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Abstract: In the power system, the integration of power-to-gas and carbon capture systems
(P2G-CCS) within the microgrid enables the conversion of electrical energy into hydrogen
or methane while simultaneously capturing CO2 emissions from power generation units.
This approach significantly mitigates carbon emissions and supports the transition to a low-
carbon energy system. Concurrently, the dynamic properties of the gas–thermal network
exert a critical influence on the flexibility of system scheduling and the regulation of multi-
energy coupling. Hence, this paper puts forward an optimal configuration strategy for
microgrids with consideration of the dynamic characteristics of the gas–thermal network.
Firstly, mathematical models for the dynamic characteristics of the gas network and the
heat network were established and incorporated into the microgrid system. Secondly, in
conjunction with the P2G-CCS coupling system, an optimization scheduling strategy was
formulated with the aim of minimizing the total operational costs of the power grid, the
natural gas network, and the heat network. An enhanced African vultures optimization
algorithm (AVOA) was put forward. In the end, by setting different scheduling scenarios
for conducting a comparative analysis, an appropriate optimization configuration scheme
was selected, and the validity of the proposed method was verified through simulation
with the improved case study.

Keywords: gas–thermal network dynamics; P2G-CCS; optimized operation; Levy-AVOA;
microgrid

1. Introduction
Microgrids play an important role in grid dispatch and reducing environmental

pollution. Devices such as power-to-gas and carbon capture systems (P2G-CCS), com-
bined heating and power (CHP), and gas boilers (GBs) in the system have achieved multi-
energy complementarity and effectively enhanced energy utilization efficiency [1–4]. In
the electricity–gas–heat multi-energy coupled system, the dynamic characteristics of the
gas flow and thermal energy flow can be equivalent to the system standby, which has the
ability to improve system flexibility and promote the consumption of new energy [5–9].
Therefore, fully exploiting the regulatory potential of the network dynamic characteristics
in the multi-energy coupled system is an effective approach to promote the accommodation
of renewable energy and improve the level of system dispatch.

The dynamic characteristics of gas and heat networks have a direct impact on the oper-
ational flexibility and optimal scheduling of integrated energy systems. In an electricity–gas–
heat integrated energy system, accounting for these dynamic characteristics can substan-
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tially enhance both the system’s operational adaptability and its capacity to accommodate
renewable energy sources. Existing literature indicates that scholars have already initiated
research into the dynamic behaviors of gas and heat networks. Refs. [10,11] proposed a
dispatch model of the electric–gas coupled system considering the dynamic characteristics
of the gas network, demonstrating that the dynamic characteristics of the gas network
can increase the accommodation of new energy and energy utilization efficiency. Ref. [12]
constructed a multi-time scale dynamic optimization dispatch model of the coupled electric–
gas interconnection system. The case study indicates that the gas pipeline storage makes
the output of generating units and gas sources smoother. Ref. [13] approximated the
nonlinear dynamic equation of the gas network by a matrix and constructed a two-stage
robust dispatch model of the electric–gas coupled system, enhancing the wind power
accommodation of the natural gas network.

The P2G-CCS coupled system, as a low-carbon technology, fully taps the potential of
the system for the accommodation of new energy. Ref. [14] unified the electrolyzer and the
methanation process and applied it in multi-microgrids, achieving the maximization of
the benefits of the microgrid clusters. Ref. [15] put forward the concept of the low-carbon
operation domain, effectively quantifying the low-carbon operation range of the P2G-CCS
system. Ref. [16] combined the carbon trading strategy with the P2G-CCS coupled system
and gas-hydrogen blending units, enhancing the economy and low-carbon nature of the
virtual power plant. Intelligent algorithms such as genetic algorithm (GA), particle swarm
optimization (PSO), and interior search algorithm (ISA) are prone to premature convergence
and low accuracy when addressing the optimal configuration of microgrids [17–19].

The African vultures optimization algorithm (AVOA) is an optimization algorithm
that mimics the behaviors of African vultures during their foraging process, such as
hunger, exploration, conflict, and flight. It is formed through the sharing of information
and possesses strong optimization capabilities and robustness [20]. Nevertheless, in the
initial stage of evolution, due to factors such as insufficient population diversity and
alterations in the regulation parameters of cognitive and social behaviors, when optimizing
a small portion of multi-extreme value functions, phenomena like deteriorated population
convergence accuracy or even local convergence are prone to occur [21,22].

To sum up, in this paper, an optimal configuration strategy for microgrid considering
the dynamic characteristics of gas and heat is proposed, and an economic optimal configu-
ration model of microgrid is established. By establishing the mathematical model of gas
and heat dynamic characteristics and integrating it into the microgrid system, the level of
system dispatch decision-making is enhanced. By integrating the P2G-CCS coupled system
to mitigate carbon emissions and applying the Levy flight strategy to the AVOA to solve
the objective function, the aim is to enhance the solution accuracy and convergence speed,
thereby attaining the optimal solution.

2. Dynamic Characteristics of Gas and Heat Networks
2.1. Dynamic Characteristics of Gas Networks and Modeling

When focusing on the dynamic characteristics of the gas pipeline networks, the trans-
mission speed of natural gas during its transmission in the pipelines is relatively slow and
it is compressible. This leads to the gas flow at the inlet and outlet of the pipelines not
being equal. The portion of natural gas that lingers in the gas network pipelines is referred
to as “pipe inventory”. It can be expressed as [23]:

Mnl,t =
π∆xnl D2

nl
4RTgZρ0

p̃nl,t (1)

p̃nl,t = (pn,t + pl,t)/2 (2)
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Mnl,t = Mnl,t−1 + Qin
nl,t − Qout

nl,t (3)

where ∆xnl and Dnl are the length and diameter of pipeline nl, respectively, with their units
being km and m, while the unit for pipeline nl is km. Mnl,t is the natural gas inventory of
pipeline nl at time period t, the unit of time t is h, and the unit for gas inventory within
the pipeline is kg/s. R is the natural gas constant, Tg is the temperature of natural gas,
and the unit for the temperature of natural gas is ◦C. The compressibility factor of natural
gas is designated as Z and the density of natural gas is specified as ρ0 under the standard
atmospheric pressure, kg/m3. p̃nl,t constitutes the average pressure of pipeline nl within
period t, and the unit of pressure is MPa. The pressures at node n and node l are indicated
in MPa by pn,t and pl,t, respectively. During the time period t, the gas flow rates entering
and exiting the pipeline nl are Qin

nl,t and Qout
nl,t, respectively, the unit of time t is h, and the

unit for the gas flow rate is kg/s.
By substituting Equation (2) into Equation (1), further calculations yield the relation-

ship between pipe inventory and node pressure:

Mnl,t =
π∆xnl D2

nl
4RTgZρ0

(pn,t + pl,t)/2 (4)

Just as the standby in the power system, the pipeline inventory in the gas network is
capable of mitigating the fluctuations of the natural gas load and constitutes a crucial factor
for ensuring the reliable supply of natural gas [23]. Based on the physical properties of nat-
ural gas, which behaves as an incompressible fluid, maintaining a specific pressure during
pipeline transportation is essential to ensure optimal flow efficiency. This characteristic
complicates rapid adjustments to the gas supply volume. To effectively manage pipeline
storage and ensure smooth operation in the subsequent scheduling cycle, the pipeline
inventory at the end of each cycle is set to match the initial inventory level [23]:

∑
nl∈Ωnl

Mnl,0 = ∑
nl∈Ωnl

Mnl,T (5)

where Ωnl is the set of natural gas pipelines, and Mnl,0 and Mnl,T represent the pipeline
inventories at the outset and conclusion of a scheduling period, respectively.

2.2. Dynamic Characteristics and Modeling of the Thermal Network

The dynamic characteristics of the thermal network are mainly manifested in the
influence on the temperature variation of the medium, which is reflected in the two aspects
of transmission delay and temperature loss. In this paper, the water flow in the network
remains unchanged, and only the temperature variation of the thermal network is con-
sidered; that is, we employ the control mode characterized by constant flow and variable
temperature.

(1) Transmission Delay

When taking into account the transmission delay characteristics, the temperature
loss is not considered. The exit temperature of the pipe can be estimated by using the
temperature at the pipe inlet and the transmission delay characteristics of the pipe during
a certain period of time. The delay constants γhl,t and φhl,t are expressed as follows [4]:

γhl,t = min
α∈N

{
α : s.t.

t

∑
k=t−α

mhl,k · ∆t ≥ ρAhl Lhl

}
(6)

φhl,t = min
β∈N

{
β : s.t.

t

∑
k=t−β

mhl,k · ∆t ≥ ρAhl Lhl + mhl,t · ∆t

}
(7)
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where mhl,k is the flow rate of hot water of the pipeline hl in period k, the unit for time
k is h, and the unit for flow rate is kg/s. At time t and time t − 1, the retention time
values of the portion of hot water flowing out from the pipeline are designated as α and
β, respectively, and the units for both α and β are denoted in h. ρ, Ahl , Lhl and ρAhl Lhl are
the density of hot water, the cross-sectional area of the hot water pipeline hl, the length of
the hot water pipeline hl, and the total mass of hot water, respectively, while the units for
density, cross-sectional area, length, and mass are kg/m3, m2, km, and kg, respectively;
∆t = 1h. In the circumstance where the temperature loss is disregarded, this article utilizes
a linear weighting methodology to characterize the outlet temperature T′out

hl,t of the pipe,
and the unit for the outlet temperature of the pipeline is ◦C. The expression for the outlet
temperature of the pipeline is given as follows [4]:

(mhl,t · ∆t) · T′out,s
hl,t = (mhl,t · ∆t + ρAhl Lhl − Shl,t) · Tin,s

hl,t−φhl,t
+

t−γhl,t−1
∑

k=t−φhl,t+1
(mhl,k · ∆t) · Tin,s

hl,k

+(Rhl,t − ρAhl Lhl) · Tin,s
hl,t−γhl,t

(8)

(mhl,t · ∆t) · T′out,r
hl,t = (mhl,t · ∆t + ρAhl Lhl − Shl,t) · Tin,r

hl,t−φhl,t
+

t−γhl,t−1
∑

k=t−φhl,t+1
(mhl,k · ∆t) · Tin,r

hl,k

+(Rhl,t − ρAhl Lhl) · Tin,r
hl,t−γhl,t

(9)

In Equations (8) and (9)

Rhl,t =
t

∑
k=t−γhl,t

(mhl,k · ∆t) (10)

Shl,t =


t

∑
k=t−φhl,t+1

(mhl,k · ∆t) , φhl,t ≥ γhl,t + 1

Rhl,t, φhl,t < γhl,t + 1
(11)

where T′out,s
hl,t and T′out,r

hl,t are the outlet temperatures of the supply water pipe line hl and
the return water pipeline hl, respectively, without temperature loss in period t . The unit
of time t is h and the unit for the outlet temperature is ◦C. Within the ambit of the time
period k, the inlet temperatures of the supply water pipe hl and the return water pipe hl
are designated as Tin,s

hl,k and Tin,r
hl,k , respectively, and the unit for the inlet temperature is ◦C.

From the time period t − γhl,t to the time period t, the mass of hot water entering the pipe
hl is defined as Rhl,t, the unit for the time period t − γhl,t is defined as h, and the unit for
the mass of hot water is kg. Within the interval extending from time t − φhl,t + 1 to time
t, the mass of hot water entering pipe hl is defined as Shl,t, the unit for the time period
t − φhl,t + 1 is defined as h, and the unit for the mass of hot water is kg.

(2) Temperature loss

During the course of hot water transmission within pipes, heat loss occurs as a conse-
quence of heat exchange between the hot water and the pipe wall. Subsequently, consider-
ing the heat loss, the outlet temperature of the pipe can be calculated in accordance with
the Shukhov formula. The detailed formulas are provided as follows [6]:

Tout,s
hl,t = Tenv

t + Jhl,t

(
T′out,s

hl,t − Tenv
t

)
(12)

Tout,r
hl,t = Tenv

t + Jhl,t

(
T′out,r

hl,t − Tenv
t

)
(13)

Jhl,t = exp

[
−λhl∆t

Ahlρc

(
γhl,t +

1
2
+

Shl,t − Rhl,t

mhl,t−γhl,t
∆t

)]
(14)
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where Tout,s
hl,t and Tout,r

hl,t are the outlet temperatures after considering the temperature loss,
◦C; Jhl,t is the temperature loss coefficient; Tenv

t is the ambient temperature, ◦C; and λhl is
the thermal conductivity of the pipeline hl. The specific heat capacity of water is denoted
by the letter c, J/(kg·◦C).

3. Microgrid
3.1. Unit Model

(1) P2G-CCS Coupling Model

Power-to-gas (P2G) technology facilitates the conversion of electrical energy into
gaseous energy carriers such as hydrogen or methane, which can subsequently be stored
within existing natural gas infrastructure or dedicated storage facilities. Carbon capture
and storage (CCS) technologies encompass three primary CO2 capture methods: pre-
combustion carbon capture, post-combustion carbon capture, and oxy-fuel combustion.
Among these, post-combustion carbon capture is the most widely implemented approach
due to its compatibility with current industrial processes.

Based on the operational characteristics of P2G and CCS, it is evident that relying
solely on CCS equipment presents significant challenges. Due to the current limitations in
carbon capture and storage technologies, CO2 transportation over long distances pose a risk
of leakage and incurs substantial costs. Conversely, utilizing only P2G systems necessitates
the procurement of CO2 for methanation processes, thereby increasing overall system
expenses. Therefore, integrating P2G and CCS technologies can enhance the economic
viability of the system while simultaneously reducing CO2 emissions.

As illustrated in Figure 1, CCS technology captures CO2 from the flue gas emitted
by fossil fuel-fired power units. Following separation and purification, the captured CO2

is transported to the methane reactor. Concurrently, an electrolyzer produces hydrogen
through water electrolysis, which subsequently reacts with the captured CO2 to generate
methane. The synthesized methane is then injected into the natural gas pipeline network
to serve as a feedstock for gas turbines, thereby facilitating the recycling and efficient
utilization of energy.
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Figure 1. Working principle of the integrated operation of P2G and CCS. 
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Figure 1. Working principle of the integrated operation of P2G and CCS.

The CO2 generated by the CHP unit and the electricity purchased from the external
power grid can be captured by the P2G-CCS system, thus achieving energy conservation
and emission reduction, and improving economic benefits. The P2G-CCS system model is
presented as follows [21]: 

Pgs = ηP2GPP2G

ECCS = βCPP2G

PCCS = εCECCS

(15)

In Equation (15), Pgs represents the gas production power of P2G, kW; PP2G represents the
power consumption of P2G, kW; PCCS represents the power consumption of CCS, kW; ECCS

represents the capture amount of CO2, kg; ηP2G represents the efficiency of electricity-to-gas



Processes 2025, 13, 324 6 of 20

conversion of P2G; βC represents the electricity consumption for processing per unit mass
of CO2; and εC represents the electricity consumption for capturing per unit mass of CO2.

(2) Electric Boiler Model [21]

Ph
EB = ηh

EBPe
EB (16)

where Ph
EB denotes the power consumption of the electric boiler, kW; Pe

EB denotes the
heat production power of the electric boiler, kW; and ηh

EB represents the efficiency of
electricity-to-heat conversion of the electric boiler.

(3) Gas Turbine Model

The gas turbine can realize the transformation from the chemical energy in natural gas
to electricity. The mathematical model of the gas turbine is [24]:{

Pe
CHP = ηe

CHPPg
CHP

Ph
CHP = ηh

CHPPg
CHP

(17)

where Pg
CHP denotes the gas consumption power of the gas turbine, kW; Pe

CHP indicates the
power generation of the gas turbine, kW; Ph

CHP represents the heat production power of
the gas turbine, kW; ηe

CHP represents the gas-to-electricity efficiency of the gas turbine; and
ηh

CHP represents the gas-to-heat efficiency of the gas turbine.

(4) Gas Boiler Model [24]

Ph
GB = ηh

GBPg
GB (18)

where Pg
GB denotes the gas consumption power of the gas boiler, kW; Ph

GB represents the
heat generation power of the gas boiler, kW; and ηh

GB indicates the gas-to-heat efficiency of
the gas boiler.

(5) Energy Storage Battery Model [5]

SES,t = SES,t−1 + (PEch,tηEch − PEdis,t/ηEdis)

0 ≤ PEch,t ≤ uessPmax
ess , 0 ≤ PEdis,t ≤ (1 − uess)Pmax

ess
(19)

where SES,t represents the energy storage capacity in period t, the unit for time t is h, and
the unit for energy storage capacity is kWh. PEch,t and PEdis,t denote the charging and
discharging power in period t, kW. ηEch and ηEdis indicates the charging and discharging
efficiencies. uess is a 0–1 variable that denotes the charging and discharging status of the
energy storage system. Pmax

ess is the maximum charging and discharging power, kW.

(6) Output Power Model of Photovoltaic Array

In view of the relatively low power output of each individual photovoltaic cell, mul-
tiple photovoltaic cells are integrated into photovoltaic modules via series or parallel
connections. Subsequently, photovoltaic arrays are constituted in the same way to augment
the overall photovoltaic power generation capacity. The expression for the output power of
photovoltaic power generation is as follows [5]:

PPV = PSTC
A
AS

[1 + αp(T − TSTC)] (20)

In Equation (20), under standard test conditions (STC), the maximum test power is defined
as PSTC, kW, within which AS denotes irradiance, W/m2, TSTC represents the temperature
of the photovoltaic power generation system, ◦C, and αp refers to the power temperature
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coefficient. In actual operating conditions, the irradiance is A, W/m2, and the surface
temperature of the photovoltaic panel is T, ◦C.

(7) Output Power Model of Wind Turbine

In conditions where the wind rotor coefficient, swept area of the rotor, and air density
are held constant, the output power of the wind turbine is fundamentally dependent on
wind speed and demonstrates a cubic relationship with it. The mathematical representation
for the output power of the wind turbine is as follows [25]:

Pt(v) =


0 ,
av3 − bPr ,
Px ,
0 ,

0 ≤ v ≤ vci

vci ≤ v ≤ vr

vr < v ≤ vco

vco < v

(21)

where a = Pr/(vr
3 − vci

3), b = vci
3/(vr

3 − vci
3), Px is the rated power of the wind turbine,

kW; v is the wind speed at the hub height of the wind turbine, m/s; vci is the cut-in speed,
m/s; and vco is the cut-out speed, m/s. The output power of the wind turbine amounts to
Pr when the rated wind speed is vr and the units for Pr and vr are kW and m/s, respectively.
Px can be obtained through the following formula [25]:

Px = Pr +
Pco − Pr

vco − vr
(v − vr) (22)

where Pco is the output power of the wind turbine when the wind speed is vco and the units
for Pco and vco are kW and m/s, respectively.

3.2. Objective Function

The objective function of the integrated energy system (IES) is comprised of three
distinct components: the operational cost associated with the power grid fe, the operational
cost related to the natural gas network fg, and the operational cost pertaining to the
heating network fh. The cost units for each term in the objective function are uniformly
denominated in US dollars [16].

fIES = fe + fg + fh (23)

3.2.1. Grid Operating Costs

The objective function of the power grid is formulated based on a comprehensive eco-
nomic cost model that employs the concept of equal annual value while also incorporating
environmental considerations into the objective function in terms of costs. This approach
facilitates the resolution of a nonlinear programming problem under specified constraints.
The components of this objective function encompass equivalent initial investment costs,
fuel expenditures, environmental costs associated with electricity generation, as well as
the expenses related to purchasing and selling electricity. This model can be expressed as
follows [16]:

Cmin =
N

∑
i=1

[(CCPi + COMi)PDE,i] + (CDEFU + CDEEN)PDG,i + CbuyPbuy − CcellPcell (24)

where Cmin represents the total cost, while N denotes the number of unit categories, with
the total cost unit specified in US dollars. CCPi denotes the equivalent initial investment cost
per unit of installed capacity for the i-th type of generating unit, US dollars; COMi represents
the operational and maintenance costs associated with the i-th type of generating unit, US
dollars; CDEFU signifies the fuel cost per unit of electricity generated by diesel generators,
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US dollars; CDEEN indicates the environmental cost per unit of electricity generation from
diesel generators, US dollars; PDE,i refers to the electricity output from the i-th type of
generating unit, kWh, while PDG,i pertains to the electricity output from diesel generators,
kWh. Additionally, Cbuy and Ccell represent the purchase and sale prices of electricity over
a specified period, the pricing unit is specified in US dollars, whereas Pbuy and Pcell denote
the quantities of purchased and sold electrical energy during that same period, the unit of
measurement for electrical energy is specified as kWh. Each item carries a weight of 1.

(1) Equivalent Initial Investment Cost

The initial investment cost is determined using the equivalent method, and the model
is articulated as follows [8]:

CCPi = CTCPi
r(1 + r)YDGi

(1 + r)YDGi − 1
(25)

where CTCPi denotes the unit price of the i-th type of generator, US dollars; YDGi represents
the operational lifespan of the i-th type of generator, y; and r signifies the discount rate.

(2) Operating and Maintenance Costs

The operating and maintenance costs of the unit are comprised of fixed costs and
variable costs. The mathematical model is articulated as follows [10]:

COMi = COMFi + COMVi (26)

where COMFi and COMVi, respectively, denote the fixed operation and maintenance expense
and the variable operation and maintenance expense of the i-th generating unit, US dollars.

(3) Fuel Expenditure

The combustion of fuel in diesel The operation of the unit requires fuel consump-
tion, and the corresponding fuel costs are incorporated into the calculation of economic
expenses. The model representing the fuel cost per unit of electricity generated by this unit
is formulated as follows [10]:

CDEFU = pdefuq (27)

where pdefu denotes the unit price of fuel required for power generation by the diesel
generator, US dollars, while q represents the fuel consumption per unit of electricity
produced by the diesel generator, kg.

(4) Annual Environmental Cost of Power Generation

The combustion of fuel in diesel generators for electricity generation results in CO2

emissions. When these emissions are converted into environmental costs and integrated
into the calculation of economic costs, the model can be articulated as follows [16]:

CDEEN =

MType

∑
i=1

poliCpoli (28)

where MType denotes the type of gas emitted during the power generation process of diesel
generators; Cpoli signifies the environmental assessment standard for pollutants within the
power industry; and poli represents the quantity of the i-th pollutant emitted per unit of
electricity generated by the diesel generator.
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3.2.2. Operating Costs of the Gas Network

Operating costs associated with the natural gas network [17].

fg = ∑
t∈T

∑
s∈S

Ggas,s,tcgas,s (29)

where S denotes the set of natural gas sources, and Ggas,s,t and cgas,s represent the output
from the gas source and the unit price of natural gas during period t. The unit of time t is h,
and the unit of measurement for the unit price of natural gas is dollars/m3.

3.2.3. Operating Costs of the Heating Network [17]

fh = ∑
t∈T

Hnsh,tcnsh (30)

where Hnsh,t and cnsh denote the heat load loss and the unit cost coefficient for heat power
during period t. The units of measurement for time t and heat load are h and kW, respec-
tively.

3.3. Constraints
3.3.1. Power Grid Constraints

(1) Power Balance Constraints [18]

G

∑
i=1

PDG,i,t + PCHPe,t + Ppv,t + Pwind,t + PEdis,t + PP2G,t + PCCS,t = Pe,t + PEch,t + PEB,t (31)

where PCHPe,t, Ppv,t, Pwind,t, PEB,t, PP2G,t, PCCS,t, PEch,t, and PEdis,t represent the power
outputs of the combined heat and power (CHP) unit, photovoltaic systems, wind turbines,
electric boilers, power-to-gas (P2G), and carbon capture and storage (CCS), as well as the
charging and discharging processes of energy storage systems during period t. The unit for
time t is h and the unit of measurement for power is uniformly kW.

(2) Node Power Balance Constraint [18]

∑
dg.∈b

Pdg,t + ∑
CHPe.∈b

PCHPe,t + ∑
pv.∈b

Ppv,t + ∑
wind.∈b

Pwind,t + ∑
Edis.∈b

PEdis,t − ∑
P2G.∈b

PP2G,t

− ∑
CCS.∈b

PCCS,t − ∑
e.∈b

Pe,t − ∑
Ech.∈b

PEch,t − ∑
EB.∈b

PEB,t + ∑
∀a.∈Bk(·,b)

fab,t − ∑
∀a.∈Bk(b,·)

fab,t = 0
(32)

where Pe,t represents the predicted electric load at time period t, the unit for time t is h,
the unit of measurement for Pe,t is kW, and a and b denote nodes within the power grid.
.∈b, ∈B signifies the set of entities connected to node b, respectively, where (·,b) and (b,·)
indicate the starting and ending points of the line associated with node b.

(3) Constraints on Power Flow in Transmission Lines [19]{
fab,t = Bab(θa,t − θb,t)

−Fmax
ab ≤ fab,t ≤ Fmax

ab
(33)

where fab,t, Fmax
ab represents the transmission power of line ab and its upper limit during

time period t, the unit for time t is h, the unit of measurement for power is uniformly kW.
Bab, θa,t, and θb,t denote the susceptance of line ab and the phase angles at nodes a and b
during time period t, respectively, and the units of measurement for admittance and the
phase angle are, respectively, S and rad.

(4) Phase Angle and Generator Output Constraints [19]{
−π ≤ θa,t ≤ π, θrefb,t = 0
−Pmin

B ≤ PB,t ≤ Pmax
B

(34)



Processes 2025, 13, 324 10 of 20

where Pmin
B and Pmax

B stand for the upper and lower bounds of the output of Generator B
during time period t, the unit for time t is h, the unit of measurement for power is uniformly
kW, θrefb,t denotes the phase angle of the slack node of the line ab, the unit of length for line
ab is km, and the unit of phase angle is rad.

(5) Constraints of Generator Ramp [23]{
PB,t − PB,t−1 ≤ rup

B uB,t−1 + Pmax
B (1 − uB,t−1)

PB,t−1 − PB,t ≤ rdn
B uB,t + Pmax

B (1 − uB,t)
(35)

where rupB and rdnB represent the up and down ramp rates of Generator B, MW/min, uB,t

is a 0–1 variable for Generator B at the time period t, and the unit for time t is h.

3.3.2. Constraints of the Gas Network and the Heat Network

The static model of the natural gas system incorporates node flow balance constraints,
gas source output constraints, pipeline gas flow constraints, and node pressure constraints.
The dynamic model of the thermal system consists of heat network temperature constraints,
heat power balance constraints, outlet temperature constraints of cogeneration units, and
inlet temperature constraints of heat exchange stations. For detailed information, please
refer to Reference [26]. The dynamic constraints of the gas network and the heat network
include Equations (1)–(14).

4. African Vultures Optimization Algorithm (AVOA)
In 2021, Abdollahzadeh et al. proposed the African vultures optimization algorithm

(AVOA) through mimicking the foraging behavior of vulture groups in the natural environ-
ment [20]. In comparison with other swarm intelligence algorithms, AVOA holds stronger
exploration and exploitation capabilities. To a certain degree, this ensures that AVOA does
not fall into local optima, maintains a certain convergence rate, and also avoids excessive
divergence.

4.1. Stage 1: Ascertainment of the Optimal Vulture for Each Arbitrary Group

Upon the establishment of the initial population, the fitness of all solutions is com-
puted, and the supremely optimal solution is selected as the first group vulture and the
second-best optimal solution as the second group vulture, while the residual solutions move
towards the first and second groups. During each fitness iteration, the entire population is
recalculated [20].

R(i) =

{
BestVulture1 i f pi = L1

BestVulture2 i f pi = L2
(36)

where R(i) designates one of the optimal vultures, pi constitutes the current position vector
of the vultures, L1 and L2 are parameters stipulated prior to the search operation, with their
values falling within the range of 0 to 1, and the sum of the two parameters amounts to
1. The probability of selecting the optimal solution is obtained by recourse to the roulette
method, and each optimal solution is selected for each group [20].

pi =
Fi

n
∑

i=1
Fi

(37)

where Fi indicates the fitness value.
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4.2. Stage 2: The Hunger Rate of Vultures

Inspired by the rate at which vultures achieve satiety or experience hunger, the model
is presented as follows [20]: F = (2 × rand1 + 1)× z × (1 − Iterationi

maxiterations ) + t

t = h ×
(

sinw
(

π
2 × iter

maxiter

)
+ cos

(
π
2 × iter

maxiter

)
− 1
) (38)

where F represents the satiety rate, Iterationi represents the current iteration number, and
maxiterations represents the maximum iteration number. Define z, h, and rand1 as random
numbers. Among them, the value of z is any value within the range of −1 to 1, the value of
h is any value within the range of −2 to 2, and rand1 is any value ranging from 0 to 1. w is a
constant with a value of 2.5. Simultaneously define that when z < 0, the vulture is in a state
of hunger, and when z = 0, the vulture is in a state of fullness.

When |F| ≥ 1, the vulture group seeks food in different areas, and at this time, it is
defined that AVOA enters the exploration stage. When |F| < 1, the vulture group is in the
exploitation mode; that is, it searches for food near the optimal position.

4.3. Stage 3: Foraging Exploration

In the AVOA framework, vultures scrutinize random areas based on two strategies,
which are selected through P1. A random number ranging from 0 to 1, namely randP1, is
generated. When P1 ≥ randP1 prevails, formula (40) is utilized; when P1 < randP1 prevails,
Formula (42) is utilized. The search for the satiation region is presented as follows [20]:

P(i + 1) =

{
Equation(40) if P1 ≥ randP1

Equation(42) if P1 < randP1
(39)

P(i + 1) = R(i)− D(i)× F (40)

D(i) = |X × R(i)− P(i)| (41)

where P(i + 1) constitutes the position vector of the vulture subsequent to the iteration,
D(i) represents the random distance between the current vulture and one of the superior
vultures within the two groups, and X constitutes the random moving position of the
vulture, which is obtained by employing the formula X = 2 × rand in order to safeguard
the food from other vultures. To develop a model that generates random solutions within
the interval (lb, ub), the following formula is utilized [20]:

P(i + 1) = R(i)− F + rand2 × ((ub − lb)× rand3 + lb) (42)

In Equation (42), lb and ub signify the upper and lower bounds of the variable, and
rand2 and rand3 are random numbers ranging within 0 to 1, employed to augment the
randomness coefficient. When rand3 approximates 1, a random movement is incorporated
into lb to enhance diversity and explore distinct spatial regions.

4.4. Stage 4: Exploitation

When the value of |F| is encompassed within the range of 0.5 and 1, AVOA undertakes
two distinct rotational flight and siege strategies. P2 is utilized to determine the selection of
each strategy, and its value is within the range of 0 and 1. At the initial phase, a random
number randP2 is generated ranging from 0 to 1. When P2 ≥ randP2, the siege strategy will
be implemented gradually by means of Formula (44). When P2 < randP2, the rotational
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flight strategy is executed by resorting to Formula (47). The formulas are presented as
follows [20]:

P(i + 1) =

{
Equation(44) if P2 ≥ randP2

Equation(47) if P2 < randP2
(43)

When |F| ≥ 0.5, the aggregation of a large number of vultures at the same food source
may give rise to severe conflicts. Stronger vultures possess a higher likelihood of obtaining
food. Weaker vultures cluster around stronger ones, initiating minor conflicts to fatigue
them and thereby acquire food. The movement model is presented as follows [20]:

P(i + 1) = D(i)× (F + rand4)− d(t) (44)

d(y) = R(i)− P(i) (45)

In this formulation, rand4 is a random number spanning from 0 to 1, which is employed
to augment the random coefficient; d(y) denotes the distance between the current vulture
and one of the optimal vultures within the two groups.

The rotational flight of vultures is utilized to simulate the spiral motion. Choose one
from among the two superior vultures and establish the spiral equation with the remaining
ones. The formula is as follows [20]:{

S1 = R(i)× ( rand5×Pi
2π )× cos(P(i))

S2 = R(i)× ( rand6×Pi
2π )× sin(P(i))

(46)

P(i + 1) = R(i)− (S1 + S2) (47)

where rand5 and rand6 are random numbers within the range from 0 to 1.
When |F| < 0.5, a random number randP3 within the interval from 0 to 1 is generated.

When P3 ≥ randP3, several types of vultures accumulate on the food source. When
randP3 < P3, the siege strategy is adopted. The process is presented as Equation (48) [20].

P(i + 1) =

{
Equation(50) if P3 ≥ randP3

Equation(51) if P3 < randP3
(48)

All the vultures moving towards the food source shall be marked. At this juncture,
several distinct types of vultures will accumulate. The movement model is presented as
follows [20]: 

A1 = BestVulture(i)− BestVulture1(i)×P(i)
BestVulture1(i)−P(i)2 × F

A2 = BestVulture(i)− BestVulture2(i)×P(i)
BestVulture2(i)−P(i)2 × F

(49)

P(i + 1) =
A1 + A2

2
(50)

where BestVulture1(i) constitutes the optimal vulture within the current iteration, and
BestVulture2(i) represents the best vulture in the second group during the current iteration.

4.5. Enhancement of the AVOA Algorithm

In this stage, the leading vulture becomes hungry and feeble, and other vultures move
to this position for the food search. The movement model is presented as follows [27,28]:

P(i + 1) = R(i)− |d(t)| × F × Levy (51)
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where Levy pertains to the flight mechanism, which is utilized to augment the optimization
efficiency of AVOA. The specific expression is depicted as follows [27,28]:

Levy = 0.01 × µ × σ

|v|
1
β

,σµ =

Γ(1 + β)× sin(πβ
2 )

Γ( 1+β
2 )× β × 2

β−1
2

 1
β

(52)

where β equals 1.5, σµ and σv denote the standard deviations, and σv = 1; µ and v represent
the direction vectors, which conform to a normal distribution:

µ ∼ N(0, σ2
µ),ν ∼ N(0, σ2

ν ) (53)

In conjunction with fuzzy control, the flowchart of the algorithm is presented in
Figure 2.
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5. Case Analysis
5.1. Unit Parameters

In this paper, a microgrid system is constructed by taking the IEEE-39 node power
grid-20 node natural gas network-6 node thermal system as an example. The diagram of the
integrated energy system is presented in Figure 3. It encompasses the IEEE-39 bus system,
the twenty-node natural gas system in Belgium, and the six-node thermal system. Herein,
the generator at Node 30 of the IEEE-39 node power system is configured as a CHP unit,
which simultaneously serves as a heat source connected to Node 1 of the six-node thermal
system. Node 34 is linked to the EB unit of the thermal system. The natural gas consumed
at node 37 is supplied by node 19 within the natural gas distribution network, and the
generator at node 37 is configured as a P2G-CCS unit. The 20-node natural gas system
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in Belgium comprises six gas sources and nine natural gas loads. The heat sources in the
six-node thermal system include a CHP unit and an electric boiler, and the electric power
consumed by the electric boiler is provided by the CHP unit. To enhance the coupling
strength among electricity, gas, and heat, the CHP unit is designated as a gas-fired unit,
and the natural gas it consumes is supplied by Node 3 of the natural gas system. The unit
cost coefficients, parameters of gas and heat pipelines, etc. are provided in reference [29].
The parameters of diverse types of equipment are presented in Table 1, and the forecast
values of wind and solar power are illustrated in Figure 4.
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Table 1. Parameters of equipment.

Equipment Name Conversion Efficiency The Coefficient of
Equipment Maintenance

GB 0.8 0.026

CHP 0.35 (Electric)/0.45
(Thermal) 0.021

ESS 0.9 0.015
WT — 0.039
PV — 0.039
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As illustrated in Figure 4, the power generation from wind energy exceeds that of
photovoltaic sources in 24 h. Accurate forecasting of wind and solar power output enables
the power system to proactively plan and adapt its operational strategies. This includes
optimizing generator configurations and the charge–discharge protocols of energy storage
systems, thereby ensuring the stability and reliability of electricity supply. Such predictive
data facilitates the maximization of renewable energy utilization and mitigates potential
inefficiencies arising from unforeseen weather fluctuations.

5.2. Analysis of the Optimization Scheduling Results for Different Schemes

To assess the influence of the established dynamic model on the gas-hydrogen blending
units and system scheduling, the hydrogen blending ratios of CHP and GB are both set at
0.1, and four scenarios are delineated: in Scenario 1, no P2G-CCS coupling equipment is
integrated, and the gas–thermal dynamic characteristics are not taken into consideration; in
Scenario 2, the P2G-CCS coupling equipment is integrated, but the gas–thermal dynamic
characteristics are not considered; in Scenario 3, the gas–thermal dynamic characteristics
are accounted for, yet no P2G-CCS coupling equipment is added; and in Scenario 4, the
P2G-CCS coupling equipment is integrated, and the gas–thermal dynamic characteristics
are taken into account. The scheduling results and unit outputs under different scenarios
are respectively presented in Tables 2 and 3.

Table 2. Comparison of scheduling results in different scenarios.

Scenarios Grid/(in Millions
of Dollars)

Purchased Gas Cost/(in
Millions of Dollars)

Heat Loss Cost/(in
Millions of Dollars)

Total Cost/(in
Millions of Dollars)

1 9.44365 6.83167 0.0662 16.3267
2 9.43596 6.82605 0.0655 16.2773
3 9.43907 6.81585 0.0661 16.2664
4 9.43683 6.80403 0.0642 16.2512

Table 3. Unit output results under different scenarios.

Scenarios
Diesel

Generator
Unit/MW

Gas Turbine
(Electric)/MW

Gas Turbine
(Thermal)/MW

Gas Boiler
(Thermal)/MW

Wind
Power/MW

Photovoltaic
Power/MW

Electricity
Consumption of
P2G-CCS/MW

CO2/t

1 16.7377 48.2604 62.0490 79.7162 19.0903 5.9369 0.0000 21.793
2 16.3668 47.4817 61.0479 81.3526 20.7941 6.2622 8.2817 20.671
3 16.5408 46.7036 60.0474 82.5743 20.9140 6.4750 0.0000 21.122
4 16.2678 46.7031 60.0469 82.8922 20.9720 6.4750 9.9789 19.761

By contrasting Scenario 1 with Scenario 2, the total system cost is reduced by 493.31 dollars.
Through the carbon capture equipment, the CO2 generated by the units is collected, the
output of the diesel units is decreased, the actual carbon emissions are lower than the
carbon quota, and carbon trading benefits are realized. Some of the fuels for CHP and
GB are provided by the methanation process, reducing the cost of gas purchase. The
electricity consumed by P2G-CCS is supplied by wind and solar power, enhancing the
accommodation of wind and solar power, and reducing the penalty cost of new energy.
After the addition of the P2G-CCS coupling equipment, the operation and maintenance
costs of the units increase.

When comparing Scenario 2 with Scenario 3, the total system cost is reduced by
109.54 dollars. This is because the dynamic characteristics of the gas and heat networks
allow energy to be temporarily stored in the pipelines in the form of pipeline storage, and
supply gas turbines for peak shaving during the peak period of electrical load. While
meeting the electrical load demand, the pipeline storage significantly reduces the output
costs of gas and heat sources provided by wind, solar and diesel units. With the increase in



Processes 2025, 13, 324 16 of 20

the accommodation of wind and solar power, the output of diesel units rises and the coal
consumption cost increases.

In contrast to the steady-state circumstances of Scenario 3, the total system cost
of Scenario 4 is reduced by 151.29 dollars. Concurrently, taking into consideration the
dynamic features of the gas–thermal network can maximize the accommodation capability
of renewable energy and enhance the operational flexibility and economic performance of
the multi-energy coupling system.

CCS technology captures the carbon dioxide emitted by power generation units and
supplies it to P2G systems, thereby reducing both the cost of purchasing natural gas and
the carbon emissions from these units. The integration of P2G with CCS not only decreases
the system’s overall carbon dioxide emissions and operational costs but also enhances
the integration capacity of renewable energy sources. According to Table 3, Scenario 1
exhibits the highest level of carbon emissions. In comparison to Scenario 1, Scenario 2
demonstrates a reduction in carbon emissions. Furthermore, Scenario 4 shows a decrease
in carbon emissions due to the incorporation of dynamic factors and control strategies.

The power balance of the system in Scenario 3 and Scenario 4, respectively, is presented
in Figure 5a,b. Taking into consideration the dynamic characteristics of the gas network
and the heat network, the output of the diesel-generating unit declines at 01:00, while
the output of the wind power generation unit rises at 07:00. In light of the relatively
low demand for electrical load during the low electricity consumption period, the power
supply requirements of the system can be fulfilled by the CHP and the wind-solar power
units. When in the peak electricity consumption period, the output of the diesel-generating
unit increases. At this point, the electrical energy is utilized for load supply, the power
consumption of the electric boiler is zero, and the heat load is satisfied by the CHP and the
GB. Due to the influence of the carbon trading strategy during dispatching, accordingly, in
order to reduce carbon emissions, the heat output of the CHP decreases, and the electrical
output of the CHP reduces in accordance with the heat-determined electricity strategy.
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Figure 5. Electrical power balance in Scenarios 3 and 4.

The natural gas consumption of CHP units and GB, as well as the gas flow through
the network nodes, are illustrated in Figures 6 and 7, respectively. The heat source output
is shown in Figure 8. Compared to Scenario 3, Scenario 4 exhibits a reduction in natural gas
flow. This decrease can be attributed to the consideration of dynamic characteristics: when
load demand increases, the system leverages the storage capacity of the gas network to
reduce gas purchases; conversely, when load demand decreases, the units meet the demand
by consuming natural gas, leading to reduced pipeline flow and more stable node flow
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fluctuations. Considering the thermal losses inherent in the heat distribution network,
Scenario 4 requires increased heat source output, which clearly reflects the changes in
natural gas flow within the pipeline. Given that CHP units provide both electrical and
thermal energy, GB is primarily used for heating to minimize electricity consumption and
gas procurement costs, resulting in higher natural gas consumption.
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5.3. Analysis of Algorithm Optimization Outcomes

Concerning the convergence effect of the Levy-AVOA algorithm in problem-solving,
this paper makes a comparison with the AVOA algorithm and the genetic algorithm (GA)
in this respect. The comparison results are presented in Figure 9.
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6. Conclusions 
This paper puts forward an optimal microgrid dispatch model, taking into account 
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(3) Compared with the classical heuristic algorithms, the proposed Levy-AVOA algo-
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egy, is verified through simulation to have a rapid convergence rate and high preci-
sion when solving multi-dimensional and nonlinear constraint problems. It is more 
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It can be discerned from the figure that the convergence speed of the Levy-AVOA
algorithm surpasses that of other algorithms. Among them, the AVOA algorithm necessi-
tates the assignment of an initial point and possesses relatively high randomness. The GA
algorithm exhibits a relatively rapid convergence speed initially, but the convergence speed
decelerates as it progresses. The results obtained by employing the Levy-AVOA algorithm
can minimize the total operating cost of the microgrid on the premise of meeting the power
supply demand, thereby attaining the enhancement of economic benefits.

6. Conclusions
This paper puts forward an optimal microgrid dispatch model, taking into account

the dynamic characteristics of the gas–thermal network and the P2G-CCS coupling system.
Through the simulation analysis of the electric–gas–thermal network system, the following
conclusions are reached:

(1) Through modeling the dynamic characteristics of the natural gas network and the
heat network, it is anticipated to enhance the storage capacity inherent in the gas and
heat transmission process, and by integrating the flexible energy storage and heat
release capabilities of each unit, the level of complementarity and mutual support of
the multi-energy coupling system has been further elevated, and the accommodation
level of renewable energy has been enhanced.

(2) P2G-CCS exhibits a strong driving force during operation. The combination of the
dynamic characteristics of gas and heat and P2G-CCS for joint optimization configu-
ration is conducive to increasing the consumption of wind power and enhancing the
economic benefits and energy efficiency utilization ratio of the system.

(3) Compared with the classical heuristic algorithms, the proposed Levy-AVOA algo-
rithm, based on the improved AVOA algorithm, which refers to the Levy flight
strategy, is verified through simulation to have a rapid convergence rate and high
precision when solving multi-dimensional and nonlinear constraint problems. It is
more applicable to solving nonlinear optimization problems.
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