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Abstract

Power-to-gas facilities consume surplus renewable electricity generations to produce
alternative gases, such as green hydrogen and methane. They can be injected into, and
transported by the gas network for further use, which is a promising way toward a low-
carbon energy system. However, injecting alternative gases into the gas systems can
adversely affect the gas composition and the lifespan of components (e.g., gas pipelines),
and may threaten the reliability of the entire integrated electricity and gas systems
(IEGS) in the long term. To address this issue, this paper proposes a long-term re-
liability evaluation method for IEGS with alternative gas injections. First, new reli-
ability indices are proposed to evaluate both gas adequacy and gas interchangeability
under uncertainties. Then, a multi-state reliability model of the pipeline is developed
to characterize the corrosion evolution and hydrogen embrittlement in the long term. A
contingency management scheme (CMS) is devised to minimize load curtailments and
gas interchangeability deviations under component failures. Moreover, several reformu-
lation techniques are tailored to convexify the original two-stage mixed-integer nonlinear
CMS optimization problem. An analytical reliability evaluation method embedded with
a system state reduction technique is designed to evaluate the long-term reliability of
the IEGS more efficiently. Finally, the IEEE 24 bus Reliability Test System and the
practical Belgium gas system are used to validate the proposed method. The numerical
results show that the injection of alternative gas could jeopardize the reliability of the

studied IEGS by 39.73% in the long term. However, we have observed a critical time
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window (the 8th-9th year), in which if we conduct the inline inspection and maintenance
more frequently, the reliability could be improved by up to 53.31%. These results sug-
gest that the injection of alternative gas is beneficial, but should be carefully regulated
to maintain the reliability of IEGS.

Keywords: alternative gas, integrated electricity and gas systems, hydrogen, long-term

reliability, power-to-gas

1. Introduction

With the growing concerns for low-carbon development, hydrogen has become one
of the most appealing alternative gas. Blending hydrogen into the existing gas systems
is the current focus in many countries to decarbonize the energy systems. For example,
Energy Networks Association in the UK calls for 20% hydrogen blending into gas net-
works from 2023, which will save around 6 Mt/year of carbon dioxide emission [I]. As
Spain’s second-largest natural gas distribution company, Nortegas also plans to gradu-
ally blend hydrogen into its residential and industrial gas network [2]. Green hydrogen is
usually produced by power-to-gas (PTG) facilities by consuming the surplus renewable
electricity generation. The installations of PTGs, together with the existing gas-fired
power plants (GPP), have intensified the interdependency of the electricity and gas sys-
tems in a bidirectional way. Therefore, the two energy systems tend to be regarded and
regulated as a whole integrated electricity and gas systems (IEGS).

However, injecting alternative gases (including hydrogen, methane, and biogas) into
the IEGS may jeopardize the reliabilities from the following aspects: 1) the distributed
injections of alternative gases will continuously change the gas composition across the
gas network. The gas appliances, which are usually designed and tested at a given gas
composition, may not perform satisfactorily or reliably under an uncertain gas com-
position [3]; 2) the varying gas composition may change the physical characteristics of
the gas mixtures (such as specific gravity, gross caloric value (GCV), etc.), and further
change the gas flow pattern. When gas composition changes, some gas demands may
not be supplied with sufficient gas in terms of both quantity and heat energy [4]; 3)
the injected hydrogen may corrode the material of pipelines, which is also known as hy-
drogen embrittlement [5]. The reliability of pipelines will be jeopardized, which affects
the reliability of the whole IEGS in the long term. Therefore, the long-term reliability



evaluation of IEGS with alternative gas injections is urgently required.

The reliability of IEGS with constant gas composition has been extensively stud-
ied in previous studies [0, [7]. However, when alternative gas injections and varying
gas compositions are considered, most of the existing studies focus on gas composition
tracking and simulation problems. The steady-state simulation method of gas systems
with the distributed injections of hydrogen and upgraded biogas is developed in [§]. It
validates that appropriate management of diverse gas supply sources can reduce carbon
emissions. An efficient simulation method for long-distance gas transport networks with
large amounts of hydrogen injection is proposed in [9]. A probabilistic multi-energy flow
calculation method for IEGS with hydrogen injection is proposed in [10]. A transient
analysis model for gas systems is developed in [I1], which enables gas composition track-
ing in meshed networks with multiple distributed gas sources and intermittent hydrogen
injections. The impacts of different hydrogen blending modes on the IEGS are simulated
and discussed in [I12]. Though these studies can simulate the operating condition and
gas composition in the IEGS with alternative gas injections, they may not be able to op-
timize the system’s condition. For example, they cannot provide quantitative corrective
measures if some security constraints are violated.

Recently, some studies have been dedicated to the optimization and regulation of
gas system security with alternative gas injections. For example, the impacts of dis-
tributed renewable generations on the IEGS security through PTGs are investigated
in [I13] and [I4]. A unit commitment model for electricity systems and the optimal
energy flow model for gas systems are performed separately in [I5] to track and op-
timize the gas composition with hydrogen injections. A distributionally robust opti-
mization model of IEGS is developed in [16] to cope with the impacts of wind power
fluctuations on the gas system security. An optimal stochastic operation model of
the electricity-hydrogen-transportation system with renewable energies is investigated
in [I7]. A chance-constrained energy and reserve joint scheduling model for wind-
photovoltaic-hydrogen integrated energy system is developed in [I§]. A Coordinated
operation model of electricity and gas-hydrogen systems with transient gas flow condi-
tions is proposed in [19]. However, these studies focus on the short-term secured opera-
tions of IEGS under the uncertainties of renewable generations. The long-term impacts

of alternative gas injections with inherent uncertainties, such as hydrogen embrittlement,



the IEGS component failures (such as the failures of gas sources and pipelines), etc., on
the reliability of IEGS, have not been investigated yet.

The long-term reliability evaluation of IEGS with alternative gas injections is chal-
lenging for the following reasons. 1) There lacks an index that can quantify the reli-
ability of IEGS with varying gas compositions. Gas interchangeability is usually used
as an index to describe whether the gas composition is acceptable for gas appliances
[20]. However, under multiple uncertainties, the gas composition may also vary stochas-
tically. The probability of the gas composition falling in the acceptable range, and
the expected deviation from the acceptable range can not be quantified by using gas
interchangeability or other off-the-shelf indices. 2) The impacts of various component
failures, especially the different failure modes of pipelines, on the reliability of the IEGS
are difficult to characterize. Some basic models are introduced in previous studies. For
example, the stochastic failure process of the pipeline due to corrosion in the long-term
can be modeled as the Markov process in [21], Gamma process in [22], etc. The impact
of hydrogen embrittlement on the burst pressure of pipelines is quantitatively investi-
gated in [23]. However, these pipeline corrosion models are time continuous. Directly
adopting these models in the reliability evaluation of IEGS will be very time-consuming.
3) The optimal energy flow model of IEGS considering the blending of alternative gases
is a highly nonlinear and mixed-integer optimization problem, for they make the orig-
inally constant physical parameters (such as specific gravity, the GCV of the gas) into
variables. Though some studies have introduced sequential linear programming, polyhe-
dral envelopes, etc., to solve the optimization problem [24], they are either not accurate
enough for the reliability evaluation where the system condition changes dramatically,
or not efficient enough for the reliability evaluation where the optimization problem will
be solved repeatedly for numerous scenarios.

To address the above research gaps, this paper proposes a long-term reliability eval-
uation framework for IEGS to quantify the impacts of alternative gas injections. The
contributions are summarized as:

1) A set of novel reliability indices is proposed to quantify the impacts of alternative
gas injections. Derived from the Dutton diagram method, we formulate two new reliabil-
ity indices: expected gas interchangeability deviation (EGID) and gas interchangeability
deviation probability (GIDP). Compared with traditional deterministic security indices



such as Wobbe Index, the proposed expectation-based reliability indices can better mea-
sure the deviation of the gas mixtures from acceptable gas composition regions (AGCR)
under various long-term uncertainties.

2) A multi-state reliability model of the pipeline is developed to incorporate the
corrosion effect in the long term. The evolution of the corrosion process for each pipeline
segment is modeled using the independent Gamma process. By using the limit state
functions of multiple failure modes (including small gas leak, large gas leak, and rupture
failure), the continuous Gamma process can be discretized into several states using the
reliability network equivalent technique to reduce the computation burden. The impacts
of hydrogen embrittlement are also modeled in the limit state functions.

3) A contingency management scheme (CMS) of IEGS is devised to minimize the
load curtailments and deviations to AGCR when system components fail. A detailed
security-constrained optimal energy flow model of IEGS with distributed alternative gas
injections is developed, where the variations of physical characteristics (e.g., specific
gravity) due to the varying gas compositions are considered. The topological change of
the gas network due to multiple pipeline failure modes is formulated, where the concept
of the virtual gas bus is introduced to model the gas leak effect.

4) A fast analytical long-term reliability evaluation procedure is designed. The
second-order-cone reformulation, forward-approximation-based linearization, and Tay-
lor approximation-based methods are tailored to transfer the original two-stage mixed-
integer nonlinear CMS optimization problem into a more tractable second-order-cone
programming problem. An adaptive scenario reduction technique is proposed by identi-
fying and eliminating the common states and marginal states in different time intervals,

so that the computation efficiency can be improved.

2. Structure of IEGS With Alternative Gas Injections

The structure of the IEGS with alternative gas injections is illustrated in Fig. [1 In
the IEGS, the electricity and gas systems are interconnected by GPPs and PTGs. GPPs
consume gas mixtures from the gas network to produce electricity, while PTGs consume
electricity to produce methane and hydrogen. Along with other types of gases, such as
biogas and natural gas, they can be injected into gas pipelines, and further satisfy the

gas demands at various locations.
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Figure 1: Structure of the IEGS with alternative gas injections.

3. Long-Term Reliability Indices for IEGS

Generally, the reliability of an engineering system can be defined as its capability to
complete a certain task under the given condition [25]. In traditional IEGS with the
constant gas composition, the reliability is usually defined by its capability of providing
sufficient amounts of electricity and gas to consumers [26]. However, it is different for
the IEGS with alternative gas injections due to the varying gas compositions. The gas
appliances of consumers have specific requirements for gas compositions [27]. When some
gas system components (e.g., gas sources, pipelines, etc.) fail, apart from the unserved
loads, it is also possible that the gas compositions no longer meet the requirements of
gas appliances. In another word, the interchangeability of the new gas mixture is not
close enough to the original nature gas. Therefore, the reliability of IEGS in this paper
is defined twofold, i.e., the capabilities to serve consumers with the gas in both adequate

amounts and satisfactory interchangeability.



3.1. Reliability Indices for Gas Adequacy

Derived from the commonly used reliability indices in the electricity systems, i.e.,
expected demand not supplied (EDNS) and loss of load probability (LOLP), the relia-
bility indices for the gas systems, i.e., the expected gas not supplied (EGNS) and loss
of gas load probability (LOGP), are defined as:

EGNSi =Y Pry> ¢, (1)

seS reR
LOGP;; =Y Pr,,flag (Z G > 0) (2)
sES reR

where 7 is the index for bus; ¢ is the index for the time interval in the long-term reliability
evaluation. The time interval can be one year, one month, etc., depending on the
requirement for the time resolution. EGNS;; and LOGP;; are the EGNS and LOGP
at gas bus ¢ in time interval ¢, respectively; s is the index for system state; S is the set
of all possible system states; Pr; is the probability of system state s in time interval ¢.
For each time interval ¢ € 7, where T is the set of time interval, > s Pry, = 1. ris
the index for gas composition, and R is the set of gas composition; Qf,tr,s,t is the gas load
curtailment of gas component r at bus i in system state s in time interval ¢; flag(-) is a

flag function, where flag(-) = 1 indicates the expression (-) is true; flag(-) = 0 indicates

the expression (-) is false.

3.2. Reliability Indices for Gas Interchangeability

The measurement for gas interchangeability varies by country and region. Among
many criteria, the Dutton diagram is one of the most typical methods that is widely
adopted in the UK, Western Australia, etc [28]. The Dutton diagram outlines the
AGCR, as presented in Fig[2] The upper half of Fig[2]is the 3-D Dutton diagram, and
the lower half of Fig[2]is its projection on the “Molar fraction of nitrogen and propane
equivalent”- “Wobbe index” plane. The 3-D Dutton diagram consists of three axes: the
molar fraction of nitrogen and propane equivalent, the molar fraction of hydrogen, and
the Wobbe index (WI). Three indices, i.e., WI, incomplete combustion factor (ICF), and

soot index (SI), are employed to limit the gas composition in the Dutton diagram. They
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Figure 2: Dutton diagram and acceptable gas composition regions.



can be calculated as [29, [30] (the notation s and ¢ are omitted):

WI, = GCV,5G, (3)
ICF; = (WI, — 50.73 4 0.0327")/1.56 — 0.01z]" (4)
ST, = 0.896tan " (0.02552%" — 0.0233z™ — 0.0091z" + 0.617) (5)

where WI,;, IC'F;, and SI; are the WI, ICF, and SI at bus ¢, respectively; GC'V; and SG;
are the GCV and specific gravity of the gas at bus 7, respectively; x.” is the total molar
fraction of propane and nitrogen; 27, z%"

7 )

and z!" are the molar fractions of hydrogen,
propane, and nitrogen, respectively.

In the normal operation, the boundaries for ICF, SI, WI, and molar fraction of hydro-
gen, as well as two physical boundary lines (i.e., methane-propane limit and methane-
nitrogen limit) delineate the AGCR in @ [31]. In the contingencies, relaxations of ICF,
WI, and molar fraction of hydrogen are temporarily allowed. The AGCR in the normal

operation, FNO are defined as follows:

IFNO — x; | WINO,min S WL, S WINO,max;ICFNO,min S ]CFl S IOFNO,maac;

SIMin < SI; < ST™;0 < af¥ < g"vNOmar0 < g < 117w, = 1

(6)

where «; is the set of molar fractions of gas compositions at bus i; IO FNO-maz 1}/ [NO,maz
gy NOmaz - [ pNOmin 17 [INOmin —apd ghy,NOmin are the upper and lower bounds for
ICF, WI, and molar fraction of hydrogen in the normal operating state, respectively;
SI™® and SI™m are the upper and lower bounds for SI, respectively. The AGCR in
contingency states F€© can be defined similarly.

The gas interchangeability depends on the gas composition (i.e., the coordinate of the
gas composition in the Dutton diagram). As aforementioned, the AGCR in contingen-
cies is wider than that in normal operations. Denote the extra AGCR in contingencies

(the yellow area in the lower half of Fig. [2) as FEX (FEX = FCO —FNO). For example, as

shown in Fig. 2 the gas composition of point A & € FNO is acceptable; for & € FFX



it is acceptable in contingencies, while not acceptable in normal operations; ¢ ¢ F¢©
is an unacceptable gas composition. With this idea in mind, two reliability indices are
defined, namely, expected gas interchangeability deviation (EGID) and gas interchange-
ability deviation probability (GIDP), as calculated in and , respectively. GIDP
measures the probability of gas composition that fall out of the AGCR. EGID measures
the expected deviations of the gas composition to the AGCR.

EGID;; = Y Prod¥S+ Y PrydCs, (7)
sESNO s€8SCO

GIDP;;, = Z Pr,; (flag(zm; s, ¢ FNO)) + Z Pro (flag(xise ¢ FEO))  (8)
seSNO sESCO

where EGID;; and GIDP;; are the EGID and GIDP at bus 7 at time interval ¢, re-

SNO SCO

spectively; and are the sets of normal operating state and contingency state,

respectively; dfys’ot and dggt are the deviations to the AGCR in normal operation and

4o

contingencies for bus 7 in state s at time interval ¢, respectively; d;; can be calculated

by:

s, =

2= nin llw—a?) Q)

o

where x}’ is a gas composition point within the AGCR in normal operation or contin-

co

2,8,

gency at bus ¢; d’Y, can be calculated similarly.

4. Reliability Models of IEGS Components

4.1. Multi-State Reliability Model of Pipeline Considering Corrosion Effect

During the long-term operation, the pipeline gradually corrodes due to environmen-
tal issues and hydrogen injections. There are three pipeline failure modes caused by
corrosion, namely, small leak, large leak, and rupture [32]. The limit state functions
associated with the small leak, large leak, and rupture failure for the segment [ in the

pipeline that connects bus ¢ and bus j (denoted as pipeline ij) are Zfé-J, ilfﬂ, and fi%,

10
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Figure 3: Multi-state reliability model of the pipeline considering corrosion.

respectively. They can be calculated by [33]:

D0 = Ywtiy = 8 (10)
i1 = KDi50 — Dija (11)
f;?,l = Hp:,?,l — Dij (12)

where wt; ; is the wall thickness of the pipeline ij; 9; ;; is the defect depth of segment [ in
pipeline 77; ¢ is the coefficient for small leak failure, which indicates that the corrosion
could lead to small leak if the defect depth exceeds v times of wall thickness; p’* =
fos(0i 1) and pi% "1 = frp(dij1) are the burst pressure and rupture pressure, respectively.
They are the functions of defect depth, which are elaborated in Ppij is the
gas pressure of segment [ in pipeline ¢j during the operation; x is the hydrogen damage

factor, which is also introduced in [34]. The pipeline failure mode depends

on the values of limited state functions. If <0and fl;; >0, a small leak occurs; if

<0, and f%, <0,

Z]l

ZJl>0 <0, and f;%, > 0, a large leak occurs; if Z]l>0

Z]l zgl

a rupture occurs; in other sﬂ:uations, the pipeline is at normal operation state [22].
The corrosion of the pipeline grows over time. The shape of the corrosion consists of
two dimensions: defect length and defect depth. According to typical industry practice,
the defect depth is more critical that influences the availability of the pipeline [35]. The
growth of defect depth at each pipeline segment can be represented by an independent

and homogeneous gamma process f9™(-)[36]:

fgm<5i,j,l,t‘04, ) (ﬁa (t— to zj’t to)— 16—B§i,j,l,t> /F (Oz(t _ to)) >t (13)

where o and [ are the shape parameters of the gamma process; I'() is the gamma

function.

11



The above gamma process is time-continuous. The defect depth in any time ¢ can
also take a continuous random value in [0, wt]. To reduce the computation burden, we
develop a multi-state model to represent the gamma process for the pipeline by using
the reliability network equivalent technique [37], as shown in Fig. . In this model, the
continuous defect depth can be divided into HPP non-overlapping intervals. At each time

O O To reduce

interval, the defect depth takes a random value from {4} tils e 03

4,5,
the system states, the selection of the pipeline states should be efficient, which means
the different system operating conditions can be reflected with minimum pipeline states.
Taking the segment [ in pipeline 75 as an example, the defect depths of the first state
(the normal operating state, h = 1) and the rest of the states (h = 2,3, ..., HP?) are

divided by:

o min {fbs pz,]l f%l(p:il)?z/}wtz,j} ) h=1 (14)
WGl =
(wtij—6;,,) / (H? —=1), h=2,3,...,H”
The probability of the defect depth falling in state h = 1 at time interval ¢ can be
calculated by:

tAt o
Pr {5i,j,l,t = 53]'71} = /( DA /0 f9"(6;,50,-)dédr, h =1 (15)
t—1)At

where At is the length of the time interval. The probability of other states can be

calculated similarly.

4.2. Multi-State Reliability Models of Other Components

Without loss of generality, the reliabilities of other IEGS components, including
renewable generators, traditional fossil-fueled power plants (which consume other fossils
other than gas), GPPs, gas sources, PTGs, and electricity branches, are described by
the multi-state Markov model. Here we use GPP as an example, other components can
be modeled similarly.

The GPP is usually a complex engineering system that consists of many elements.
The partial failure of the elements does not necessarily lead to the complete failure of the
GPP. Therefore, the reliability of the GPP can be represented by a multi-state model.

Generally, GPP k at bus ¢ has H9P states. The electricity generating capacity in state h

12
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is denoted as gf i+, Due to random failures and repairs, the generating capacity of GPP
G
g% takes random value from {gz.lfax, o gz;cmax, o Zh; Pp’m“x}. The state probabilities

can be calculated by solving the following state transition partial derivative equations:

dPL9% (1) H9PP W' #h HIPP 1 #h
—h AU Py A e+ Pré% X\ n, h=1,2. ... HIP
PO S Y i, e
h/=1 h/=1
Pri? |—= 1, Pr3™ |i—yy= ... = Prif |1=,=0

where Pr" is the probability of the GPP in state h; Ay is the state transition rate

from state h to h'. The steady-state probability of state h equals to the solution of

Pri?(t) |i—oo-

5. Contingency Management Scheme of IEGS

The electricity and gas loads of consumers rely on the normal functioning of the IEGS
components. Failures of components may transfer the IEGS from the normal operating
state to the contingency state. The gas composition may change dramatically and even
violate the AGCR. The supplies to the electricity and gas loads may also be interrupted.
Therefore, a contingency management scheme (CMS) is developed to minimize the load

curtailments and the deviations to the AGCR when the component fails.

5.1. Change of Gas Network Topology Considering Different Pipeline Failure Modes

The failures of pipelines can dramatically change the gas flow pattern in the gas
network. In the gas leak failure mode, some gas in the pipeline will be released to the

outside, which means the inlet gas of the pipeline does not equal the outlet gas, as

13



presented in Fig. [ In the rupture failure, the adjacent gas buses will act immediately
(such as closing the valves) to prevent secondary risk. Therefore, the topology of the
gas network should be updated when different pipeline failure happens.

For a given pipeline 77, rupture failure has the top priority. Once the rupture failure
happens at any segment of the pipeline, the pipeline is regarded to be isolated from
the IEGS. The characteristic parameter of pipeline ij in the Weymouth function C; ;
(introduced in should be set to zero:

Ci;=0,1i€P? (17)

where PP is the set of ruptured pipelines.

If there is no rupture failure in the pipeline ij, but gas leak failures (including small
leak and large leak) happen in pipeline segment [ (I € £9', where £ = {l,...,1,, ..., Iy}
is the set of pipeline segments with gas leaks; v is the index of the gas leak; V is the
number of gas leaks), the leakage can be regarded as a virtual gas load, and the leak
position can be regarded as a virtual gas bus [3§]. A set of virtual gas bus 7 is introduced
(Z = {i1,....,iv'}) to model the new topology of the gas network with gas leaks. The
lengths of the pipeline between the inlet bus ¢ and the first virtual gas bus 1, the length
of the pipeline between any two adjacent virtual gas buses 7, and %UH, and the length

of the pipeline between the last virtual gas bus iy and outlet gas bus j are denoted as

N LN
iuil ’ 7:U7iv+1

, and L;ﬁf/ ;- They can be calculated by:

LY = (h = )AL+ Al/2 (18)
Lg Tot1 = (lv—i-l - lv)Al (19)
Ly = (L—1ly)Al+Al/2 (20)

where Al is the length of a pipeline segment, Al = LV /L; L¥ is the length of the
pipeline, and L is the number of the segment in the pipeline.

The virtual gas load of the gas leak at the virtual gas bus 4, is denoted as qfl. It can

14



be calculated by [39]:

(NI

iyt

oy T [ Migng (2 (21)
in pzv 4 RgasTgas 'Vi,j ‘l‘l

where ¢; j;, is the defect length of the segment /, in pipeline ij; p; is the gas pressure
at virtual gas bus 7, MZV;/ and ~; ; are the molecular weight and the heat capacity ratio
of the gas mixture in pipeline ij, respectively [40]; R9*® is the gas constant; 79%° is the

temperature of the gas.

5.2. Gas Network Model With Alternative Gas Injections and Pipeline Failures
With the varying gas composition, the GCVs of the gas mixtures may also vary at

different locations. Thus, the volume of the gas load is subject to the GCV at the exact

location:
@GOV = GOV Y (g + qfh) (22)
r€ER
@) at =i, (23)
reR
where qf "9 is gas demand at bus i measured by the volume of natural gas (without

blending other types of gases); GCV™ is the GCV of natural gas; qﬁr is the gas demand
of gas composition r at bus i; x;, is the molar fraction of gas composition r at bus s.
The gas supplies from the gas sources also have various gas compositions, which can

be represented by:

Ge =00 D dlhs (24)
reR
where ¢f; . is the gas supply of gas composition r of gas source k at bus 4; x} . is the
molar fraction of gas composition r of the gas supply from gas source k at bus 1.

In the gas transmission pipeline, the Weymouth equation can be used to describe the
relations between the steady-state gas flow and gas pressures. For any two connected
gas buses (including virtual gas bus), and are satisfied. The pipeline property
parameter C; ; is calculated by . It should be noted that: 1) due to the varying gas

composition, the specific gravity SG; ; and compressibility factor Z; ; of the gas mixture

15



also become variables; 2) due to the pipeline failure, the length of the pipeline depends

on the new gas network topology according to Section |5.1]

¢jlai| = Cij(?? —P§)> i,jeIéuUT (25)
Gy = Zqi,j,m Gijr > 0 (26)
reR
1
Tstp 7T2D? ) 2
Ci,j = prm ( N’] ga,s) (27)
Sp E,jSGi,jLiVjZi,jT
|gi.] < ¢ (28)
Pt < p <pp, i€ I9UT (29)

where g; ; is the gas flow in the gas pipeline i7; p; and p; are the nodal gas pressures at bus
i and bus j, respectively; Z¢ is the set of gas buses; ¢; ; is the gas flow of gas composition
r in pipeline ij; T*% and p** are the temperature and pressure at standard temperature
and pressure condition, respectively; D, ;, F; ;, and LZNJ are the diameter, friction factor,
and length of the pipeline ij, respectively; ¢;"s"* is the transmission capacity of pipeline ij;

min

79 and p™" are the upper and lower bounds of the gas pressure at bus ¢, respectively.

p;

The gases transported from upstream pipelines are mixed at the gas bus, and then
the new gas mixture will be transported through downstream pipelines. During this
process, the nodal gas conservation holds, but takes different forms at gas buses and

virtual gas buses:

dodh—dh D - D AR =D e — Y e =0,i€I9  (30)

kek?® ke kexcyrr i€ i€l
. gl _ 3 7
qiv—lyivyr + qi;,r - qiv,iv+1,T7 b € I (31)

where K%, K'Y, and K% are the sets of gas sources, PTGs, and GPPs at bus 1,
respectively; J; is the set of bus connected to bus i; qf tkg’T is the gas production of gas
component 7 of PTG k at bus i; ¢/}”, is the gas consumption of gas component r of GPP
k at bus 1.

The mixing process depends on the direction of the gas flow, which may change sub-

stantially from that in the normal operating state if severe failures happen. Therefore,

we run a gas flow direction identification problem first (which is introduced in the
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pendix B) to identify the gas flow direction in each pipeline. Denote w; ; = 1 if the gas
flows from bus ¢ to j in pipeline ¢j. Otherwise, w; ; = —1. Then, the gas composition at

bus ¢ can be calculated as [30]:

D D VI S B S (32

JE(TiULy) kekd® keKr

Lir = wm/ Z Wi r, 1€ IG (33)
reR

where w;, is the nodal gas injection of gas component r at bus i.
The gas composition in the downstream pipeline should equal the gas composition

at the upper stream bus:

Gigor = Qi (L +wig) i + (1 — wij) zj,) /2 (34)

Then, the specific gravity and compressibility factor of the gas mixtures in the

pipeline ¢j can be updated as:

SGi =Y MYa;, /MW (35)

reR
SG@j == ((1+wm)SGZ+ (1 —le)SGj) /2 (36)
Ziy= @ & " p”) (37)

where M is the molecular weight of gas component r; f*(-) is the function for calcu-

lating the compressibility factor, which can be found in [41].

5.3. Contingency Management Scheme of IEGS Considering Gas System Securities

If some IEGS components fail, the CMS will be performed to minimize the potential
consequences of the contingency. The goal of the CMS is to minimize the IEGS opera-
tion and load curtailment costs, as well as the gas composition deviations, as shown in
and . The optimization variables w includes: 1) nodal gas pressure p;; 2) gas

production of gas source qZZ; 3) gas demand for each gas component qgr; 4) hydrogen

and methane productions of PTG qlh » and g}}¢; 5) electricity consumption of PTG g i

6) electricity generations of traditional fossil power plant /%", GPP ¢*?, and renewable

aprp .
ik,r

generators gzzg ; 7) gas consumption of GPP ¢ 8) phase angle of the voltage 6;; 9)
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gas composition z;,; 10) gas flow for each gas component in the pipeline ¢; .

CO=N " > gt + 08 > aln - > @+ g+ uFet | (38)

i€ \kektrr keky® keKrt reR

min ¢ = CO+Z( (x_min_[lz—al]|+(1~x)_min ||w—w0||>) (39)
u pye=s T; O¢cFC

where C? is the operational cost, and C7 is the total cost; Z is the set of buses; ICfp P is
the set of traditional fossil power plants at bus i; f‘,zt() is the generating cost function
of traditional fossil power plant k at bus i; p& is the gas production cost of the gas
source at bus i; pPY is the subsidy of the green gas production for PTGs; p¢ and
¥ are the penalty factors for gas load and electricity load curtailments, respectively,
which can be derived from the customer damage function [42]; ! is the penalty factor
for gas interchangeability deviations; y is the indicator for contingency state, where
= flag(s € SN?). x = 1 indicates it is in the normal operation, while y = 0 indicates
it is in the contingency state.
The optimization model subjects to —@, —, and following constraints:
1) PTG constraints: the gas production process of the PTG, including the electrolysis

and methanation, can be represented as:

gk = qleGOV™ Il + ¢GCVY (40)

@ =Y = a4 a g >0 (41)
rerR

0< gptg < gjjg’t%mw (42)

where g7 'Y is the electricity consumption of PTG k at bus i; neh, and 77} are the efficien-
cies of electrolysis and methanation processes of PTG k£ at bus ¢, respectively; GC'V™
and GCV™ are the GCVs of methane and hydrogen, respectively; g; ;ftg A% s the upper
bound of the electricity consumption of PTG k at bus ¢ in state h, which is determined
by the reliability model of the PTG.

2) GPP constraints: GPP consumes the gas mixtures from the gas system to generate
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electricity:

g =iy @GOV, ¢ >0 (43)
reR
@Dl = iy (44)
reR

where 77;” is the efficiency of GPP k at bus 4; GCV; is the GCV of gas component 7.

3) Electricity network constraints: the electricity network is modeled as:

Z gtpp+ Z ggpp+ Z gmg Z gptg gg-l—gft _ Zgi,j —0 (45)

kekiPP kekIrr kek;"™ kek?t J€T;

95 = (0: = 0;)/ Xi; (46)
19651 < g1 (47)

g < gt < g (48)
gl < g < g (9
g < gt < g (50)

where g¢ is the electricity demand at bus #; g; ; is the electricity flow on branch ij; X; ;

h, mazx

is the reactance of branch ij; g; ;""" s the capacity of the electricity branch in state h;

h,tpp,max _h,itpp,min _h,gpp,max _h,gpp,min _h,rng,max

9k s ik s ik s Gk s ik ; and g;

bounds of the traditional fossil power plant, GPP, and renewable generator in state h,

h
TRIMI are the upper and lower

respectively.

6. Long-Term Reliability Evaluation Procedures

6.1. Solution Methods for Contingency Management Scheme

In the long-term reliability evaluation, the CMS problem will be solved in each pos-
sible system state for many times under various stressful conditions. Therefore, the
robustness and the computation time of solving each CMS problem will significantly
influence the credibility and efficiency of the reliability evaluation. However, the CMS
problem in its current form is a two-stage nonlinear programming problem, which can
not be handled by commercial solvers properly and efficiently. Therefore, several refor-

mulation techniques are developed to make the problem tractable.
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1) Second-order cone relaxation and tightening of Weymouth equaitions:
Since the gas flow direction is pre-determined, can be easily relaxed into the

following second-order cone constraints:

PP =15 > q;/CF, wig =1 (51)

p pz > ng/ i Wij = -1 (52)

To drive the relaxation exact, the term 9/ > jep Wi jdi,; are supplemented to the
objective function , where P is the set of pipelines; u9/ is the penalty factor for the
gaps in Weymouth equations.

2) Relazation and tightening for bilinear terms:

The bilinear terms exist in , , , and . Here we use a slack variable
to approximate the new gas composition in the CMS around the gas composition in the

normal operation. Taking and as examples, they can be relaxed into:

_E’LdT — ST‘)QZ (:Z’L’r < ez T Egr Z 0 (53)
’LT— szr +xzr sz'f E?ﬂ) z((:‘) 1((3“) —627’7 29320 (54)
reR reR reER

( (0)

where e ,» and e » are the slack variables; x; 0) and w;,” are the gas composition and nodal
gas injection of bus i for gas component 7 in the normal operation, respectively. Since
the gas composition in the normal operation is in the AGCR, the constraints can be
also regarded as a measure to mitigate the deviations to the AGCR. The penalty terms
B er Do e € and pf 3 3 o eff; should be added to the objective function ,
where pu? and p9 are the penalty factors.

3) Forward approximation of gas flow parameters:

We adopt a forward approximation-based method to estimate the values of the spe-
cific grav1ty and compressibility factor. First, we tentatlvely calculate the SG; ; = S GZ e

Zi; = fz( EO), pg ), p; ), where SG and pi are the values of these variables in

the normal operating state. Solve the CMS problem and obtain the new values as SG(1)

:cz(»l), and pgl). Then, the value of SG;; can be approximated by:

SGy = (SG + 56! ) (55)

N —
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The value of Z; ; can be approximated similarly. Use these values to calculate the
Ci; in (28)), and solve the new CMS problem.

4) Taylor approximation of gas security constraints: Use Taylor expansion to ap-
proximate the WI in (3]), and then substitute it into @ Then, the security constraint
of WI becomes:

W ((SGV)% + SGi(SGP) ) <260V W ((SGY)E + SGi(SG) 4
(56)

The nonlinearity in can be handled similarly.
5) Reformulation of objective function:
Add the penalty factors to the objective function , and convert it into a one-stage

formulation:

min O = €0+ 3"l — a2 + 50 S wigang + 30 30 (el + ety (57)

u,ed,egb
20 i€l ijeP i€T reR
where F/ = FVO when y = 1, and F’ = FYC when x = 0.

6.2. Analytical Long-Term Reliability Evaluation Procedures With System State Reduc-

tion Techniques

The original long-term reliability evaluation of the IEGS with alternative gas can be
divided into two stages. The first stage determines the evolution of pipeline corrosion.
In each time interval ¢, the second stage is implemented to enumerate the state space
with other component failures. Besides the reliability network equivalent technique that
has been adopted in the reliability modeling of pipelines, here we further adopt two
system state reduction techniques based on common states and marginal states:

1) Common state is defined as the system state which appears at more than one
time interval. Due to the evolution of the pipeline states, the system states in each
time interval change, but some of the states are common. By identifying these common
states, over-calculation can be avoided.

2) Marginal state is defined as the system state where the transmission systems
(electricity branches and gas pipelines) are intact, while other components (generators,

gas sources, etc.) partially fail. It is assumed that the system in this paper is coherent
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[43]. We identify some of the marginal states that have neglectable impacts on the final

reliability evaluation results using the following criterion:

d gpp,mazx tpp,max
max Pr&tE (‘% + E g+ E : Gik,s >=

1€L kelCopp keKtpp

Proey <—qf’"9GCV"g + ) @yl GOVo+ Y ggf;%;mawnﬁéc> <¢ (58)
i€T kekos kekcpta
where ( is the threshold for neglectable marginal states.

The specific reliability evaluation procedures with the above system state reduction
techniques are as follows:

Step 1: input the system data. Set the length of time interval At and the length of
the total studied time intervals T". Set the parameters o and  for the Gamma process.
Set the numbers of segments for pipelines. Set the defect depths in different pipeline
states {0, ;... 0y 015 1

Step 2: fort € T,ij € P, and h = {1,...,h,..., HPP}, calculate the probability of
the pipeline segment being in each pipeline states according to Section [£.1 Calculate
the defect depth, burst pressure, and rupture pressure in each state.

Step 3: calculate the state probabilities of IEGS components according to Section
[4.2] Merge the state probabilities of pipelines and other components into the system
state probability Prs,. Eliminate the common states and marginal states as described
in the former contents in this section.

Step 4: for each system state, set the capacities of PTGs, electricity branches,
traditional fossil power plants, GPPs, and renewable generators according to the states
of components.

Step 5: solve the direction identification problem according to[Appendix B| Obtain
the gas flow direction w; ;.

Step 6: solve the CMS problem with the prespecified gas flow direction and refor-
mulation techniques according to Section [6.1 Obtain the gas pressures in pipelines.

Step 7: calculate the limit state functions in —. Determine the failure modes
for pipeline segments. If any pipeline failure occurs, go to Step 8. Otherwise, go to

Step 9.
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Figure 5: TEGS test system with alternative gas injections.

Step 8: update the topology and parameters of the gas network according to Section
(.1 and repeat the CMS in Step 7, until no additional topology update is required.

Step 9: obtain the results of the CMS. Obtain the electricity and gas load curtail-
ments g¢,, and ¢, and the deviations from AGCR d}'9 or df%,.

Step 10: for each time interval ¢, summarize all the system states and calculate the

reliability indices according to Section [3] The long-term reliability indices can be finally

obtained.

7. Case Studies

An TEGS test case, composed of IEEE 24 bus Reliability Test System [44] and Bel-
gium gas system [45], is used to validate the proposed long-term reliability evaluation
technique. The two energy systems are topologically connected as Fig. [5] Several mod-
ifications are made: 1) the generators #1, #2, #5, #6, #9-#11, #16-#20 are replaced
with GPPs; 2) PTGs of 3 Mm?®/day are installed at electricity bus #10, #17, and #18,
respectively; 3) the gas compositions of the natural gas sources and biogas sources are
set according to [15] and [8], respectively; 4) the 400 MW generators at electricity bus
#18 and #21 are replaced by wind farms of the same capacity. The pipelines are made
of X52 steel, and the wall thicknesses are determined according to [46]. The parameters
of the Gamma process are set as @ = 4 year ' and 8 = 20 mm~"' [22]. The time interval
for reliability evaluation is one year. The total study period is 20 years. The complete
data of the test case can be found in [47]. The simulation is performed on a desktop

with Intel(R) Core(TM) i7-10700 CPU @2.9 GHz and 16 GB RAM.
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Table 1: Representative system states
No.  Description of the system state
S1 Normal operating state
S2 Deration of gas source #1 at gas bus #1 by 2.32 Mm?/day
S3 Deration of gas source #1 at gas bus #1 by 6.96 Mm3/day
S4 Large leak of pipeline #7 between gas bus #4 and #14
S5 Rupture failure of pipeline #7 between gas bus #4 and #14
S6 Failure of 400 MW wind generator #23 at electricity bus #18

= Methane ¢ Ethane Propane I-butane
Hydrogen Nitrogen Carbon dioxide

0.04
. 0.02
g
o °
,°§ 0.00 +—p—p—4—2—9—9— 49— 93— 09— 9—s—B—p—b—t—
K 3 ¢ 10 . 15 20
] L4
# 0.02- ¢ % Gasbus

-0.04 4

Figure 6: Relative errors of nodal gas compositions.

7.1. Case 1: Validation of Proposed CMS in the Representative System States

In case 1, as shown in Table 1, six representative system states are selected to demon-
strate the effectiveness of the proposed CMS, as well as the impacts of component failures
on the system conditions.

First, to validate the proposed reformulation and solution techniques, the numerical
results of S1 using different solution methods are compared. We denote the solution
method proposed in this paper as Method A, where the problem is solved by the Gurobi
solver. Method B retains the nonlinear terms and is solved by the IPOPT solver. The
relative errors of the two methods are presented in Figl6] As we can see, most of the
relative errors can be controlled within 1 %. The relative error of objective function
values in these two methods is also controlled within 0.079%. Besides, the computation
time of method A is 0.2110 s, which is 99.27 % faster than 33.49 s in method B.

To show the impacts of various failures on the IEGS, nodal gas compositions, gas
productions of PTGs, gas load curtailments, deviations to AGCRs, and the security
indices in the six system states are presented in Fig. [7] Fig.[8 and Fig. [9] respectively.

Observed from S1, S2, and S3, we find that the failures of gas sources not only lead
to gas load curtailments, but also lead to the variation of gas composition, which may
further endanger gas security. From S1 to S2, due to the partial failure of gas source #1,
the gas productions of PTGs increase to cover the gas shortage, as shown in Fig. . (a),

especially for PTG #1 at gas bus #1 and PTG #3 at gas bus #4. Thus, the hydrogen
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proportions at gas buses #1-4 increase significantly, as shown in Fig. . (a). Besides,
owing to the increase in the gas production of PTG #2 at gas bus #10, the hydrogen
proportions at gas buses #10-20 also increase. Because the failure of gas source #1 is
not very severe in S2, the gas shortage is covered by PTGs, and the gas load is not
curtailed. However, due to the penetration of hydrogen, the gas composition deviated
slightly from the AGCR. The ICF and SI are still within the secure limit, while the WI
becomes lower than S1 and even violates the lower bound slightly, as shown in Fig. [9]
As the failure of gas source #1 becomes more severe in S3, the gas productions of PTGs
further increase, especially for PTG #2. Thus, the hydrogen proportions at gas buses
#10-12 and #18-20 further increase. Nonetheless, the gas loads at gas buses #3, #16,
#19, and #20 are still curtailed for 4.07 Mm?/day. The deviations to AGCR. are higher
than S2, and the WI violates the lower bound more severely.

Observed from S1, S4, and S5, we find that different pipeline failure modes impact the
IESG differently. For example, in S4, the large gas leak is equivalent to a 5.54 Mm?*/day
virtual gas load between gas buses #4 and #14. Though the PTG gas production
has increased to cover part of it, the gas loads at gas buses #3, #7, and #20 are still
curtailed. The gas compositions and the Wls at many gas buses deviate from the AGCR.
While in S5, though there are still large gas load curtailments, it is different spatially
compared with S4. The gas load curtailment is mainly located at gas buses #10-20
in S5. The deviations to AGCR at gas bus #1 to #9 are relatively small, while it is
larger at gas buses #10-20. This is because the rupture of gas pipeline #7 isolates the
Belgium gas network into two parts, namely, the north part and the south part. In
the north part, the gas supply is sufficient. The PTGs #1 and #3, which connect the
north part, do not need to produce alternative gas. On the contrary, the gas supply in
the south part is insufficient. The PTG #2, which connects the south part, reaches its
maximum gas production capacity. Due to large amounts of hydrogen injections, the
gas load curtailment is mitigated, but the gas interchangeabilities are sacrificed.

Comparing S1 and S6, we can also notice that the failure of renewable generations can
also impact the gas compositions, for the PTGs mostly rely on them to produce gases.
Therefore, the hydrogen productions of PTGs and the nodal hydrogen proportion are

near zero in S6, and security indices are within the acceptable range.
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Table 2: Scenario descriptions in case 2
No. Description of the scenario
S1 Base scenario
S2 The gas production capacities of PTGs increase to 6 Mm? /day
S3 PTGs are reallocated at gas buses #16, #19, and #20, respectively
S4 The capacity of wind generator #23 is reduced to 200 MW, and
another 200 MW wind generator is installed at electricity bus #1
S5 PTG is not installed
S6 Hydrogen embrittlement is not considered
S7 Corrosion of pipeline is not considered
S8 PTG is not installed, and hydrogen embrittlement is not considered

Figure 10: Long-term reliability indices in scenario S1: (a) EDNS; (b) EGNS; (c) EGID; (d) LOLP; (e)
LOGP; (f) GIDP.

7.2. Case 2: Long-Term Reliability Indices of IEGS

In this case, we evaluate the long-term reliability indices of the IEGS, and compare
the impacts of different factors on the IEGS reliability. The analytical method in this
paper creates 970,200 system states in total. By using the scenario reduction technique,
the effective system states are reduced to 26334 by 97.29%. With the reformulation
techniques, the computation time is 9623 s, which is very efficient considering the study
period of twenty years.

The long-term reliability indices of the IEGS are presented in Fig. From the
time dimension, we can see that the reliability indices grow over time, which means the

reliability of IEGS is inferior due to the growth of pipeline corrosion. For example, in
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pipeline #17, the probability of the perfect functioning state reduces to less than 1073
after ¢ = 14, if the repair is not considered. The total EDNS and EGNS of the system
in t = 20 is 1.33 MW and 0.61 Mm?®/day, respectively, which increase by 20.91% and
125.37% than those in ¢ = 1. We can also find a sudden increase in all the reliability
indices between t = 7 and t = 9, especially for EGNS and LOGP. This is because the
burst or rupture pressures for most pipelines are reduced to values that are very close
to the normal operating pressure in ¢ = 7. This could give us insights into the timing of
pipeline inspections. For example, in our IEGS, the time period around ¢ = 7 is a good
time window to inspect and maintain the pipeline condition. Otherwise, the reliability
of the IEGS may become much inferior shortly after ¢t = 7.

We can also observe from the spatial dimension that the reliability indices vary in
different buses. For example, gas bus #16 has the highest EGNS value among all the
gas buses, accounting for about 34.11% of all the system EGNS. This is because gas bus
#16 is at the end of a pipeline route, which is more prone to suffer load curtailment.
It indicates that gas bus #16 is suggested to take measures to improve reliability, such
as installing PTGs or distributed gas storage. Moreover, gas bus #10 has the highest
EGID, which means it is more likely to suffer from unsatisfactory gas compositions.
This is because gas bus # 10 is connected with electricity bus #17, where a 400 MW
renewable generation and a 3 Mm?®/day PTG are installed. Under contingency states, it
is more likely to inject alternative gas into gas bus # 10 to cover the gas shortage in the
gas system. Therefore, the gas interchangeability may be sacrificed at gas bus #10. It
indicates that gas bus #10 should pay more attention to gas security, and amendments
could be made, such as injecting nitrogen or liquid petroleum gas.

To further analyze the impacts of different factors on the IEGS reliability, six addi-
tional scenarios are set and compared with the base scenario, as shown in Table 2. The
long-term reliability indices are compared in Fig. [11}

Comparing S1, S2, and S5, we can see that the larger PTG capacity is beneficial
for improving the overall reliability of IEGS. More specifically, as the PTG capacity
increases, the EDNS is higher, while the EGNS is lower. The EGIDs in S1 and S2 are
almost the same, while they are larger than the EGID in S5. This is because, with larger
PTG capacities, the IEGS may use more electricity to produce hydrogen to cover the gas

shortage when system components fail. Also due to the possible injection of hydrogen,
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the gas compositions are more likely to violate the AGCR in S1 and S2 than in S5.
From the time dimension, the reliabilities of all three scenarios become inferior with
the growth of corrosion. Moreover, the impacts of corrosion vary in different systems,
different buses, and different scenarios. The impact is more significant in the electricity
system, such as electricity buses #15, #18 in S2, while less significant in the gas system,
such as gas bus #15 in S5. This is because the electricity bus #15 has a GPP, which
relies on the gas supply from the gas system. The larger PTG capacity requires a larger
pipeline transmission capacity. Therefore, the corrosions of pipelines affect the electricity
bus #15 more in S2. In contrast, in S5, the less PTG capacity has less requirement on
the pipeline transmission capacity. Therefore, the corrosions of pipelines influence the
EGNS of gas bus #15 less in S5.

Comparing S1, S3, and S4, we can also find that the relative location of PTGs
and renewable generations also affects the IEGS reliability. In S3, all three PTGs are
installed in the south part of the Belgium gas system. Both the EDNS and EGNS in
the electricity and gas systems become inferior. The system EGID reduces because the
PTGs have less opportunity to produce hydrogen. However, in the south part of the
gas system, such as gas buses #10-20, the nodal EGID increases dramatically. This is
because these gas buses are connected more closely to PTGs. In S4, the locations of
renewable generators are more distant from the PTGs. Similar to S3, both the EDNS
and EGNS in the electricity and gas systems become inferior compared with S1.

Comparing S1 and S6, we validate that the alternative gas injections do jeopardize the
long-term reliability of IEGS. From Fig. [11](a) and Fig. [L1}(b), we can observe that in
S6, the EDNS and EGNS are lower than in S1 by 7.58% and 39.73%, respectively. From
the time dimension, the increases in EDNS and EGNS are deferred for about 3-4 years
in S6. This is because, without hydrogen injection, the corrosion of the pipeline will be
slower. This also indicates that it is necessary to consider the impact of hydrogen in the
reliability evaluation of IEGS with alternative gases. Further comparing the reliability
of S1, S6, and S8, we can find that though the injection of hydrogen can damage the
reliability, it is still better than never injecting hydrogen at all. The EDNS and EGNS
in S1 are 15.31% and 53.31% lower than in S8, respectively. If we can best mitigate
or manage the corrosion of the pipeline (for example, conduct the in-line inspection

more frequently and repair the corrosion more timely in the correct time window, e.g.,
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t = 8 — 9 in the studied IEGS), the negative impacts of alternative gas on reliabilities

can be minimized, as indicated by the reliability indices of S7.

8. Conclusions

This paper proposes a long-term reliability evaluation method for integrated electric-
ity and gas systems considering the impacts of alternative gas injections. The numerical
studies validate the effectiveness of the proposed method. The computation efficiency of
the proposed solution method for the contingency management scheme is 99.27% higher
than the traditional nonlinear solvers. The computation efficiency of the proposed long-
term reliability evaluation method is 97.29% than the traditional enumeration-based
method. Through comparative studies, we find that the relative locations and capacities
of power-to-gas facilities and renewable generations can significantly impact the relia-
bility of IEGS. We also conclude that the benefits of alternative gas injection outweigh
the negative impacts. The alternative gas injections could jeopardize the reliability of
the studied IEGS by 39.73%. However, with more frequent inspection and maintenance
at the right time window (¢ = 8 — 9 year in our case), the reliability can be improved by
up to 53.31%.

As alternative gas becomes more important in the decarbonization of energy systems,
the reliability issues that come with it deserve our attention. With the help of the
evaluation method and quantitative results in this paper, we are enabled to balance the
losses and gains during the decarbonization of energy systems more accurately in the

future.

Appendix A. Calculation of Burst Pressure and Rupture Pressure

The burst pressure of the pipeline is related to the corrosion condition, which can be

calculated by:

piy = f% -1 —exp G (A1)
i wt; j V' Dij(wtij —8ij1)/2

bs
i7j7l

where p?%  is the burst pressure of segment [ of pipeline ¢7; £ is the model error associated

with the burst capacity model [48]; o is the ultimate tensile strength of the pipe steel.
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The rupture pressure p:f;’l can be calculated by:
ng,l = (]_.8O'Utwti7j> / (Mlei,j) (A2)

where M/! is the Folias factor[22].

The hydrogen damage factor is obtained through the regression analysis in [34]:
Kk = 1.18736 — 0.083117" 4 0.01541(T")* — 0.0008927(T")? (A.3)
where T°" is the hydrogen charging time.

Appendix B. Gas Flow Direction Identification Problem

The gas flow direction identification problem is basically a steady-state optimal en-
ergy flow problem in IEGS. In this problem, because the varying gas composition does
not cause a large gap in the operational condition of IEGS , the results of gas flow direc-
tion can be regarded as the same as the IEGS with varying gas composition. Therefore,

the steady-state optimal energy flow problem is formulated as:

Irllli/n CO + ps! Z D, ; (B.1)

ij€P
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subject to , — , , - , and following constraints:

T
0<g5; <gi™ (B.2)
t
0 < gy < g™ (B.3)
Dl =g+ D> =D d =D g Y qy ' =0,i€I¢ (BA4)
ek kekPts kKPP jedi jet;
l ~ A
qZU 1’2U7T + quﬂ' - q%U:%’UJrl)T? ZU E I 5
®ij > qz'z,j Cij .6

ig <0 =5+ (wig — 1) () = (™
9w = ni iy GOV, ¢ > 0 (B.11

gfifnflk qﬁZQGC’V”g (B.12

gpp gpp tpp _rng }
w

where the optimization variable u’' = {p;, qfi, i j qZ Gik s 0;, 9ik ik Gik ,gl , Wi g

ct,mazx

gzj

and th "% are the upper bounds for electricity and load curtailments; ®; ; is an

auxiliary variable. The solution of w; ; can be obtained as the gas flow direction.
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