging process and the discharging process [10]. For charging:
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SOC(t) = (1− δ)SOC(t− 1) +
Pc∆tηc

Ec
(17)

where SOC(t) is the SOC of the BSS at time t; δ is the self-discharge rate; SOC(t− 1) is the
SOC of the BSS at time t−1; Pc is the charging power of the BSS; ∆t is the time interval; ηc
is the charging efficiency of the BSS; and Ec is the rated capacity of the BSS.

For discharging:

SOC(t) = (1− δ)SOC(t− 1)− Pd∆t
Ecηd

(18)

where Pd is the discharge power of the BSS and ηd is the discharge efficiency of the BSS.

2.4. Modeling of Natural Gas System

The model of the natural gas system is described in [35].

2.5. Energy Conversion Relationship of the Proposed EH

Combining Equation (2) with the mathematical models of the coupling devices, the
energy conversion relationship between input and output can be expressed as:


Le

Lngs
Lh
Lc

 =


0 vg1ηMT + 2FηP2H

MH
(ENernst − ςact − ςohm − ςdiff)

ve1ηP2H · ηP2G 0
0 vg2ηGB + 2FηP2H

MH
(ςact + ςohm + ςdiff)

ve2ηEC 0


[

Pe
Pngs

]
(19)

where ηMT, ηGB, and ηEC are the conversion efficiency of MT, GB, and EC, respectively;
vg1 and vg2 are dispatch factors of natural gas; ve1 and ve2 are dispatch factors of electric
power; Pe is electric power input into the EH; Pngs is natural gas input into the EH; Le is
electric power output from the EH; Lngs is natural gas output from the EH; Lh is thermal
energy output from the EH; and Lc is cold energy output from the EH.

3. PCAPSO Algorithm for the Optimal Scheduling of IES

In this section, the constraints of the subsystems and components are explained. The
objective function of the day-ahead scheduling of optimal energy flow for an IES is
presented to evaluate the operation cost of IESs. After that, the piecewise self-adaptive
particle swarm optimization based on chaotic mapping is proposed to solve the opti-
mization problem.

3.1. System Constraints
3.1.1. Power System Constraints

Considering that coal-fired generators are the main power sources of a power sys-
tem [36], the power system constraints mainly include active power constraints, reactive
power constraints, node voltage constraints, and other constraints.

3.1.2. Natural Gas System Constraints

The constraints in a natural gas system mainly include node pressure constraint,
pipeline flow constraint, and compressor inlet and outlet pressure constraints.

3.1.3. Battery Storage System (BSS) Constraints

The main constraints of the BSS are the electric quantity constraint and power con-
straint [9,37].

The electric quantity constraint is given by:

SOCmin < SOC(t) < SOCmax (20)

where SOCmin and SOCmax are the lower and upper limit of SOC, respectively.
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The power constraints are given by: Pc,max(t) = min
{

Pmax,C, Ec·[SOCmax−(1−δ)SOC(t−1)]
∆tηc

}
Pd,max(t) = min

{
Pmax,D, Ec·ηd·[(1−δ)SOC(t−1)−SOCmin]

∆t

} (21)

where Pc,max(t) is the maximum charging power of the battery at time t; Pmax,C is the
maximum permissible continuous charging power of the battery; Pd,max(t) is the maximum
discharge power of the battery at time t; and Pmax,D is the maximum permissible continuous
discharge power of the battery. If the rated power of the battery is Pn, then:{

Pmax,C = Nc,maxPn
Pmax,D = Nd,maxPn

(22)

where Nc,max and Nd,max are the maximum charge and discharge multiples, respectively.

3.1.4. Hydrogen Storage Tank (HST) Constraints

The constraints of the HST are given by:

SHST,min ≤ SHST,t ≤ SHST,max (23)

FHST,min ≤ FHST,t ≤ FHST,max (24)

where SHST,min and SHST,max are the minimum and maximum values of the hydrogen
reserves in the HST, respectively; FHST,t is the amount of hydrogen input/output into
the HST at time t; and FHST,min and FHST,max are the minimum and maximum values of
hydrogen input/output in the HST, respectively.

3.2. PCASO Optimization Model and Algorithm
3.2.1. Objective Function

The objective function includes the electric cost, natural gas cost of compressor, opera-
tion cost of the FC and BSS, and the profit from selling heat, as:

min
24

∑
t=1

(
Celectric(t) + Cnatural gas(t) + CFC(t) + CBSS(t)− Csell(t)

)
(25)

where Celectric(t) is the operation cost of the electrical system at time t; Cnatural gas(t) is the
operation cost of the natural gas system at time t; CFC(t) is the operation cost of the FC at
time t; CBSS(t) is the operation cost of the BSS at time t; and Csell(t) is the profit from selling
heat and cold energy at time t. Each of these variables can be expressed as follows:

Celectric(t) =
NG

∑
i=1

(
ai(t)P2

G,i(t) + bi(t)PG,i(t) + ci(t)
)

(26)

Cnatural gas(t) =
Ncom

∑
i=1

(ccom,i(t)τcom,i(t)) (27)

CFC(t) =
NFC

∑
i=1

(cFC,i(t)PFC,i(t)− sFC,i(t)QFC,i(t)) (28)

CBSS(t) =
NBSS

∑
i=1

(cBSS,i(t)PBSS,i(t)) (29)

Csell(t) = sEC,i(t)
NEC

∑
i=1

QEC,i(t) + sAC,i(t)
NGB

∑
i=1

QGB,i(t) (30)
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where NG, Ncom, NFC, NBSS, NEC, and NGB are the number of generators, compressors,
FCs, BSSs, ECs, and GBs, respectively; ai(t), bi(t), and ci(t) are the cost coefficients of the
ith generator at time t; PG,i(t) is the active power generated by the ith generator at time t;
ccom,i(t) is the cost coefficient of the ith compressor at time t; τcom,i(t) is the natural gas flow
fed into the ith compressor at time t; cFC,i(t) and sFC,i(t) are the cost and profit coefficients,
respectively, of the ith FC at time t; PFC,i(t) and QFC,i(t) are the electricity and thermal
energy, respectively, produced by the ith FC at time t; cBSS,i(t) is the cost coefficient of the
ith BSS at time t; PBSS,i(t) is the charge or discharge power of the ith BSS at time t; sEC,i(t)
is the profit coefficient of the ith EC at time t; sGB,i(t) is the profit coefficient of the ith GB
at time t; QEC,i(t) is the cold energy produced by the ith EC at time t; and QGB,i(t) is the
thermal energy produced by the ith GB at time t.

3.2.2. Optimization Algorithm

In this paper, by simplifying and modifying the algorithm in reference [25], a piece-
wise self-adaptive particle swarm optimization (PCAPSO) based on chaotic mapping
is proposed.

Chaotic mapping is a typical collection of nonlinear mappings. Random sequences
generated by chaotic mappings are often used in intelligent optimization algorithms. In
PCAPSO, the nonlinear inertial weight factor is divided into two sections: search and
escape. This piecewise inertial weight factor based on the use of different mappings can
accelerate the iterative convergence and evade local optima. The basic working principle
is that the search section of the inertial weight factor is used in a regular iterative process,
while the escape section is used when particles are trapped in local optima. Based on this
mechanism, Gaussian mapping and logistic mapping are used in the search and escape
sections, respectively. The definition of Gaussian mapping is as follows:

z(1) = rand

z(k + 1) =
{

0, z(k) = 0
mod(1/z(k), 1), z(k) 6= 0

(31)

where z(1) is the first number generated by Gaussian mapping; z(k) and z(k + 1) is the kth
and (k+1)th number generated by Gaussian mapping; rand represents random number,
and mod (a, b) represents obtaining the remainder after a is divided by b. Thus, the search
section of the nonlinear inertia weight factor can be expressed as:

ωsearch(k) = z(k) ·ωmin +
(ωmax −ωmin)

kmax
· k (32)

where ωmax and ωmin are the maximum and minimum of the inertia weight factor, respec-
tively; kmax is the maximum of iteration; and z(k) is a random number generated by the
Gaussian mapping.

The definition of logistic mapping is as follows:{
r(0) = rand, k = 0
r(k + 1) = µ · r(k) · (1− r(k)), 0 < k

(33)

where r(0) 6= {0, 0.25, 0.5, 0.75, 1} and µ ∈ [0, 4]. Correspondingly, the escape section of the
nonlinear inertia weight factor can be expressed as:

ωesc(k) = r(k)cmag + coffset (34)

where cmag and coffset are the magnitude and offset coefficient, respectively, and r(k) is a
random number generated by the logistic mapping.

The algorithm flowchart of PCAPSO is shown in Figure 2.
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Figure 2. Flowchart of PCAPSO.

4. Case Study

In this section, the testing system and the coupling mode between subsystems under
different operation conditions are introduced. Based on the simulation results, the improve-
ment of the proposed algorithm is demonstrated, and the operation characteristics and
economics of the optimized IESs with different numbers of EHs are analyzed.

4.1. System Description

The simulation system was composed of a modified IEEE 30-bus system, the 48-bus
natural gas system referred from [35], and EHs. The topologies of the two subsystems are
depicted in Figures 3 and 4. Three EHs were connected to electric buses 3, 4, 5, 10, 12, 16, 20,
26, and 29 in the electrical system and the natural gas nodes 2, 8, 10, 13, 14, 19, 21, 31, and
40 in the natural gas system. The coupling relationship inside the IES is shown in Figure 5.
The detailed internal structure of the EH is shown in Figure 1 in Section 2.
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Figure 3. Topology of the electrical system.

Figure 4. Topology of the natural gas system.

Figure 5. Coupling relationship of IES.

In the modified IEEE 30-bus system, three groups of photovoltaic power (PV) and
wind power (WP) were included, and load fluctuation [38–40] was considered. It was
assumed that the output of WP and PV in every group was the same. The curves are shown
in Figure 6. The load curves of nodes 10, 12, 16, 20, 26, and 29 are shown in Figure 7. In this
simulation, the time-of-use (TOU) price was taken into account in both the electrical and
natural gas systems. The price was set to the valley price from 00:00 to 7:00 h. At 8:00 h and
from 12:00 to 18:00 h, it was set to the normal price. From 9:00 to 11:00 h and from 19:00 to
23:00 h, the price was set to the peak price. The TOU for the IES is displayed in Table 1.
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Figure 6. Daily output curves of WP and PV.

Figure 7. Daily fluctuation curves of loads: (a) node 12, (b) node 16, (c) node 10 and node 26, and
(d) node 20 and node 29.

Table 1. Time-of-use prices for the IES.

Coefficient
Price Type

Peak Price/U Normal Price/U Valley Price/U

Electrical system a(t) 0.045 0.0375 0.03
b(t) 2.1 1.75 1.4

Natural gas system Ccom(t) 0.24 0.2 0.16

4.2. Effectiveness of OEF Using PCAPSO Based on Chaotic Mapping

A new optimal algorithm called PCAPSO was proposed and used to solve the OEF
problem of IES. To validate the effectiveness of the proposed optimization methodology, the
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original PSO and PCAPSO were used to optimize the above simulation system three times,
the results of which are shown in Table 2. The iteration curves are depicted in Figure 8.

Table 2. Comparison of optimal results with different optimization algorithms.

Algorithm
Calculation Label

No.1/×103U No.2/×103U No.3/×103U Average/×103U
Standard

Deviation/×103U

PCAPSO 89.59 89.52 88.96 89.36 0.24
PSO 90.67 92.14 91.56 91.46 0.52
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As shown in Table 2, the optimal cost of PCAPSO was lower than that of PSO. There-
fore, PCAPSO based on piecewise-chaotic mapping was less likely to fall into local optima
than PSO. The average value of the three optimization results obtained by using PCAPSO
was also lower than that of PSO. Since the standard deviation of PCAPSO was much lower
than that of PSO, it can be concluded that the stability of PCAPSO is better than that of
PSO. Comparing the three iteration curves of PSO and PCAPSO in Figure 8, it can be
observed that each optimization with PSO fell into a local optimum at least once in the
first half of the iteration, and the optimization results did not converge to the optimal
value when reaching the maximum number of iterations. However, the optimization with
PCAPSO barely fell into local optima during entire iteration. This is because in the search
section, the randomness of the Gaussian mapping ensures the global searching ability of
the inertia weight factor, and its weakening fluctuation characteristic causes the volatility
of the inertia weight factor to weaken regularly, which ensures the transition of the inertia
weight factor from the global search to the local search. However, once PCAPSO detects
that the optimization has fallen into local optima, the escape section is activated; in the
escape section, the stationary and stronger volatility of the logistic mapping allows the
inertia weight factor to keep its ability of global search, which can help the algorithm
to jump out of the local optima. On the other hand, these results also demonstrate that
the convergence rate of PCAPSO was faster than that of PSO. The results in Table 2 and
Figure 8 show that PCAPSO outperformed PSO in computational efficiency, stability, and
convergence accuracy.

4.3. Operation Characteristics and Economic Analysis of IES in Different Scenarios

To illustrate the effectiveness and economics of the proposed EH model and IES
framework, three operation scenarios of an IES according to the different operation states
of the EHs were designed and analyzed:

Scenario 1: Only EH1 is operational, and the fuel cell in EH1 is operational.
Scenario 2: All three Ehs are operational, but the fuel cells in each EH are deactivated.
Scenario 3: All three Ehs are operational, and the fuel cells in each EH are also operational.
The remaining IES operation parameters were the same in the three scenarios.
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Figure 9 shows the daily operation cost of the aforementioned scenarios. The daily
operation cost of the IES in Scenario 1 was more than that of Scenario 3, which indicates
that with more operational Ehs, the operation cost of the Ehs increased; however, this
can be compensated for by selling the cooling and heat power produced by the Ecs, GBs,
MTs, and FCs. The profits obtained from selling heat or cooling power are presented in
Figure 10, which also shows the components of the sold energy. The daily operation cost of
the IES in Scenario 2 was slightly larger than that of Scenario 3. This shows that due to the
co-generation function of the FC, the profit of sold heat is further increased when the FC in
each EH is operational.

Figure 9. Operation cost of the IES in different scenarios.

Figure 10. Profit from selling heat/cooling power in the different scenarios.

Table 3 describes the load fluctuations of node 10, 16, and 26 in the three different
scenarios. Comparing the data from Scenarios 2 and 3, it can be seen that the peak loads
were reduced up to 10%, the load valleys were filled up by P2H, and the standard deviations
of the loads were reduced up to 77% when the FC was operational. These changes reflect
the effect of FC–HST cooperation in peak load shifting.

Table 3. Load fluctuation of the IES in different scenarios.

Node 10 Node 16 Node 26

Peak
Load/MW

Valley
Load/MW

Standard
Devia-

tion/MW

Peak
Load/MW

Valley
Load/MW

Standard
Devia-

tion/MW

Peak
Load/MW

Valley
Load/MW

Standard
Devia-

tion/MW

Scenario 1 6.31 4.81 0.48 3.88 3.28 0.19 5.68 5.39 0.09

Scenario 2 6.31 4.81 0.48 3.88 3.28 0.19 6.19 4.88 0.38

Scenario 3 5.65 5.24 0.11 3.59 3.23 0.11 5.68 5.39 0.09
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Figure 11 displays the electrical (PFC) and heat power (QFC) produced by the FC in
each EH and the change of the hydrogen storage capacity of the corresponding HST in
Scenario 3. As can be seen from Figure 11a, from 3:00 to 10:00 h, due to the light load and
cheap electricity price, the IES purchases electricity from the upstream grid to supplement
the hydrogen in the HST1 by electrolysis, which explains why PFC1 is negative during
this period. At 11:00, both the load and the price of electricity increase. FC1 then uses
the hydrogen supplied by the HST1 to generate heat and power, and the electric energy
produced is used to smooth the load fluctuations and reduce the pressure on the power
grid. The heat produced is then sold to the heat market to offset the operation cost of
the system. At the end of the day, the hydrogen reserves in HST1 are slightly larger than
those at the beginning of the day, which ensures the continuous supply of hydrogen. The
situation in Figure 11b,c is similar to that in 11a.

Figure 11. Output power of FCs and states of HSTs in Scenario 3: (a) FC1 and state of HST1, (b) FC2
and state of HST2, and (c) FC3 and state of HST3.

Figures 12–14 present the optimal schedules of the coupling nodes. Comparing the
optimal schedule of identical coupling nodes in Scenarios 2 and 3, again the load fluctu-
ations are reduced with operational FCs. Hence, the results show that the FC is capable
of peak load shifting if it cooperates with the HST, and its operation cost can be offset
by selling heat. Adding more Ehs into an IES not only strengthens the coupling between
subsystems, but also improves the economics of IES operation. In addition, PCAPSO has
good applicability in solving IES optimization scheduling problems in different scenarios.

Figure 12. Optimal schedule of the coupling node (node 26) in scenario 1.

The optimal energy structures of the nodes connected with sustainable energy in
scenario 3 are displayed in Figure 15. As shown in Figure 15a, when the output of WP1
and PV1 exceeds the load demand, surplus electric energy is used to charge the BSS1
(e.g., 10:00–14:00 h). If the charging power or SOC reaches the upper limit during the
charging process, the excess electric energy is transferred to the electrolytic cell of the FC for
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hydrogen production (e.g., 15:00–17:00 h). When the output of WP1 and PV1 is not enough
to meet the load demand, the BSS compensates the power deficiency by discharging (e.g.,
5:00–7:00 h). If the SOC of BSS is less than the minimum limit at this time, the additional
load must be borne by the upstream grid (e.g., 8:00–10:00 h). At the end of the day, the
SOC1 is slightly higher than that at the beginning of the day, which ensures the continuous
supply of electric power from the BSS1. Given the above discussion, with the integration of
the BSS and FC into the IES, the consumption rate of renewable energy increases and the
amount of electricity drawn by the load from the upstream grid decreases, which reduces
the operating cost of the IES.

Figure 13. Optimal schedules of the coupling nodes in scenario 2: (a) node 26, (b) node 16, and
(c) node 10.

Figure 14. Optimal schedules of the coupling nodes in scenario 3: (a) node 26, (b) node 16, and
(c) node 10.

Figure 15. Optimal energy structures of nodes connected with sustainable energy in scenario 3:
(a) node 12, (b) node 20, and (c) node 29.
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5. Conclusions

Considering the detailed models of the FC and P2G system, this study developed a
new framework of EH for the optimal day-ahead operation of IES. The IES model consisted
of electrical and natural gas systems, presented in Section 4, and an EH, presented in
Section 2. The day-ahead scheduling of the IES was carried out considering the nodal
pressures, voltage constraints, and energy flow constraints of each sub-network. The
objective function of the IES day-ahead scheduling was to minimize the daily operating
cost of the IES. To solve the optimization problem, PCAPSO based on multistage chaotic
mapping was proposed in this paper. The major contributions of this work are:

(1) Developing a new efficient PCAPSO algorithm based on multistage chaotic mapping.
(2) Integrating detailed models of FC and P2G into the EH to form a novel framework of

the EH, in which the joint operation of the FC, P2G system, and HST is considered
and hydrogen is introduced.

(3) Establishing a new scheduling strategy to reduce the operation cost of IES. In this
strategy, when the electric load is light, P2H and HST cooperate to absorb excess
wind/solar energy and transform it into hydrogen, which can then be used as the
starting material for the H2G process to synthesize natural gas. When the electric load
is heavy, hydrogen transformed from the P2H process or stored in the HST can be
used as the fuel in the FC to generate electricity.

Numerical tests were performed on an IES including the modified IEEE 30-bus and
natural gas 48-bus systems. The key findings are as follows:

(1) The PCAPSO based on piecewise-chaotic mapping is less likely to fall into local
optima than PSO. In addition, the stability and convergence rate of PCAPSO are better
than those of PSO.

(2) The FC cooperating with the HST and P2H system is capable of peak load shifting
when operated as a co-generation device, and its operation cost can be compensated
by selling heat.

(3) The integration of the BSS and FC into the IES can increase the consumption rate of re-
newable energy and decrease the amount of electricity drawn from the upstream grid.

(4) The proposed EH, which contains the detailed model of the FC and P2G, is more in
line with actual operations than the EH described in [3,12,20]. With the insertion of
multiple EHs, the system coupling is enhanced, and the stability and economics of
IES operation are improved.

Future work should include detailed modeling of the natural gas system considering
the hydrodynamic properties of natural gas. In addition, the thermal network could be
coupled with electrical and natural gas systems to improve the flexibility and diversity of
IES operation. On the other hand, the introduction of a new optimization algorithm with
a high computational efficiency and convergence rate may also be an important area of
research in day-ahead optimal scheduling of IESs.
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