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Abstract: Considering the increased interactions between power grids and natural gas grids, this paper presents a chance-
constrained maintenance scheduling model for integrated gas-electric grids with wind energy integration. Given the uncertainties
of wind power, the loss of wind power probability is modeled as a chance constraint, ensuring the high utilization of wind power.
To overcome the adversities caused by the nonlinear and non-convex models of natural gas systems, a piecewise linear approx-
imation method is employed to transform the nonlinear models into a group of mixed integer linear models. A big-M formulation
method is used to construct inequalities constraints for lines/pipelines to be under maintenance. In addition, unit commitment is
also coordinated to achieve the best maintenance strategies. The proposed chance-constrained stochastic programming model is
converted into an equivalent deterministic programming model via a strong extended formulation for the sample average approxi-
mation by leveraging the star-inequalities. Several tests on a 4-node natural gas system with a 6-bus power system and a 20-node
natural gas system with a modified IEEE 118-bus power system demonstrate the effectiveness of the proposed model.

Nomenclature Wy Set of wind farms connected to power bus b.
Na Set of gas nodes connected to gas node n.
Indices and Sets
) N Set of gas nodes.
w Index of wind farms. Gn Set of gas storages connected to gas node n.
-(Z Index of generators. Gn Set of gas wells connected to gas node n.
{l Index of gas wells. On Set of gas-fired units connected to gas node n.
9 , Index of gas storages. By Set of power buses connected to power bus b.
b,b Index of power buses. B S .
, X et of power buses.
n,n Index of natural gas nodes. Parameters
v Index of lines that need not to be under main- Ak gk Slopes of piecewise linear seements
tenance within the given time window. Tli" i’:*‘ P p & ’
l Index of lines that need to be under mainte- Byt Byt Intercept of piecewise linear segments.
nance within the given time window. By i Electrical susceptance of line b — b'.
/ H H y
p Index of pipelines that need not to be under Cf‘f, ngt Maintenance costs of line [ and pipeline p at ¢.
maintenance within the given time window. oL i
» Index of pipelines that need to be under main- Cy.t,Cqly Fixed cost and revenue of generator g at ¢.
tenance within the given time window. C; ¢ Start-up cost of generator g at .
p Index of pipelines with compressors. Cg.t,Cq.¢ Revenues of gas well g and storage g at ¢.
s Index of wind power generation scenarios. CbLf s C,% }9 Penalty costs of power/gas load shedding at ¢.
’ . . ) ’
Lt Index of time periods. Chnon Weymouth constant of pipeline n — n’.
k Index of pi is ts f s flow. . . .
ndex O_ precewise segments for gas. oW Dg", D;f f Minimum on and off time periods of generator
L Set of lines that need to be under maintenance g.
within the given time window. of f o . .
. . D¢, D? Minimum on and off time periods of gas well
P Set of pipelines that need to be under mainte- g 9 _
nance within the given time window. M M g- . . . Lo
. . D;", Dy Duration of maintenance of line [ and pipeline
T Set of time periods. »
w Set of wind farms. EFy Efficiency factor of gas-fired unit g.
S Set of wind power generation scenarios. k ok . . .
ip,ip, Lower limits of gas flow through piecewise
g Set of generators. segments.
Gy Set of generators connected to power bus b.
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Variables
Us

511),15
Tis Yw,t,i

ALy
ALn,t

Lgt
Sg.t,Sg,t—1
Gyt

le)c/ St f;lic,t
Fp

Mp,t

PSn,t
L
Py y
Pyt
Pw,t

Og,t

Tt T’ t

Upper limits of gas flow through piecewise
segments.

Lower and upper outputs of gas well g.
Lower and upper outputs of gas storage g.
A large number.

Power load of bus b at ¢ and gas load of node
natt.

Maximum number of lines that can be under
maintenance at t.

Maximum number of pipelines that can be
under maintenance at ¢.

Lower and upper limits of generator g.

Lower and upper capacities of line b — b'.
Maximum capacity limit of wind generator w.

Random number representing the available
wind energy generated from wind generator w
att.

sth sample of wind power realization for wind
generator w at t.

Ramp-up and ramp-down limits of generator
g.

In-flow and out-flow limits of gas storage g.
Lower/upper limits of phase angles at bus b.
Phase angle difference limit of line b — &'
Minimum/maximum squared pressures.
Compression factor.

Risk level of the chance constraint.

Percent of wind energy utilized.

Binary variable with regard to SAA.

Continuous variable for strong extended for-
mulation of SAA.

Binary variables for strong extended formula-
tion of SAA.

Power load shedding of bus b at ¢.

Gas load shedding of gas node n at t.

Gas consumption of gas-fired unit g at ¢.

Gas inventory of gas storage g at ¢ and ¢t — 1.
Gas production of gas well g at ¢.

Piecewise linear gas flow at ¢.

Gas flow from gas node n to gas node n’ at t.

Binary variables indicating whether pipeline p
is under maintenance at ¢. ‘0’ means mainte-
nance, otherwise ‘1°.

Binary variables indicating whether line [ is
under maintenance at ¢. ‘0’ means mainte-
nance, otherwise ‘1°.

Pressure of gas node n at t.

Power from bus b to bus b’ at ¢.

Power generation of generator g at ¢.
Power generated by wind generator w at ¢.

Binary variables indicating the state of gas
well g at¢. ‘0’ and ‘1’ denote off and on states,
respectively.

Binary variables indicating the state of gener-
ator g att. ‘0’ and ‘1’ denote off and on states,
respectively.

Binary variable indicating whether generator
g is started up at ¢.

Squared pressures of gas nodes n and n’ at t.

O, 00 ¢ Phase angles of bus b and bus b’ at t.

Binary variables to indicating whether the
piecewise linear function %k is selected.
‘0’ denotes ‘non-selected’, and ‘1’ denotes
‘selected’.

-
Mp' £ Mp,t

1 Introduction

To use more green electricity, more natural gas-fired units are
deployed in power systems. According to the data from the Energy
Information Administration, natural gas supplied 32.1% of total U.S.
electricity at utility-scale power plants in the first quarter of 2016
[1], and over 60% of new generation will be fueled by natural gas
from 2025 to 2040 in the U.S.[2]. Increasing natural gas-fired units
make power systems and natural gas systems have stronger cou-
ple. An outage or an interruption in natural gas grids could cause
the loss of gas supply to gas-fired units, and in consequence could
jeopardize the power system security and further lead to power load
shedding [3]. For example, a failure on a single pipeline in 2002
resulted in the loss of 2019 MW power generation in Chicago, and
further caused a cascading power outage. More than 10000 failures
in gas pipeline networks, resulting in six billion U.S. dollars of dam-
ages and losses in natural gas systems and power systems, were
reported by the Pipeline and Hazardous Materials Safety Adminis-
tration (2013) of U.S. Department of Transportation. In this case, it
is essential to guarantee high reliability of the interdependent power
grids and natural gas grids. Usually, maintenance is used as one
of important means to maintain high component reliability [4]. In
addition, the percentage of wind power in power systems contin-
ues to increase, led by Uruguay, Portugal and Ireland pushing over
20%, followed by Spain around 20%, Germany around 16%. The big
markets of Canada, U.S. and China get 6%, 5.5% and 4% of their
electricity power from wind, respectively [5]. Based on the report of
U.S. Department of Energy, 20% of electricity in U.S. will be gen-
erated by wind by 2030 [6], and more than 6.5% of world electricity
will be generated from wind [7]. Though wind power can help to
reduce the emissions of electricity production, high inter-temporal
variations of wind power and its weak predictability also cause a
series of new challenges to power system operation. Considering the
requirement of high reliability of gas-power grids and the increasing
integration of wind power into power grids, it is imperative to coor-
dinate maintenance on interdependent natural gas and power grids
with increasing wind power.

There have been some studies on integrated gas and power grid.
In [8], a two-stage expansion planning model, in which uncertainty
caused by natural gas and electricity demands is included, is devel-
oped. In [10], a framework for designing interdependent natural
gas and electricity networks is presented, by which the types and
the capacities of the components can be determined. Considering
dynamic gas flows on pipeline grids, a day-ahead scheduling model
is proposed in [11] for generating unit dispatch and natural gas com-
pressor operation. A decentralized optimal energy flow calculation
method is developed in [12] to deal with possible multiple subsys-
tems that are tied by means of natural gas and power grids. In [13], an
approximated transient matrix-form gas flow model is developed to
include the influences of dynamics of natural gas flow on power sys-
tems. [14] investigates reverse power flow for distribution systems
in consideration of integrated natural gas systems under renewable
power penetration. [15] analyzes the potential of power-to-gas grids
in consideration of the characteristics and the constraints of natural
gas and power grids. [16] investigates the equilibrium of the cou-
pled electricity and natural gas markets in consideration of market
clearing processes. [17] proposes a two-stage mixed-integer linear
stochastic optimization model to analyze the scheduling of elec-
tricity production units under natural gas-supply uncertainty due to
pipeline congestion and natural gas-price variability. [ 18] proposes a
long-term robust co-optimization planning model for Interdependent
Electricity and Natural Gas Systems to minimize the total invest-
ment and operation costs. To deal with increasing extreme events,
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[19] proposes a preventive strategy for integrated natural gas and
power systems to enhance the power system resilience. [20] proposes
a graph-based framework, which facilitates analysis and simula-
tion application for coupled infrastructure networks. However, no
research studies focus on coordinated maintenance on interdepen-
dent natural gas and power grids, especially when including wind
power.

Due to variability and uncertainty, a large amount of reserve
capacity is required to accommodate forecast errors of wind power.
When reserve capacity is not enough or transmission congestion
exists, power system operators need to curtail wind power to guar-
antee the safty of the system. Robust optimization [21] can be used
to deal with variability and uncertainty in consideration of operating
conditions, however, it is based on the worst case outcomes that will
lead to a too conservative results. In practice, system operators desire
to utilize wind power as much as possible, and to be able to request
a portion of wind power at a certain probability. Chance-based con-
straints can be used to deal with the above issue and to describe the
percentage of utilized wind power [22-26].

Therefore, we use chance-constrained model to formulate the
problem of scheduling maintenance for integrated natural gas grids
and power grids in consideration of wind power. The main contribu-
tions of this paper are shown as follows: 1) A model for maintenance
scheduling for integrated natural gas and power grids with uncer-
tain wind power is constructed; 2) Chance constraints are used to
describe the utilization of wind power, and they are converted into
a group of mixed integer liner constraints by means of a strong
extended formulation for the sample average approximation based
on the star-inequalities; 3) A big-M formulation method is used to
construct inequalities constraints for pipelines/lines that need to be
under maintenance within the given time window; 4) The influences
of natural gas grids on system maintenance scheduling are analyzed.

The remainder of this paper is organized as follows. The mainte-
nance scheduling formulation, including the optimization objective,
the maintenance constraints, the operating constraints of power and
natural gas grids, are shown in Section 2. Section 3 presents the
strong extended formulation of sample average approximation, and
Section 4 presents the case studies. The work is concluded in Section
S.

2 Maintenance Scheduling Formulation
2.1  Optimization Objective
The objective is to maximize the revenue of the natural gas and

power grid under maintenance. The detailed objective can be
expressed as follows.

max Z Z (CgL,t <Pyt — Cgt Og,t = Cg,i “ug,t) +

geGteT
(la)

DD (Cot-Gan)+ DD (Car-Sgu) —
gegteT geGteT

(1b) (1c)
SINE a—m)) = DS (G (= mpe)) —
leLteT pEPLET

(1d) (1e)
SIS ALy - > S (CFF ALy
beBteT neNteT
(1f) (19)

()]
where (1a) is the revenue from the power grid, (1b) and (Ic) are the
revenues from the natural gas system, (1d) and (1e) present the costs
of maintenance on lines and pipelines, respectively. (1f) and (1g) are
the costs of penalties caused by non-served power load and gas load,
respectively.
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2.2 Constraints of Maintenance

When performing maintenance, some constraints of maintenance
should be satisfied.

myg1 —myg+myy <1

1<t —(t—1) < DM vt,i @
Mpt—1 = Mpt +mpp <1
3
1<t —(t—1) < DM vt p @
S —my) =0 W @)
teT
ST —mps)=Dp" p 5)
teT
S —my) < NM W )
leL
S —mp) <N W !
peEP

where (2) and (3) ensure the minimal durations of maintenance activ-
ities on lines and pipelines, respectively. (4) and (5) ensure that
maintenance activities on lines and pipelines will be implemented
during the given time window. (6) shows the maximum number of
lines that can be under maintenance within one time period, and (7)
shows the similar constraint for pipelines.

2.3 QOperation Constraints of Power Grids

For a power gird, the operation constraints, e.g., power balance,
ramping rates of generators, generation limits and voltage limits,
should be satisfied. The detailed constraints are listed as follows.

{ X Y Puiza X 3P
Prq wewteT

w,ts
weWteT >1—€¢ (8
Pw,t < Pw,t Vw, t

> P+ Y Pus— (bt — ALpy)
wEW,

9€Gp
+ ¥ Pho,=0 v ©
beB,
By - (Ot — O 1) = Py o+ (L—mu) - M >0 (10)
Vil (b,b) €l
By - (O — Oy 1) = Py p — (L—my) - M <0 an

v, 1, (b,b') €1
Plymyy <Pl <Pry-my  VeGY) el (12)
By - (0 — 0w 4) = Prwy VLU, (00) el (13)
Py < Phy, < Piy Ve, b)) el (4)

—0g.t—1+0gt —0gp <0 (5

1<t —(t—1) < DN vg,t
0g,t—1 — Og,t +0g¢r < 1
1<t —(t—1) < DFFF vg,t (16)
— O0g,t—1 + 0g,t — Ug,t <0 Vg,t (17)
Py -0gt < Pyy < Pg-ogy Vgt (18)
Opt — O | <y -Opp +(L—myy) - M (19)
vt (b,b) € 1,1
3
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06,0 — Op o] < Oppr VE(B,B) €11 (20)

0< ALy, <Ly, Vb @1

Pyt — Pyt—1 < (2= 0g4-1—0g,t) - Pyt )
+(14o0gt-1—0g1) Ry Vg,t

Pgi—1— Pyt < (2—o0g,t—1 —0g) - Py+ @3
+(1 = o0g,t—1 +0g4) - Ry Vg,t

Py.t = Lg’t . EFg Vg € Gn,t (24)

where (8) shows the chance constraint ensuring that the scheduled
wind power is within a certain range with a probability of 1 — ¢, and

Pr denotes the probability. Y>> > Py >a Y, > Py repre-
wEWLET wEWLET |
sents that o percent of available wind power can be dispatched.

Py, < Py, shows that the scheduled wind power is not beyond
the available wind power. (9) enforces power balance at each node
in each time interval. (10) and (11) represent the physical relations
between voltage angles and power flows in transmission lines to be
under maintenance. M is a disjunctive constant. (10) and (11) are
redundant when the corresponding lines are under maintenance with
a sufficiently large M. (12) ensures the lower and upper bounds for
power flows through lines to be under maintenance. (13) relates the
voltage angles and power flows through the lines that need not to be
under maintenance, and (14) shows the lower/upper limits of power
flow through the corresponding lines. (15) and (16) denote the min-
imum on-time and off-time of the generator g. (17) represents the
start-up constraint of the generator g. (18) is the capacity limit of
the generator g. The constraint (19) shows the limit of the phase
angle difference of the line that needs to be under maintenance,
and (20) shows the limit of the phase angle difference of the line
that needs not be to under maintenance, (21) enforces the limits of
load shedding. (22) and (23) present the ramp-up/ramp-down con-
straints of generators. (24) shows the relation between real power
from gas-fired units and natural gas consumption .

2.4  QOperation Constraints of Natural Gas Systems

The critical components in a natural gas (NG) gird include gas
wells, gas storages, pipelines, compressors, and gas loads. For these
components, we consider the following operation constraints.

2.4.1 NG production: Gas production of each gas well is lim-
ited by its minimum and maximum values.

Gj- o5t < Ggi < Gg-ogy vg,t (25)

—0g,t—1 + 05t — 051 <0
! t o e (26)

1<t —(t—1) < D", Vg,t

0g,t—1 = 0gt +0gp <1

1<¢—@-1) < Dy vyt @n

where (25) is the lower/upper limit of the gas well g at ¢, and (26)
and (27) denote the minimum on-time and off-time constraints of the
gas well g.

24.2 NG storages: The maximum storage level should be
within the constraints.

S;<850<8; Vgt (28)

g
Ry < Sgt — Sga+1 < Ry Vgt 29

where (28) is the lower/upper limit of the gas storage, and (29) shows
the limit of out-flow and in-flow rates of the storage.
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2.4.3  Natural gas balance: Natural gas balance at each gas
node should be ensured in each time period.

> Ggit X (Sgt—1—S54) — > Funn

GEGn G€Gn n' €N,
= 2 (Lgt-EFg) —(Lnt —ALng) =0 Vn,t
9EGn
(30)
0<ALpt <Lpy Vin @31

where (30) denotes the gas balance of the gas node n in each time
interval, and (31) shows the limit of gas load shedding.

244 NG flow in pipelines not to be under maintenance:
The pressure drops in pipelines can be expressed as the nonlinear
Weymouth (8).

sign(Fpnrt) - Fo s o = Cor - (PS e — PS2e ) Yyt
(32)

However, (32) leads to difficulty in solving the model. In this paper,
a piecewise linear approach, as shown in Fig. 1, is employed by
using the mixed integer programming. After substituting P.S 2 with
7, the left side of (32) can be written as the sum of a series of linear
functions approximately.

.
-

Fig. 1: Piecewise linear approximation of pipeline flow.

The model can be expressed as (??) for the pipelines that need not
to be under maintenance within the given time window.

> (A 1o+ Bl ol )

(33)
= C’rZL,TL’ (Tt — Tnre) VA, (n,n') € p',p
k /
Smpa=1 Vpt (34)
k
. —k
Mo Ly < Sy Smpa Ty kD (39)
Fowi= fps V(n)ep, tp (36)
k
my e € 0,1} Vo kit (37

where the term F), v ¢ - | Fyy 5r¢| in (32) is approximated by the
sum of piecewise linear functions on the left side of (33). For exam-
ple, six piecewise linear functions, i.e., k = {1,2,---,6}, exist in
Fig. 1. (34) guarantees that only one function can be selected with
the constraint n;,flyt € {0, 1}. For the kth linear function, the variable
f;]f/,r, is limited by (35). (36) shows the gas flow through the pipeline
n—n'.

24.5 NG flow in pipelines to be under maintenance: A
piecewise linear approximation approach with a big-M approach is
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employed to model the pipelines that need to be under maintenance.

> (Alﬁ,t R+ BE, 'Uﬁ,z) < Ch o (Tnt — T t)
E

(38)
+(1—mpys) M ¥ (n,n') €p,t,p
k k k k
Xk: (Ap,t : fp,t + BP,t "'717,&) 2 Cn n' (ﬂ—"wt - 77”'»’5) (39)
—(l=—mpy)-M V¥V (n,n ) € p,t,p
—k
Mt £y < Fpi Stip Fp Pkt 40)
Fpwi= fae Vnn')eptp @1
k
ko
S npe=mp: Vpt 42)
k
mp.t gt € {0,1} VE tp 43)

where gas flows through pipelines are represented as (38) and
(39). When the pipelines are under maintenance, (38) and (39) are
redundant by introducing a sufficiently large M and a binary vari-
able mp¢. (40) and (41) present the similar meanings with (35)
and (36) respectively. (42) shows the relation between the vari-
able np + and myp . When mp ¢ = 1, the corresponding pipeline is
not under maintenance and the corresponding models are the same
as (33)-(36). When myp,; = 0, the corresponding pipeline is under
maintenance, and the corresponding constraints are redundant.

2.4.6 NG pressure constraints: In natural gas grids, the pres-
sure of each node needs to be within the limit.

Ty STt ST Yn,t (44)

Tt < Ap-mnt VBt (n,n) €p 45)

where (44) shows the pressure constraint. For a pipeline with a com-
pressor, the pressures between the out-coming gas node and the
in-coming gas node should satisfy the constraint (45).

3 Strong Extended Formulation of Sample
Average Approximation

This section first introduces the conventional sample average
approximation, and then a strong extended formulation of the sample
average approximation is presented.

3.1 Conventional Sample Average Approximation

Let Isw)t)s,w EW,teT,meS be independent Monte Carlo
samples of the random parameter Py ¢ in (8). With Py ¢ s, we
can build the following formulation (46)-(49) to replace the chance
constraint (8) by using the Sample Average Approximation (SAA)
approach.

DD PurtusMZay Y Pugs Vs (46)

weWteT weWteT
Pyt —vsM < Pyrs Yw,t,s @7
> s <elS] 48)
sES
vs € {0,1} Vs (49)

where |S| denotes the number of samples, and M is a large posi-
tive constant. vs is a binary variable, representing if the sth scenario
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is satisfied or not. When vs = 0, the constraints  »_ > Py ¢ >
N 5 weWteT
a Y > Puts and Pyt < Pyt s holds. When vs = 1, the

weEWtET
constraints with respect to the sth scenario become redundant. The

constraint (48) shows that the number of scenarios that violate the
chance constraint does not exceed €|S|. In this way, the origi-
nal chance constraint is approximated by counting the number of
scenarios that satisfy some deterministic constraints.

3.2 Strong Extended Formulation of SAA

With the conventional SAA, the size of the formulation grows
rapidly as the number of samples increases. To deal with this issue,
a strong extended formulation of SAA is employed. We first rewrite
the formulation (46)-(49).

Z Z Pw,t+Us(0¢ Z Z Pw,t,s)
weWteT weWteT
) (50)
>« Z E Hu,t,s Vs
weEWLET
ﬂw,t + Us(Pgmx - ﬁw,t,sz 51
> Py — w,t,s Vw,t, s
Buw,t = Py ™ = Pyt Vw,t (52)
D vs <elS| (53)
seS
vs € {0,1} Vs (54)

where (46) is converted to (50), and (47) is converted to (51)
and (52). Take the constraint (46) as an example. There are two

scenarios: when vs =0, 3 Y Pyi>a . 3 Puis Vs
weW teT wEW tET

Z ZPw1+M>Oé > pr,t,m Vs

EWLt wEWLET
holds. For the new constraml (50) when vg = 0, > Py >
wEW tET

a Y S Pyus Vsholds;whenvs =1, 5 3 Py +
wEW LET _ . weEW teT
a Y > Puts>a », > Puts Vs holds since Py > 0.

wEW tET . wEWLET
This shows that (50) is sufficient for (46).
For the formulation (50)-(51), the star-inequalities can be used to

build the strong extended formulation [27]. To this end, we first sort
ad>> > ewter Puwt,s and PP* — Py, s in descending order and

holds; when v =1,

define the index of the element at the ¢ position of the sequence
as s(¢) where i € Zand Z = {1,2,--- |¢|S|]}. | €|S|] denotes the
largest integer but less than € |S|. By introducing new binary vari-
ables 7; and v, ¢ 4, the strong extended formulation can be rewritten
as follows.

Z ZPw,t+aZ( Z ZPwts(z)_
weWteT i€L weWteT
DD ¥ ,t,9(1+1)) >a Y 3 Py
weWteT weWteT

(55)

T — Ti+1 Z 0 Vi (56)

Vs(i) — Ti >0 Vi (57)

/Bw t+ Z ( w,t,s(i+1) — Pw t, s(z)) Yw,t ’L) > (58)
Py — P’w,t,s(l) Vw, t

5

2018/12/19 16:29:14

IET Review Copy Only



ReView by River Valleytlechnelegigheen accepted for publication in a future issue of this ]'ourlglz—bgﬁﬁl‘ﬁrﬂgf.%enm%{sa’:on Distribution

Yw,ti — Ywti+1 =0 Vi,w,t (59)
Vg(i) = Yw,t,i = 0 Vi, w,l (60)
Buwt = Pu ™ = Pyt Vw,t (61)

> vs <elS] (62)
s€S
Vs, Y, t,isTi € 10,1} Vs, w, t,4 (63)

3.3 Reformulated Optimization Model

The reformulated optimization model can be rewritten as follows.

obj. (1)

st (2)—(7)
(9)—(24)
(25) — (45)
(55) — (63)

where the reformulated optimization model is a mixed integer linear
programming model, which is solved by the solver CPLEX.

4 Case Studies

The proposed model is verified by two test systems. The first one is a
4-node natural gas grid with a 6-bus power grid, and the second one
is a 20-node natural gas grid with a modified IEEE 118-bus power
grid.

4.1  4-node natural gas grid with 6-bus power grid

4.1.1  Test system description: The 4-node natural gas grid
and the 6-bus power grid are detailed in [28] and [29]. The integrated
systems are shown in Fig. 2. The trend of wind power generation is
the Belgian wind-power forecasting from 21st to 24th April 2016
[30]. The efficiency factor of each gas-fired unit is assumed to be
0.004 MW /m3. The parameters for generating units are listed in
Table 1.
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be implemented with $500 per time interval, and the duration of
maintenance activity is 31.

Table 1 Parameters for Generators

G G2 Gs

Lower Limits (MW) 100 80 150
Upper Limits (MW) 300 200 350
Ramping Rates (MW/h) 25 20 75
Fixed Cost ($) 5000 5000 5000
Linear Cost ($/MW) 1200 1200 1200
Restart Cost ($) 4000 4000 4000

Minimum Up Periods 4 3 2

Minimum Down Periods 2 3 3

4.1.2  Influences of ¢ and o« on maintenance scheduling:
This section analyzes the influences of wind power on maintenance
scheduling for the integrated natural gas and power grid. Differ-
ent percentages of wind power utilization are investigated. Table 2
shows the maintenance strategies with different wind power utiliza-
tion, i.e., different values of ¢ and . When we have ¢ = 0.3 and
«a = (.7, maintenance on line 1 — 4, line 3 — 6, and pipeline 2 — 3
should be performed from the periods 25 to 46, 25 to 48, and 7 to 37,
respectively. When we have ¢ = 0.1 and a = 0.9, maintenance on
line 1 — 4, line 3 — 6, and pipeline 2 — 3 should be performed from
the periods 25 to 46, 25 to 48, and 2 to 32, respectively. It is observed
that the maintenance on natural gas grid has a marked difference.
When we have a smaller € and a larger v, there will be more wind
power utilized in the power system, and in this case power genera-
tion from the units GG1, G2, and G5 will decrease. Because G and
('3 are gas-fired units, power generation reduction from them leads
to the reduction of natural gas consumption of the gas-fired units,
and in consequence has an impact on maintenance on the natural gas
grid.

Table 2 Maintenance Scheduling with different parameters

Parameters Maintenance Scheduling

e=0.3,a=0.7
e=0.1,a=0.9

L14:25 — 46, L3125 — 48, PLog:T — 37
L14:27 — 48, L3125 — 48, PLo3:2 — 32

Natural Gas System

Power System

Fig. 2: Topology of a 4-node natural gas grid with a 6-bus power
grid.

The time window includes 48 time intervals, and each time inter-
val covers two hours. The lines 3-6 and 1-4 in the power grid need to
be under maintenance in the given time window, and the correspond-
ing durations of maintenance activities are 24 and 22, respectively.
The costs of maintenance activities are $600 and $500 per time inter-
val. For the natural gas grid, maintenance on the pipeline 2-3 should

Fig. 3 shows the objectives when we have different percentages of
wind power utilization, i,e., different values of € and «. It is observed
that a larger € and a smaller « (i.e., a lower percentage of wind power
utilization) lead to a larger objective. From the perspective of the
mathematical model, a larger € and a smaller « result in a relaxed
feasible region due to the constraints (46) and (48). Because the
optimization is to maximize the objective, a relaxed feasible region
will result in an optimal solution with a larger objective. From the
physical perspective, two reasons may lead to the larger objective.
One is that a lower percentage of wind power utilization requires
more power generation from units and in consequence leads to a
higher revenue from these units. The other is that loss of load may
be reduced when having less uncertainties due to less wind power
when performing maintenance.
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Fig. 3: Objectives with different values of € and «.

4.1.3  Influences of Scenario Number on Maintenance
scheduling: Because the revised sample average approximation
method is used to deal with wind power uncertainty, the number
of wind power scenarios impacts the maintenance scheduling. This
section shows the influences of wind power scenarios on mainte-
nance scheduling. Fig. 4 shows the optimization objectives with
different wind power scenarios when having different values of
the parameter c. For each value of the parameter «, the objective
decreases and goes to a constant value. This constant value can
be obtained with enough wind power scenarios. This indicates that
more wind power scenarios result in a more accurate solution. From
the perspective of the mathematical model, more wind power sce-
narios result in more constraints due to (46) and (47), i.e., a tight
feasible region, and in consequence lead to a smaller objective since
the optimization model is to find a maximum objective.

x10” =10’

1.180 1169

1179 11684
& &
'g 1178 ‘g 1167
8 2
:g. 1177 g 1.166

1176 t 1165 P

1175 1164
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& 1159 21154
2 1158 2
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1.155 1.148
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© @

Fig. 4: Objectives with different wind power scenarios.
(a) Percent of wind power utilized o = 0.75
(b) Percent of wind power utilized o = 0.80
(c) Percent of wind power utilized o = 0.85
(d) Percent of wind power utilized o = 0.90

Table 3 shows maintenance strategies with different wind power
scenarios. It is observed that we have the same maintenance strate-
gies when having more wind power scenarios. This also shows that
more scenarios of wind power leads to a more accurate solution.
However, more scenarios cause computational intractability. The
computation times for 200, 400, 600, 800, 1000, and 1500 scenarios
are 225s, 698s, 1217s, 2151s, 3117s, 6172s, respectively. Because
maintenance activities are defined as binary variables in the mathe-
matical model, appropriate wind power scenarios can guarantee that
the maintenance scheduling is optimal. For example, 600 scenarios
in this case study have the same optimal maintenance scheduling as
1500 scenarios.
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Table 3 Maintenance Scheduling with different scenarios

Scenario Number Maintenance Scheduling

200 L1425 — 46, L3625 — 48, PLg3:12 — 42
400 L14:27 — 48, L3g:25 — 48, PL23:2 — 32
600 L14:27 — 48, L3g:25 — 48, PLo3:4 — 34
800 L14:27 — 48, L3g:25 — 48, PLo3:4 — 34

1000 L14:27 — 48, L3g:25 — 48, PLo3:4 — 34
1500 L1427 — 48, L36:25 — 48, PLog:4 — 34

4.14  Influences of natural gas system on power system:

Because natural gas to gas-fired units are limited by the natural gas
grid, maintenance on pipelines directly impacts maintenance on the
power system. Fig. 5 shows the loss of load in the power system
when having different pipeline maintenance durations. It is observed
that the loss of load is about 5S0MW when the pipeline maintenance
duration is from 21 to 24 time intervals. This indicates that mainte-
nance on pipeline P»3 does not impacts gas supply to gas-fired units
in the power system. However, when the pipeline maintenance dura-
tion is longer than 24 time intervals, the loss of load in the power
system increases gradually. This means that maintenance over 24
time intervals or more will impact gas supply to gas-fired units in the
power system and in consequence will lead to more loss of loads.

©
o

©
o

@
o

o
<

Average Loss of Load (MW)
~
o

22 23 24 25 26 27 28 29 30 31
Maintenance Duration (time intervals)

N
[

Fig. 5: Loss of load under different maintenance durations

4.2 20-node gas grid with 118-bus power grid

4.2.1 Data description: The data of the natural gas grid and the
power grid can be found in [31] and [32], respectively. Wind power
trends are the same as the trends in the first case, and the buses 2,
3,5, 13, 14, 16, 44, 50, 52, 53, 82, 83, 84, 85, and 86 are connected
to wind farms. The detailed data for wind power refer to [33]. The
topology of the integrated system is shown as Fig. 6. Seven trans-
mission lines 69-47, 69-70, 69-75, 69-77, 69-68, 49-69, and 49-47
need to be under maintenance within the given time window, and the
durations of maintenance are 15 time intervals. Two pipelines 10-14
and 10-11 need to be under maintenance, and the durations of main-
tenance are 18 time intervals. The maximum numbers of pipelines
and lines that can be under maintenance in one time interval are 1
and 2, respectively.

4.2.2  Influences of wind power on system maintenance:
We first analyze the influences of wind power utilization on mainte-
nance scheduling. Table 4 shows the objectives with different values
of € and a. A smaller € and a larger « indicate more wind power
utilized in power system. In this case power generation from gen-
erating units decreases, and in consequence the objective decreases
accordingly.
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Fig. 6: Topology of the integrated system

Table 4 Objective Values ($10°) with Different Values of ¢ and «

a=0."7 a=0.8 a=0.9
e=0.1 3.109 3.096 3.085
e=0.2 3.125 3.101 3.091
e=0.3 3.131 3.104 3.095

‘We also analyze the influences of the number of wind power gen-
erators and wind pwoer forecast errors. Fig. 7 shows the objective
values with different wind power generators and wind power fore-
cast errors. Table 5 show the locations of different wind generators
in different cases. It is observed that smaller wind power forecast
errors and less wind power generators result in a larger objective,
i.e., a more revenue. There are two reasons for this: 1) more power
generation from generating units is required when having less wind
power generators; 2) less loss of load occurs when having smaller
wind power forecast errors. From the perspective of the mathemat-
ical model, a smaller wind power forecast error results in a smaller
range for P ¢ s, and in consequence results in a relaxed feasible
solution region according to the constraints (46) and (47).

Table 5 Locations of wind generators in different cases

Number Locations (Buses)
3 2,3,5
6 2,3,5,13,14,16
9 2,3,5,13,14,16, 44, 50, 52
12 2,3,5,13,14,16, 44, 50, 52, 53, 82, 83
15 2,3,5,13,14, 16, 44, 50, 52, 53, 82, 83, 84, 85, 86

4.2.3  Influences of natural gas system on system mainte-
nance: This section analyzes the influences of the natural gas
system on system maintenance. Fig. 8 (a) shows the average loss
of load for each time period when considering the influences of the
natural gas grid, e.g., natural gas transmission capacity. Fig. 8 (b)
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Fig. 7: Objectives with different wind power generators and wind
pwoer forecast errors

shows the average loss of load for each time period when the influ-
ences of the natural gas grid are not included, i.e., the natural gas to
the gas-fired units is not limited by the natural gas grid. It is observed
that the first case in Fig. 8 (a) has larger loss of load compared to the
second case in Fig. 8 (b) when having the same power forecast error.
The main reason for more loss of load in the first case is the limited
natural gas to the power grid due to the constraints of the natural
gas grid. Therefore, the influences of natural gas systems on system
maintenance should be included in practice.

o o ~

average loss of load (MW)

IS

2 3 4 5 6
wind power forecast error (%)
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wind power f(()l;t)ecast error (%)

average loss of load (MW)
e

Fig. 8: Objectives with different wind power generators and wind
pwoer forecast errors

4.2.4  Influences of piecewise linear approximation: Because
the piecewise functions are used when modeling gas flow in
pipelines, we also analyze the impacts of the number of piecewise
functions on maintenance scheduling. Table 6 shows the objectives
with different numbers of piecewise functions. It is observed that
more piecewise functions lead to a smaller objective. From the per-
spective of mathematical model, more piecewise functions result in
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a tighter feasible solution region according to the constraints (33)-
(43). Because the optimization is to find a maximum objective value,
a tighter feasible solution region leads to a smaller objective. More
piecewise functions result in a more accurate solution, but also lead
to a longer computation time. Take € = 0.3, a = 0.7 as an example,
the computation times are 3.6(h) and 8.1(h) when having 3 and 9
piecewise functions, respectively. Because maintenance scheduling
is made off-line, a long computation time is acceptable in practice.

Table 6 Objective Values ($10°) with Different Piecewise Lines

k=3 k=5 k=7 k=9
€e=0.3,a=0.7 3.149 3.138 3.131 3.127
€e=0.1,a=0.7 3.127 3.115 3.109 3.104

5 Conclusions

This paper presents a chance-constrained maintenance schedul-
ing model for interdependent natural gas systems and power sys-
tems with wind energy integration. Chance constraints are used to
model uncertainties of wind power, and these chance constraints
are transformed into equivalent deterministic constraints by means
of extended star-inequalities based on the sample average approx-
imation. A piecewise linear approximation method is employed to
convert the non-convex models of natural gas systems into a group
of piecewise linear models, and the big-M formulation is employed
to construct inequalities constraints for pipelines/lines that need to be
under maintenance. Several tests on a 4-node natural gas gird with
a 6-bus power grid and a 20-node natural gas grid with a modified
IEEE 118-bus power grid demonstrate the effectiveness of the pro-
posed model. The major findings are listed as follows. 1) A lower
percentage of wind power utilization during the maintenance pro-
cess can reduce the potential loss of load, and accurate wind power
forecasting improves the system revenue during the maintenance
window. 2) Shorter maintenance durations for power systems and
natural gas grids can increase the system revenue during the main-
tenance window, especially when including the interactions between
interdependent power systems and natural gas systems.

At present, a piecewise linear approximation approach is
employed to transform the nonconvex and nonlinear Weymouth gas
flow equations into a series of piecewise linear functions, which
cause a gap to the original model. In the future work, some state-of-
the-art methods based on second order conic relaxation can be used
to improve the accuracy. In addition, second-order cone program
(SOCP) formulations for describing AC power flow can replace DC
power flow to improve the accuracy.
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