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Abstract: Under the background that the high penetration of renewable energy generation, which
mainly consists of wind power, will have a significant impact on electric power systems due to
the volatility and uncertainty of renewable energy, energy systems with gas—electric coupling and
interconnections have been widely studied to accommodate renewable energy generation. This
paper proposes a two-stage chance-constrained coordinated operation model of an integrated gas—
electric system and fully considers the uncertainty and high penetration of wind power. The Taylor
series expansion method is used to linearize the Weymouth gas flow equation of a natural gas
system and finally obtains a mixed integer linear programming model. Case studies show the
effectiveness of the integrated energy system for peak shaving, valley filling, and promoting wind
power accommodation. The proposed model ensures the consumption of wind power generation
and also reduces the operation cost by about 0.7%.
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Chance-Constrained Coordinated As environmental pollution and the energy crisis have attracted worldwide attention,

renewable energy is gradually replacing traditional fossil fuel energy. Among all the
renewable energy sources, on-shore wind energy accounted for 25.1% in 2021 [1], indicating
that on-shore wind energy is significant in the energy market. The renewable energy
represented by wind energy plays a vital role in an electrical power system (EPS). However,
Academic Editor: Konstantin Suslov wind power generation is volatile and wind spillage frequently occurs. This is an issue
that requires an urgent solution [2,3]. How to promote the consumption of renewable
energy has become one of the critical issues widely considered by the academic community.
The integrated energy system represented by the integrated gas—electric system (IGES)
provides a solution to the problem of renewable energy adoption [4]. The gas—electric
system uses power-to-gas (P2G) equipment to convert electric energy into the chemical
energy of natural gas fuel and uses gas-fired units to convert the chemical energy of natural
gas fuel into electricity to achieve a two-way energy flow between the EPS and the natural
gas system. The combination of P2G equipment and energy storage systems (ESSs) can
improve wind power spillage to an extent. With the increasing penetration of wind power
generation in EPSs, the traditional dispatching model cannot ensure the security of the
power system operation [5]. Therefore, it is of significance to propose a reasonable and
solvable optimal scheduling model for an IGES with the presence of the penetration of
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carried out by using a novel integrated model specifically developed for the simulation
of the operational interdependencies between the two networks and considering P2G
equipment [7]. Zlotnik et al. applied new techniques for the control of dynamic gas
flows on pipeline networks to examine the day-ahead scheduling of electric generator
dispatch and gas compressor operation for different levels of integration, spanning from
separate forecasting and simulation to a combined optimal control [8]. Considering the
high interdependency between gas and electricity networks, Ref. [9] proposed an interval
optimization model that included demand response, uncertain wind power generation,
and the nonlinear characteristics of a pipeline gas flow. Alvarez proposed a two-stage
stochastic model that integrated electric power with hydraulic and natural gas systems and
considered several effects; a mixed integer linear programming (MILP) model and a reduc-
tion algorithm to reduce the computational burden of the scenarios were implemented [10].
Li et al. proposed a security-constrained bi-level economic dispatch model for integrated
natural gas and electricity systems considering wind power and power-to-gas (P2G); the
bi-level optimization model was transformed into a MILP formulation for a solution [11].

The high penetration of renewable energy generation and the uncertainty model of
renewable energy are taken into account in an IGES model. Xue et al. analyzed the impact
of uncertain wind power generation on the system security, power quality, economic effi-
ciency, and social welfare of an EPS [12]. Qiu et al. [13] used chance constraints to ensure
that the wind energy utilized met a minimal level at a certain probability and developed a
deterministic approximation approach using sample average approximation (SAA) and
provided a strong extended formulation. Duan et al. established a distributed coordinated
optimization model of integrated electricity—gas distribution networks considering P2G
equipment and gas-fired units to solve the uncertainty problems of wind power genera-
tion [14]. Liang et al. proposed a novel adaptive optimization method that optimized the
value of the uncertainty budget to minimize the size of the uncertainty set whilst consid-
ering the underlying risk of wind generation fluctuations residing outside the proposed
uncertainty set [15]. Almasabi et al. proposed a cost-benefit analysis for measuring the
benefits of integrating wind farms into the power grid whilst considering the dynamic
operations and security of the system [16]. Shahidehpour et al. examined the impact of
renewable sources of energy such as pumped storage units and photovoltaic/battery sys-
tems on power system security by reducing the dependence of the electricity infrastructure
on the natural gas infrastructure [17]. Zeng et al. proposed an iterative method to solve the
nonlinearity in the model and studied the impact of power and natural gas systems on the
daily economic dispatch [18].

With the wide use of ESSs in EPSs, which plays an important role in improving the
quality of renewable energy generation, the impact of ESSs on IGESs is a nonignorable
factor. Many scholars have conducted research on the modeling of ESSs coordinated with
the uncertainty of wind power in IGESs. Zhang et al. proposed a market-oriented optimal
scheduling strategy that included a wind farm with a multi-stage hybrid ESS and analyzed
the function of the ESS in different phases of the electrical market [19]. Liu et al. constructed
a wind power supply chain with ESS participation and explored benefit coordination on
the basis of the dual effort cost. The paper established a noncooperative pricing model
and a cooperative pricing model and proposed four benefit distribution strategies based
on different influencing factors. It was found that, considering the impact of the dual
effort cost, cooperative pricing was more conducive to the consumption of wind power
and an improvement in the overall benefits of the wind power supply chain [20]. Dadashi
et al. presented a novel strategy of multiple wind producers coordinated with a battery
energy storage system (BESS) in the form of a strategic virtual power plant (VPP) and
proposed a bi-level programming framework in which the expected profit of the VPP was
maximized at the upper level through solving a two-stage stochastic problem. The paper
also conducted a sensitivity analysis to investigate the effect of the BESS on the optimal
operation and expected benefits of the wind-based VPP [21]. Luo et al. established a
mathematical model of wind power and an ESS for a simulation and analysis; the results
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showed that the wind power prediction was reasonable as the power quality and stability
of the wind farm connected to the power grid could be improved by the ESS [22]. Li et al.
proposed a novel day-ahead scheduling model for a district IGES in the presence of severe
uncertainty caused by a high penetration of wind power and employed an information
gap decision theory to better depict the inherent uncertainty of wind power considering
compressed air energy storage and a demand response program to reduce the system
operation costs as well as the impact of wind power uncertainty [23]. de Boer et al. focused
on the economic and environmental system consequences from the application of P2G and
pumped hydro storage and compressed air energy storage into an electricity system at
different wind power penetration levels [24].

Aiming at the optimal operation of an IGES with a high penetration of wind power
generation and an ESS, in this paper we propose a chance-constrained coordinated schedul-
ing model of an IGES considering the uncertainty of wind generation. In this model,
the chance-constrained method is used to describe the uncertainty of wind power. The
Taylor series expansion (TSE) method is utilized to linearize the nonlinear Weymouth
equation, which converts the nonlinear optimization problem into a mixed integer linear
programming (MILP) problem.

The major contributions of the paper are twofold:

(1) In this paper, we propose a two-stage chance-constrained coordinated scheduling
model of an IGES considering the uncertainty of wind power generation. The first
stage minimizes the operation cost according to a base-case scenario and the sec-
ond stage ensures that a certain range of wind generation is accommodated via
chance constraints.

(2) Chance constraints describing the utilization of wind power are recast into a group
of mixed integer linear constraints via a strong extended formulation for a sample
average approximation. In addition, nonlinear Weymouth equations are linearized by
the Taylor series expansion method, where pressure recovery is further carried out to
obtain high quality solutions.

2. Deterministic Scheduling Model
2.1. Objective Function

In order to minimize the total operation cost of the IGES, the objective function was
indicated as per Equation (1); the operation cost of the gas-fired units was included in the
production cost of the natural gas well.

. 1
miny", {EGNGU leue [FE(Py) + SUj; + SDyy] + Zj c].G.Gjt +y ¢k Est} (1)

where NGU represents the set of thermal power units; 7 is the index of the generating units;
t is the index of the time; s is the index of the ESS; j is the index of the natural gas well; P;;
represents the output of the thermal power unit, i; Ff (P;) is the coal fuel consumption of
unit i when its power generation equals Pj;; SUj; and SD;; are the startup and shutdown

fuel costs, respectively, of unit i; le uel is the fuel price of unit ; C].G is the production cost of

the natural gas well, j; Gj; is the production of the natural gas well, j; CE is the operation
cost of the ESS s; and Ej; is the energy storage volume of the ESS, s.

2.2. Constraints of an EPS

The normal operation of an EPS satisfies the constraints of nodal power balance
(Equation (2)). The constraints of the energy flow in the transmission line, which is de-
scribed in the DC power flow method, are shown in Equation (3), the constraints of the
maximum and minimum limits of the transmission lines are shown in Equation (4), the
constraints of the bus angle are shown in Equation (5), the constraints of the power genera-
tion limit are shown in Equation (6), the ramping constraints of the thermal power units
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and gas-fired units are shown in Equations (7)—(10), and the constraints of the start-up and
shutdown times are shown in Equations (11) and (12).

) P+ Y Pwt+ Y, Pu+ ), PLy— ), PLy= ), Py 2

IEN(E) weN (e seN(e) r(I)eN(e) s(I)eN(e) deN(e)
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O < Gy < O )
P"- I < Py < P ©)
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The wind power generation at each time period was limited by the predicted wind
power generation (Equation (13)) and its total utilization was constrained by Equation (14)
to ensure a certain consumption level.

0 < Put < Proy (13)

Yo Por>a) ) Pruy (14)
w ot wot

where Py, is the predicted wind power output of the wind power unit, w, and « is the
percent of the wind power utilization.

The constraints of energy storage included the balance of storage capacity (Equation (15)),
the maximum and minimum limits of charge and discharge (Equations (16) and (17)), and
the characteristic of the energy storage, which was that the ESS should not be discharging
and charging at the same time (Equation (18)).

PDIS
Est = Eg(_1) + 57 4-PHA — 772515 (15)
ICHA PCHA min < PCHA < ICHA Ps(iHA,mux (16)
IDIS PDIS min < PDIS < IDIS pgls,max (17)
P, = PDIS PSCtHA (18)
I§HA + 1915 <1 (19)

2.3. Constraints of a Natural Gas System

A gas system is an energy system that mainly consists of gas-fired units, a gas pipeline,
P2G equipment, a compressor, a gas well, and a gas load that has similar characteristics to
an EPS. A gas turbine is a type of internal combustion engine that continuously converts
chemical energy generated by gas fuel into mechanical and electric energy. A gas turbine
unit model is presented in Equations (20) and (21). P2G equipment can effectively convert
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excess renewable energy generation into natural gas to decrease renewable energy spillage.
P2G equipment is capable of providing assistance for the EPS, such as load balancing, the
efficient consumption of renewable energy power generation, and auxiliary services. Its
model can be presented as per Equations (22) and (23).

F(Py) + SUy + SDyt

Gy = HHY , 1eGU (20)
F(Py) = a;-(Py)* + by Py +c¢;, i € GU (21)
Gat = (4)'Pat'77a)/HHV (22)
OSPatSP;mx'Iat (23)

The operational constraints of a natural gas system consist of node power balance
constraints (Equation (24)), natural gas flow constraints that can be expressed as nonlinear
Weymouth equations (Equations (25)—(27)), the gas production constraints of natural gas
wells (Equation (28)), and the constraints of the compressors that maintain the pressure of
the gas system (Equation (29)).

YieG(m) Gjt + Lor(mn)eG(m) Gmnt — Ls(mn)eG(m) Gmnt + Lar(c)eG(m) GLet—

Y GLgi+ L Gu= L Gu+ L Gy @4
s(c)eG(m) aeG(m) g€G(m) ieG(m)
Gun,t = Sgn(nmt/ nnt)'Kmn' |7T%1t - ﬂ%t| (25)

. 1, 7ot > 7t
SgN(Tlmt, Ttnt) = {_1, Tt < TTnt “
L I 7
Ttnt < LTt )

2.4. Abstract Formulation

The above deterministic scheduling model can be written in a general abstract form
as Equations (30)—-(32). Equation (31) represents the constraints associated with the binary
variables only whereas Equation (32) represents all operational constraints.

min ax + by (30)
s.t.Ax < C (31)
g(x,y) <D (32)

3. The Proposed Two-Stage Coordinated Operation Model

Due to the volatility and uncertainty of the output of renewable energy, introducing
uncertain variables to establish chance constraints satisfies a certain confidence interval
and ensures that the absorption ratio of the wind power reaches a certain level.

Considering the chance constraints of wind power generation, the deterministic
scheduling model in Equations (30)—(32) can be extended to Equations (33)—(35).

min ax + by (33)

stAx < C (34)
Pr{g(x,y) <D} >1—c¢ (35)
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Based on the above abstract model, we proposed a two-stage coordinated operation
model for an IGES, which is presented as Equations (36)—(40). The first stage considered
the deterministic IGES model with P2G equipment, the ESS, and deterministic wind power
generation (Equations (37) and (38)). The second stage considered uncertain wind power
generation with the chance constraints (Equation (39)). These two stages were coupled by a
corrective ramp constraint of units (Equation (40)).

min ax + by (36)
stf(x) < C (37)
glx,y) <D (38)
Prig(x,y") <D} >1-¢ (39)
y -y < (40)

4. Solution Methodology
4.1. Reformulation of the Chance Constraint

Specifically, we transformed Equations (13) and (14) into a chance constraint
(Equation (41)) [25].

ngwtgpf,wt S
P BT Py > e S Pra [ 217 (41)
w w

Considering the chance constraints to describe the uncertainty of wind generation, the
sample average approximation (SAA) method was used to transform the chance constraints
as per Equations (42)—(44).

Zw Zt Pyt +0vg-M > a- Zw Zt PfthrG’ Ve (42)
Pyt — vg-M < &P V0, b, G (43)
Y v; < eld| (44)

c

With the conventional SAA method discussed above, the size of the constraint formula-
tion rapidly grew as the scenario number of the chance constraint increased [26]. Therefore,
we converted Equations (42)—(44) to Equations (45)-(48).

Zw Zt Pt + Ug- (“' Zw Zt Pf,wt,g) Z Zw Zt Pf,wt,g/ Vg (45)

,Bwt + V¢ (P?me - Pf,wt,g) < Pg)mx - Pf,wt,grvw/ t/Q (46)
ﬁwt = P$ax - Pwt (47)
Y o, < el (48)

9

Constraint (42) was converted to Equations (43) and (45) was converted to Equations (46)
and (47). Taking Equation (42) as an example, there were two conditions: when v, = 0,
Y2 Pot = 0} Yy Pf,wt,g/ Voheld;whenove =1, 5, Y Pt +0g-M > a3 3, Y Pf,wt,g/ Vg held.
Equation (45), which was converted from Equation (42), also had two conditions: when
v =0, Yoot Pt 2> 0 ) 0, 3 Pf,wt,g/vg held; when v =1, Yoot Pt -3 3 Pf,wt,g >
@Y Yot Pt ¢, V6 held because Py > 0. Therefore, the examples of Equations (42) and (45)
indicated that Equation (45) was sufficient for Equation (42). The same analyzing method
also indicated that Equations (46) and (47) were sufficient for Equation (43).

To improve the computational efficiency of these constraints, a strong extended formulation
of the SAA method was employed (Equations (49)—~(55)) [26]. For Equations (45)—(47), the star
inequalities were used to build a strong extended formulation. We sorted a- Y, Y Pt and
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P — Py 1, into a descending order to study whether the wind power output satisfied
the chance constraint. The strong extended formulation of the SAA method reduced the
number of calculations and improved the calculation speed.

“{(WZZ%MM_WZZ%MMﬂO+ZZ%Q”ZZ%MM (49)
k w ot w ot w ot w ot

Te —tee1 > 0,VEk (50)
Ug(k) — Tk >0, Vk (51)

Z( (Pf,wt,g(kJrl) - Pf,wt,g(k)) "7wt,k> + P'™* — Py > P — Pf,wt,g(k),Vw,t (52)
k

')’wt,k - r)/wt,k+l 2 0/ Vk/ w/t (53)
V(ky — Yotk = 0,Vk, w, t (54)
Y ve <eld (55)

G

4.2. Linearization of the Weymouth Equation via Taylor Series Expansion (TSE)

The nonlinear Weymouth equation is widely used in natural gas systems and caused
significant difficulties in solving the model. The Taylor series expansion (TSE) method
was used to linearize the Weymouth equation, transforming the nonlinear programming
problem into a linear programming problem, reducing the difficulties in solving the model
and improving the solution speed. Using a first-order TSE, the Weymouth equation was
expressed as a linearized equation near to any fixed pressure node (79, 710,) at the ends of
the natural gas pipeline (Equation (56)).

aGmn,t
o7yt

— |\ Tt — 71'9”,}) + : (nnt - 772,5) + AGun (56)
where Ggm,t is the transmission gas flow of the natural gas pipeline between the system
nodes m and 1 under node pressure (73, 770,
first-order TSE.

When we calculated the node pressure (7t 714t ), we could define the number of break-
points of the natural gas pressure as B and define the pressure of the nodes within the given
range (7", 7T1%%) to approach the outside of the cone, presented as Equations (57)—(61).

) ; AGpn t is the gas flow remainder after the

A N aG . G .
Gmn,t < Kmn'sgn(nmt/ nnt)' 77%“5 - ﬂ%t + a;nt,t '(nmt - nmt) + a;t’t '(nnt - nnt) (57)
m n
Gmn,t < Kmn'sgn(nmt/ nnt)'@fnn,t'nmt - Kmn'sgn(nmt/ nnt)"f)fnn,t'nnt (58)
~Ab ~b
Tt > Tt 59
{ﬂmt > Tint 9
. Tt
D = ———; (60)
(nmt) - (nnt)
N s
it = = ——y (61)
(7)™ — (70)

The Weymouth natural gas power flow function was expanded by the TSE method
and approximated by a series of linearized inequalities. This approximation could cause
calculation errors and even obtain infeasible solutions. Therefore, we improved the objec-
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tive as Equation (62) and improved the linearized Weymouth function of Equation (57) to
Equation (63), which enhanced the accuracy of the TSE method [27].

min Zt{P' Z(m,n)eop ( 1—1’1-n,t + g;n,t) } (62)

2 _
( ;m,t) = K?nn'sgn(”mt/ Ttnt)* (ﬂi,t - ”%,t) + ‘:rJrgn,t - gmn,t (63)

5. Case Studies
5.1. System Settings

In this study, a gas—electric system with a 6-bus power grid and a 7-node natural gas
network was used as an example to validate the effectiveness of the proposed model. The

system topology is illustrated in Figure 1; the day-ahead forecasted curves of the wind
power generation, power load, and natural gas load are illustrated in Figure 2.

1
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Figure 1. Topology of a 7-node NG grid with a 6-bus power grid.
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Figure 2. Forecasted wind power generation, power load, and natural gas load curve.

The 6-bus power grid consisted of 5 generating units and 7 transmission lines. Units
G1, G2, and G3 represented traditional coal-fired thermal power units. The cost coefficient
of the coal-fired units was 2.5 USD/MBtu. Units G4 and G5 represented the gas-fired units
connected to nodes 3 and 1 of the natural gas network and bus 6 and bus 3 of the power
system, respectively. The power load was at bus 2, bus 3, and bus 6 in the power grid. A
wind farm with an ESS was connected to bus 4 of the power grid. The gas wells W2 and W1
were connected to nodes 6 and 7 of the natural gas network and the cost coefficients were
2 USD/kcf and 2.2 USD/kcf. The natural gas load was at nodes 1, 2, and 3. The compressor
station was between nodes 2 and 4. The P2G equipment was connected to node 1 of the
natural gas network and bus 3 of the power grid. The maximum conversion power of the
P2G equipment was 100 MW and the conversion efficiency was 0.64. All the operation
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costs of the gas units were calculated in the production cost of the natural gas well and the
P2G equipment. Detailed information is presented in Tables 1 and 2.

Table 1. Parameters of generators.

Generators G1 G2 G3 G4 G5

Lower limits (MW) 130 50 30 25 10

Upper limits (MW) 250 200 80 100 50

Ramp rates (MW /h) 125 100 40 50 40
Minimum start-stop time (h) 8 8 4 5 3
Start-stop heat consumption (MBtu) 1500 1500 100 50 50
Fuel price (USD/MBtu) 2.5 2.5 2.5 3 3

Table 2. Parameters of ESS.

Lower Limits (MW) Upper Limits (MW) Capacity (MW) Efficiency
0 30 150 0.9

In the natural gas network, the Weymouth equation—which describes natural gas flow
constraints—were approximated by the Taylor series expansion (TSE) method via a series of
linearized inequalities. This TSE method can cause calculation errors. If the node pressure
obtained by the solution was inconsistent with any given breakpoint pressure, the original
Weymouth equation could not be strictly satisfied. If the node pressure obtained from
the solution was closer to a given breakpoint pressure, the result was more accurate. The
results in Table 3 indicate that increasing the number of breakpoints effectively improved
the accuracy of the linearization approximation and sacrificed part of the calculation speed.
As the inequalities processed by the Taylor series expansion method were transformed into
linear constraints, a continuous increase in the number of breakpoints did not significantly
increase the calculation time.

Table 3. Comparison of the accuracy of TSE method with different breakpoint numbers.

Number of Breakpoints Maximum Relative Error Computing Time (s)
10 1.0997 x 104 0.024
45 4.3993 x 10~7 0.032
100 1.1055 x 108 0.034
500 2.1646 x 1072 0.034
1000 1.0550 x 10?2 0.036

The following five cases were carried out to demonstrate the effectiveness of the
proposed model.

Case 1: Deterministic model without P2G.

Case 2: Deterministic model with P2G.

Case 3: Case 2 considering basic chance constraints.

Case 4: Case 2 considering a two-stage coordinated operation with chance constraints.

Case 5: Influence of a change of coefficients in Case 4.

5.2. Deterministic Model

The results of Case 1 are presented in Table 4 The system total operation cost was
USD 527,990, which consisted of USD 175,106 in coal costs and USD 352,884 in natural gas
costs. The day-ahead system dispatch is illustrated in Figure 3, in which wind spillage was
obviously observed at 4:00 a.m. The commitment status of the power units are shown in
Figure 3 and these indicated that units G1 and G2 remained in a start-up state and unit G3
remained shut down all day; the total unit time equaled 75.
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Table 4. System cost in different cases.
Total Cost (USD) Coal Cost (USD) Gas Cost (USD)
Case 1 527,990 175,106 352,884
Case 2 527,838 175,106 352,732
Case 3 533,881 181,102 352,779
Case 4 530,029 178,841 351,188
500 T T T T
=& \\ind power
e ESS
400 Load i
—4— Wind spill
300 1
=
]
@ 200 |
3
(=]
o

ol W |

-100 1 1 1 1
0 5 10 15 20 25
Time/Hour

Figure 3. System operation result in Case 1.

The results of Case 2 are presented in Table 4, illustrating that as P2G could convert
electricity into natural gas, the operation cost and wind spillage were lower than Case 1.
The total operation cost of Case 2 was USD 527,838, which consisted of USD 175,106 of
coal costs, which was the same as Case 1, and USD 352,732 of natural gas costs, which
was lower than Case 1, indicating the decrease in operation costs achieved by better wind
power consumption and lower wind power spillage. Compared with Case 1, due to the
operation characteristics of P2G, no wind spillage occurred at 4:00 a.m., which is illustrated

in Figure 4. The commitment status of the power units were same as Case 1, which are
illustrated in Figure 5.

180 40
e \vind power without P2G =—o——=wind spillage without P2G
=30
=
=
o 20
s
a 10
0
0 5 10 15 20 25 0 5 10 15 20 25
Time/Hour Time/Hour
180 1
e \vind power with P2G == wind spillage with P2G
; 160 ; 05
% 140 %
) o O
2 120 H
<) )
o g a 05
80 1
0 5 10 15 20 25 0 5 10 15 20 25
Time/Hour Time/Hour

Figure 4. Wind power output and wind spillage in Case 1 and Case 2.
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Figure 5. Commitment status of units in Case 1, Case 2, and Case 3.

5.3. Scheduling Model Considering Chance Constraints

In Case 3, considering the uncertainty of wind power generation, Equations (13) and
(14) were directly transformed into chance constraints (Equations (49)—(55)). The results
of Case 3 are presented in Table 4. This indicated that, when considering uncertainty, the
operation costs would increase. As uncertainty fluctuations caused more wind spillage and
as the utilization of wind power decreased, the fuel cost increased. The commitment status
of the power units in Case 3 were the same as Case 1 and Case 2, as illustrated in Figure 5.

In Case 3, € and « were two important parameters that noticeably affected the objective
and system operation. Figure 6 indicates the objective changes with different values of ¢
and «. Increasing ¢ and « led to a lower objective and the influence of « was more subtle
compared with the influence of e. Changing « changed the percentage of wind power
utilization; when the percentage was higher, other units led to a lower power generation,
which consumed less fuel and resulted in a lower total operation cost. Changing € changed
the risk level of the chance constraints; when risk parameter € was higher, the number of
unacceptable scenarios increased and the total system operation cost was lower.

x10°

System Cost/$
o o o
8 8 R

o
w
=

o
w

0.2

a 0.3 6

Figure 6. Objectives with different values of £ and «.

In Case 3, the scenario number and forecast error percent of wind power generation
were also two important parameters that noticeably affected the objective and system
operation. Figure 7 indicates the objective changes when different values of the scenario
number were implemented and the forecast error percentage was changed, showing that
changing the two parameters led to a lower objective. When the scenario number was
larger, the uncertainty characteristics were more obvious, which led to a higher operation
cost. Figure 8 shows that as the scenario number grew, the operation cost increased. When
the wind forecast percentage increased, the uncertainty characteristics were more obvious,
which led to a higher system operation cost.
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Figure 7. Objectives with different values of scenario number and wind power forecast errors.
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Figure 8. Objectives with different values of scenario number.

In Case 4, we applied the proposed two-stage coordinated operation model
(Equations (36)—(40)). The results of Case 4 are presented in Table 4, and indicated that the
operation cost was lower than that of Case 3. The commitment status of the generating
units in Case 4 are illustrated in Figure 9. The commitment status of units G1, G2, G3,
and G5 remained the same; unit G4 additionally started up at 15:00 p.m. and 22:00 p.m.
compared with Case 3. The reason why the commitment status of unit G4 changed was
that when considering the two-stage model, the fluctuation range of the wind power was
limited by the ramp constraint. In other words, the deviation between the actual output and
the predicted output did not exceed a certain range; therefore, to satisfy the flow balance,
unit G4 had more unit time.

100000000 0000000000600 090900

2 00000000000

/00000000000

400000000000

s 00000000000 060600000000 000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 9. Commitment status of unit day-ahead in Case 4.

5.4. Sensitivity Analysis

A sensitivity analysis was carried out to study how uncertainty parameter changes
affected the performance of the proposed model. In this study, we chose four factors men-
tioned before (g, «, scenario number, and forecast error percent of wind power generation)
as the uncertainty parameters considering different penetrations of wind generation.

This sensitivity analysis measured the unit time and system cost with changing wind
power penetration when the other parameters were the same as Case 3. The results are
illustrated in Figures 10 and 11. As shown in Figure 10, as penetration level increased, the
unit time first decreased and then increased. Figure 11 shows that the system operation
cost monotonically decreased.
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Figure 10. Unit times with different wind power penetration.
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Figure 11. System cost with different wind power penetration.

The commitment status of the units are presented in Figures 12 and 13, when the
penetration of the wind power generation was equal to 10% and 30%, respectively. In the
penetration level equal to 10%, the unit time was 79. Compared with 20% penetration, units
G1, G2, G3, and G4 had the same status during the day and unit G5 had more committed
hours because of less wind power generation. With 30% penetration, the unit time equaled
76; when compared with 20% penetration, units G1, G2, and G5 had the same status during
the day and units G3 and G4 had a different status at certain times to cater for the higher
wind power generation and fluctuation.

1 ® 0000 0600000060600 00606000000

G20 0000000000000 006000000 00

B O0O00000O0OO0OO0OO0OO0OOOO0OO0OOOOOO OO0

000000000 OOOOLOeee0e®0 e 00O
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Figure 12. Commitment status of units with 10% penetration of wind power generation.
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Figure 13. Commitment status of units with 30% penetration of wind power generation.

Changing the trends to 10% and 30% penetration with different uncertain model
parameters had similar results to 20% penetration. All of these results indicated that when
¢ increased, the system cost was lower. The influence of changing « was difficult to observe.
When the forecast error of wind power increased, the system cost was higher. When
the scenario number increased, the system cost increased. We also observed that when
penetration grew and other coefficients remained unchanged, the system cost significantly
decreased. Compared with 20% penetration, 10% and 30% penetration were less sensitive
with uncertainty input changes. As 10% and 30% penetration had a similar trend to 20%
and were less sensitive, we discussed 20% in more detail.



Energies 2022, 15, 4458

14 0f 18

Table 5 presents the results when penetration equaled 20%; ¢ is the scenario number
and e is the forecast error of wind power. All instances that had the same unit time (e.g.,
instances 1-3, instances 4-6, and instances 7-8) had the same commitment status of units,
as illustrated in Figure 14. Compared with Case 3, the unit time of the instances increased
due to parameter changes, which led to a higher system operation cost.

Table 5. System cost in different cases.

Parameters Unit Time System Cost

(Hours) (USD)
Instance 1 « =0.75,e = 0.2, ¢ = 5000, e = 0.0675 75 531,832
Instance 2 a =0.8,& =0.15,¢ = 5000, e = 0.0675 75 532,751
Instance 3 a = 0.8, =0.1,¢ = 2000, e = 0.1068 75 537,411
Instance 4 a=0.7,¢ =0.1, ¢ = 1000, e = 0.2481 78 550,293
Instance 5 a=0.7,¢=0.1,¢ =2000,e = 0.2435 78 549,882
Instance 6 a =0.6,¢ =0.1,¢ = 2000, e = 0.2435 78 549,890
Instance 7 a =06, =0.1,¢ = 1000, e = 0.3996 79 564,679
Instance 8 a =0.6,¢ =0.1,¢ = 5000, e = 0.3967 79 564,478
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(b) Commitment statues of units of instance 1-3
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(c) Commitment statues of units of instance 4-6
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(d) Commitment statues of units of instance 7-8

Figure 14. Commitment status of units.

6. Conclusions

In this paper, we proposed a two-stage chance-constrained coordinated operation of
an IGES with an ESS and considered the uncertainty of wind generation. We analyzed
the influence of P2G equipment and the ESS on the IGES operation and wind spillage as
well as the impact of the nonignorable factors of chance constraints on the system cost and
the influence of wind generation penetration on the system cost and commitment status
of the generating units. To linearize the proposed model, which consisted of a nonlinear
Weymouth equation, we used the Taylor series expansion method and obtained a solvable
MILP model.

Our case studies showed the effectiveness of the ESS and integrated energy system for
peak shaving, valley filling, and promoting wind power consumption. A comparison of
the deterministic model with and without P2G equipment indicated that P2G equipment
had ability to decrease wind spillage, leading to a lower system operation cost. It was also
demonstrated that the proposed two-stage chance-constrained coordinated model had a bet-
ter economy and wind accommodation. A sensitive analysis showed that 20% penetration
of wind power was more sensitive than 10% and 30% penetration.
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Nomenclature

Indices:

a Index of P2G equipment.

c Index of natural gas compressor.

d Index of load.

e Index of bus.

g Index of natural gas load.

i Index of generating units.

j Index of natural gas well.

k Index of scenarios.

l Index of transmission line.

m,n Index of natural gas network nodes.

s Index of ESS.

t Index of the time.

w Index of wind power units.

g Index of scenarios.

c(k) Element index in descending order.

Variables:

B Number of breakpoints of natural gas pressure.

DR; Ramp-down limit of unit .

Eq Energy storage volume of ESS s.

Ff(Py) Coal fuel consumption of unit i when its power generation equals Pj;.

Gat Natural gas production of P2G equipment a.

Ggt Total demand of natural gas load.

Git Natural gas consumption of gas turbine unit i.

Gjt Production of natural gas well .

Gn t Natural gas flow in natural gas pipeline between node m and node n.

Qo Transmission gas flow of natural gas pipeline between system node m and n under
mit node pressure (710, 770, ).

AGyp t Gas flow remainder after first-order TSE.

Gt Natural gas flow in pipeline mn.

GL: Natural gas flow where the compressor station is located.

G(m) Collection of equipment connected to node m in natural gas system.

I Commitment status of P2G equipment a.

L Commitment status of unit i.

1GHA Charge status of ESS s.

s Discharge status of ESS s.

Pyt Power output of P2G equipment a.

Py Total demand of load d.

Pr Predicted wind power output of wind power unit w.

Pt Predicted wind power output of scenario g.

Ptk  Predicted wind power output of scenario ¢(k).

P; Output of thermal power unit i.

Pyt Output of ESS s.

p§HA Charging power of ESS s.

p! S Discharging power of ESS s.

Pyt Output of wind power unit w.

PLy; Power flow of power transmission line /.

Tk Binary variables.
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Kmn
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Vectors:
A,C,D,a,b
8(xy)

Qe R a9

Receiving node of compressor c.

Receiving bus of transmission line [.

Receiving node of gas pipeline mn.

Shutdown costs of unit i.

Shutdown fuel costs of unit i.

Startup costs of unit i.

Sending node of compressor c.

Sending bus of transmission line I.

Sending node of gas pipeline mn.

Startup fuel costs of unit i.

Minimum shutdown time of unit i.

Minimum start-up time of unit i.

Ramp-up limit of unit i.

Binary variable of scenario .

Reactance of transmission line I.

Shutdown time of unit i.

Start-up time of unit i.

Percent of wind power utilization.

Intermediate variable represents difference between P, and Pj/"~.
Binary variables.

Total number of scenarios.

Risk level of chance constraint.

Number of unacceptable scenarios.

Phase angle of bus e.

Phase angles of the receiving bus of the transmission line /.
Phase angles of the sending bus of the transmission line /.
Auxiliary variables that help make the problem solvable.
Gas pressure of natural gas system node m and n.

Fixed pressure node.

Known node pressure.

Breakpoint node pressure in (n,’ﬁi”, ot ) .

Positive penalty factor.

Compression constant leading natural gas flow from low-pressure node to high-

pressure node of gas network, I'c > 1.

Cost coefficient of gas turbine unit i.
Cost coefficient of gas turbine unit i.
Cost coefficient of gas turbine unit i.
Operation cost of ESS s.

Fuel price of unit i.
Production cost of natural gas well j.

Maximum capacity of gas well j.
Minimum capacity of gas well j.
Heating value of natural gas, which is 1.026 MBtu/kcf.

Weymouth characteristic parameter of natural gas system node m and n.

A large enough number.

Energy convert efficiency of P2G equipment 4.
Charge efficiency of ESS s.

Discharge efficiency of ESS s.

Energy conversion coefficient, ¢ = 3.4MBtu/MWh.
Minimum/maximum value of a quantity.

Abstract matrices and vectors associated with coefficients of costs and constraints.

Nonlinear function of binary vector x and continuous vector y.
Corrective ramp of units.

Binary vector.

Continuous vector.

Uncertain system dispatch vectors under uncertain circumstances.
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Sets and functions:

F() Heat rate curve function of gas-fired units.
GU Set of gas-fired units.

NGU Set of thermal power units.

N(e) Set of devices connected to bus e.

pPr{-} Probability.

sgn(7Tmt, 7Tyy)  Function of natural gas flow direction.
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