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Reliability of integrated electricity and gas supply system with
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Abstract: The reliability of a system that shares a single type of resource with others
has been studied in the literature. In reality, a system may require different types of
resources. For example, a building service system may be powered by electricity (for
lighting) and gas (for heating). However, in the literature, research in this area is scarce.
This paper therefore investigates the reliability of a system with multiple nodes. Each
node has demand requirement for two types of resources, which can be shared among
the system nodes subject to their bandwidths, respectively. In addition, the resources
may be able to substitute each other. This paper considers both unidirectional and
bidirectional substitutions. The system is said failed if either resource supply in a node
is smaller than its demand even after performance substitution and sharing. A universal
generating function technique is proposed to evaluate the system reliability. Numerical
examples are presented to illustrate the applicability of the model. The influences of
bandwidths and substitution rates on system reliability are also discussed.

Keywords: Reliability, performance sharing, performance substitution, universal

generating function, mixed energy

1. Introduction
Many recent papers have studied the reliability modeling and optimization of
systems with performance sharing mechanisms, due to its wide applications (Levitin,

2011, Yu et al. 2014, Qiu and Ming, 2019). Xiao and Peng (2014) considered the
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optimal allocation and maintenance strategies for multi-state elements in series-parallel
systems. They employed a universal generating function-based algorithm to evaluate
the system availability and the genetic algorithm to solve the cost minimization problem.
Xiao et al. (2016) considered the performance sharing problem in multi-state loading
systems. Specifically, they integrated the effect of loading and external impact
protection to maximize system availability. Zhai et al. (2017) further incorporated the
internal impact of a system and modeled an attack-defense game, considering
performance sharing. Yu et al. (2017) analyzed the reliability of a non-repairable
phased-mission system with common cause failures. Recently, Wang et al. (2018)
proposed a reliability model for multi-state systems and assumed that the surplus
performance of each unit can only be shared by its adjacent units. Zhao et al. (2018)
extended the model to a multi-state k-out-of-n system. Besides, the common bus system
state is divided into multiple levels. Wu et al. (2019) considered the performance
sharing mechanism in a capacitated system, assuming that some systems may allow
certain extent of performance deficiency. Levitin et al. (2019) incorporated the
components with imperfect repair in a common bus system and evaluated its
availability and performance deficiency. Works are also done in different practical
systems, i.e., Xiao et al. (2020) modeled the reliability of a linear sliding window
system. They also proposed a reliability evaluation algorithm and analyzed the optimal
element allocation problem based on the genetic algorithm. Yan et al. (2020) considered
the reliability of the power grid system composed of generators and nodes, where both
the performance and demand for each generator and node are random variables.
Additionally, many researchers considered the performance sharing with energy
management jointly. Akter et al. (2020) considered the energy sharing problem in
residual microgrids and showed that the distributed energy management scheme
improves the self-reliance while minimizing the total cost of the system at the same
time. Both Kusakana (2019) and Klein et al. (2020) analyzed the peer-to-peer energy
sharing between prosumers and end-user management, respectively.

In some real-world applications, components may share surplus performance with

other components that have performance deficiency, subject to a transmission
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bandwidth. However, existing research is restricted to the assumption that merely a
single type of resource is shared. In reality, many practical systems need multiple types
of resources to meet its demand. For example, an energy company may simultaneously
supply electricity and gas to households and plants in order to meet their demands. In
such scenarios, the supply and demand for the two resources in each respective node
are random. To be more realistic, we also consider the probability that one resource may
be able to substitute another in some degree. For instance, Wu et al. (2020) investigated
the reliability of a production line with the dual sourcing and product substitution
strategies and found that the employment of performance sharing can significantly
increase the reliability. In fact, a gas-powered system can be substituted by
corresponding electricity power equipment. For example, an electric cooker can replace
a gas cooker, and a gas heater can also be replaced by an electric heater. Two separate
performance sharing mechanisms corresponding to electricity and gas are available to
share the performances among the nodes subject to respective bandwidth constraints. If
both the electricity supply and gas supply are no less than the demands after
performance substitution and sharing, the system is regarded as reliable. For ease of
illustration, we present a simple example in Table 1.

Table 1 An illustrative Example

Substitution rate=0.5 Node 1 Node2 Bandwidth
Electricity (Supply/Demand) 6/4 12/6 2
Gas (Supply/Demand) 2/x 5/4 1

Without loss of generality, we assume that only electricity can substitute gas in
this illustrative example, but not vice versa. We should note that the energy substitution

between nodes 1 and 2 is limited by the bandwidth and the substitution of electricity to
gas is limited by the substitution rate. When X=0,1 and 2, the system is obviously

reliable. When x =3, the system is reliable since one unit of gas can be compensated
by two units of electricity from node 1 or by one unit of gas shared from node 2. When
x =4, the system is reliable if both possible actions for x=3 are taken. When x=5,
the system is reliable since besides actions taken for x=4, one unit of gas can be
compensated by two units of electricity from node 2 (no matter shared with node 1 and
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convert to gas or convert to gas at node 2 and share with node 1). When x>5, the
system is said failed due to the limitations of bandwidth even if there is still surplus
electricity performance at node 2.

Before proceeding to a brief literature review, we discuss the main difference
between the electricity system and the gas system and highlight our main concentration
in this paper. In fact, this paper does not assume that the equipment under investigation
must have two types of resource simultaneously. The motivation of this paper actually
came from the observation that some functions of equipment are accomplished by the
consumption of gas while the others are accomplished by the consumption of electricity.
In other words, to some extent, these two types of resource can be substituted. While
some functions tend to consume gas more than electricity, and vice versa. A typical
example can be found in home heating where both gas and electricity are regarded as
potential energy. When the electricity system fails, gas can be used as a temporary
source of energy to assure the functionality of the system.

In the existing literature, many researchers focused on the reliability evaluation of
different types of systems by incorporating different modelling methods, i.e., Zhao and
Cui (2010) considered a k-out-of-n system and proposed a finite Markov chain
imbedding approach to evaluating the reliability. Zhai et al. (2018) incorporated an
aggregated combinational model to evaluate the reliability of a non-repairable parallel
phased-mission system. Yang et al. (2020) examined the operations and maintenance
policy of wind turbines integrating both wind and aging information. For a systematic
review, the reader is referred to Wu et al. (2019). Among all methods, the universal
generating function (UGF) is widely employed in evaluating the reliability of a multi-
state system (Levitin, 2005, Li et al. 2017) since it has great computational advantages,
especially in multi-state components that have different performance levels and several
failure modes. In addition, the UGF is more flexible and convenient for modeling
reliability of multi-state systems. For instance, Bao et al. (2019) considered the
reliability assessment of integrated gas and power systems, Bisht and Singh (2019)
conducted reliability analysis in complex bridge networks, and Gao et al. (2020)

analyzed a reconfigurable manufacturing system based on the UGF method. However,
4



none of the above works evaluated the reliability of a mixed energy supply system with
two performance transmission mechanisms. Therefore, in this paper, we propose a
model to evaluate the reliability of an integrated electricity and gas supply system with
both performance sharing and performance substitution mechanisms.

The rest of this paper is organized as follows. Section 2 describes the system.
Section 3 models the reliability based on universal generating function. Both the cases
of single directional substitution and mutual substitution are considered. Section 4
presents examples to illustrate the model. Section 5 conducts sensitivity analysis and
discusses the facilities locating problem. Section 6 concludes and discusses future
works.

Notation List

Notations Descriptions

Gl, I€ {E,G} Discrete random performances for electricity and gas, respectively

n Number of independent components in the system

DI, l€ {E,G}  Discrete random demand for electricity and gas, respectively
Bandwidth of the performance sharing mechanism for electricity and

Crw, kE{E, G}
gas, respectively

Ace » e Electricity-gas substitution rate and gas-electricity substitution rate
TS, € {E,G}  Total amount of sufficiency for electricity and gas, respectively
TF, € {E,G} Total amount of deficiency for electricity and gas, respectively

R, [E{E G} Remaining electricity and gas, respectively

gejk 88k

Specific realization of GE;, GGj, DE;, DG;and C, respectively
dej i, dgjk, Clol

A l] (Z) ,l €
UGF representing the PMF of performance and demand of component
{E,G}
ml; Probabilities of joint events
G—E;, G—GJ) Set of possible realizations of GE; and GG, respectively

?i,l € {E,G} Set of possible realizations of C. and C,, respectively



R System reliability

UGEF representing the PMF of performance and demand of electricity
UEs(2),UGs(2)

and gas, respectively

UGEF representing the PMF of performance, demand and bandwidth

U§ (2)
of electricity and gas, respectively
D—E;, D—G; Set of possible realizations of DE; and DG, respectively

2. System Description

Consider an integrated electricity and gas supply system consisting of N nodes,

where node | is characterized by two discrete random performances ( GE; for
electricity and GG, for gas) with a given probability mass functions (PMF) and

subject to random demand requirements ( DE; for electricity and DG, for gas) with
given PMFs. Two independent performance sharing mechanisms are employed to re-
distribute the node with surplus resource to the other one with deficiency. The

bandwidths of these two mechanisms are subjected to random variables C. and Cg,
respectively, with given PMFs. We assume that an electricity-gas substitution rate A,

and a homogeneous gas-electricity substitution rate Ay in each node are independent

of time. It is worth noting that both the cases of unidirectional and bidirectional
substitutions are discussed in this paper.
The amount of sufficiency and deficiency in both channels before performance

sharing and substitution can be obtained by

TS, = Yj=-1Max(Gl; — DI;,0),1 € {E, G}, (1)
and

TF, = Yj-1Max(Dl; — Gl;,0),l € {E, G}, 2)

respectively, where Max(Gl; — D1;, 0) returns the performance sufficiency of node j

and Max(Dl; — Gl;,0) denotes the performance deficiency of node .



2.1 Only electricity-gas substitution

The reliability indicator can be formulated in accordance with three cases.

a)

b)

Compare TF, with Max(TSg,C.). When TF. > Min(TS;,C.), the system
fails since it will experience electricity deficiency even after performance
sharing. Otherwise, calculate R. =Min(TS;,C.)—TF. and refer to cases b).
Note that R; is the remaining electricity that can be shared after satisfying

the electricity demand in all nodes.

Compare TF; with Min(TS;,C;). When TF; <Min(TS;,C;), the system

operates as both electricity and gas demands are satisfied. Otherwise, refer to
case ¢).

Consider the substitution of gas performance by the remaining electricity that

can be shared with substitution rate A, . Update the surplus of gas as
TS; +A4cR: and the bandwidth capacity of gas as A (C.-TF.)+C; .
Compare TF, with Min(TS; + AcRe, Ao (Cc —TF:)+C;) . Specifically,
when TR, <Min(TS; + A;Re, 4 (Cc —TF:) +C;;), the system is regarded as

reliable. Otherwise, the system is said failed.

While all possible cases being considered, the system state for any given

combination of (TF;,TF;, TS, TS;,C:,C;) can be defined using the indicator

function as

where

1., (TR <Min(TS;,C.), TR,

3
< Min(TS, + AR, A6 (Co —TF.) +Cg) | TR, TR, TS, TS, C.., Co). @)

1.;(TRUE) =1 represents system success and 1.;(FALSE)=0 represents

system failure. The reliability can thereby be obtained by

Rec =Pr(TF: <Min(TS;,C.), TR, < Min(TS; + Ao Re, A6 (Ce —TR)+Cy)).  (4)

where

TF. <Min(TSg,C.) ensures that the electricity demand is satisfied by the



generated electricity and the term TF; <Min(TSy +AgRe, A5 (Ce —TF) +C;)

ensures that the gas demand is satisfied with generated gas and those gas transferred
from electricity.
2.2 Only gas-electricity substitution

The reliability indicator under this case works in the same manner as subsection

2.1 except that “E” and “G” should be exchanged. We directly perform the indicator

function, given any combination (TF.,TF;,TS.,TS;,C.,C;) as follows

1. (TR, £Min(TS;,C,), TR

5
<MIN(TSg + ARy, Age (C, —TR;)+Cy) | TR, TR, TS, TS, Ce, Cy ). )

where A5 1s the gas-electricity substitution rate. The reliability under the gas-
electricity substitution can be similarly denoted by

Ree =Pr(TR, <Min(TS;,C;), TR < MIn(TS; + AR;, A5 (Cs —TFR;) +CL)). (6)

In Eq. (6), TR, <Min(TS;,C;) ensures that the gas demand is satisfied by the

generated gas and the term TF. <Min(TS; + AR, , 4. (C; —TF;)+C.) ensures

that the electricity demand is satisfied with generated electricity and those electricity
transferred from gas.
2.3 Mutual substitution

Now we consider a case where electricity and gas can substitute each other with
an electricity-gas substitution rate A.; and a gas-electricity rate Ay . The reliability
indicator under this case can be modified in accordance with the four following cases.

a) Compare TF with MiIn(TS;,C;) . When TF <Min(TS,,C,) with both

| =E and | =G, the system succeeds as both electricity and gas demands

are satisfied. Otherwise, refer to case b).

b) When TF >Min(TS;,C,) with both 1=E and 1=G, the system fails.

Otherwise, refer to case c).

c) When TR <Min(TS;,C.) but TF; >Min(TS;,C;), calculate the remaining



of electricity R =Min(TS;,C.)-TF. . Update the surplus of gas as
TS; + A4cR: and the bandwidth capacity of gas as A (C.-TF.)+C; .
Compare TR, with  Min(TS; + AgRe, Ao (Cc =TF.)+C;) . When
TF; SMIn(TSg + AR, A6 (Cc —TF.)+C;) , the system is regarded as
reliable. Otherwise, refer to case d).

d) When TF,<Min(TS;,C;) but TF. >Min(TS.,C.) , calculate the
remaining of electricity R; = Min(TS;,C.)—TF,. Update the surplus of gas
as TS; + AR, and the bandwidth capacity of gas as A, (C, —TF;)+C..
Compare TF, with  Min(TS; + A,z Rs, A (C; —TFR;)+C:) . When

TR <MIn(TSg + ARy, Age (Cs —TR;)+C;) , the system is regarded as
reliable. Otherwise, the system is said failed.
Taking all possible cases into consideration, the indicator function for any given

combination of (TF:,TF;,TS.,TS;,C.,C;) can be defined as

L ( U TR, <Min(TS;,C,), TF, <Min(TS; + 4R, 4, (C, -TF) +C;)
i, je{G EYix] @)
|TF., TF,,TS¢,TSe,Ce,Co).

The reliability under this case can be updated to

Ry =Pr( (J TR <Min(TS,,C),TF, <Min(TS; + 4R, 4,(C, —~TF) +C))).(8)

i,je{G,E}i=]

In Eq. (8), TR, <Min(TS;,C.) ensures that the demand of at least one type of
resource is satisfied on its own and TF; <Min(TS; + 4;R;, 4, (C, —=TF) +C,) ensures

that the demand of the other resource is satisfied by its own generation and those

transferred from the first type or resource. It can be seen that both case 2.1 and case 2.2

are special cases of case 2.3 when Ay =0 and, A.; =0, respectively.

3. Reliability Modelling



The UGF technique generates the PMF of any discrete random variable X, as

k;j
Uj(Z)ZZaJ—,hZX"’“- )
h=1

The random variable X; has k; possible values with probability

a;, =Pr(X;=x;,) . By introducing a composition operator ® , the UGF of n
' ' 4

independent random variables ¢(X,,..., X,) can be further denoted as

kl kn
U(z)= (?(ul(z),...,un(z)) = (Z)(Zalyhlz P D0 )
=1 h,=1
.k n § (10)

= Z (Haj'hi Z(p(xl’hi ,...,xnyhn)).

h=l h=1 i<l

Similar to the work by Zhai et al. (2018) and Zhao et al. (2020), we assume the

random performance GE; and GG; take the values from given sets
GE; :{gej]l,...,gej,HEj} and GG, :{ggjyl,...,ggj,HGj}, respectively. On the demand
side, the random demands DE; and DG, are assumed to take the values from given

sets Tﬁ:{dejvl,...,dej]KEj} and TQZ{dgjvl,...,dgj’KGj}, respectively. Therefore,

the PMF of performance and demand for any component can be defined as

HI;
ul,(z) = hZ;m|j,hz9'ilh,| <{E,G}, (11)
and
Kl
wl,(z)=> nl,,z"" 1 e{E,G}, (12)
k=1
respectively.

Specifically, we have ml;, = Pr(G—Ij =gl;,) and nl;, = Pr(DTj =dl;, ) . The PMF,

representing the bandwidth of the performance sharing mechanism, can be denoted as
ol

n(z)=> Bl,z™, (13)
0=1

where pl =Pr(Cl =cl)) and the bandwidth should take the value from the given set

10



Cl={cl,....cly}.

By introducing another composition operator & , we obtain the UGF of
=

electricity’s and gas’s supply and demand in each node by combining the UGF of G—IJ

and D—IJ as follows

HI; KI; Alj
1 podl; ol
Alj(2) = ul;(2)®wl;(2) = hgl kglmljvhnljvhz@"'h = El l 2% (14)
= = r=:

where Al; = HI;-KI; , zl;, =ml L(F—l)/H|jJ+l‘nljvad(r’vilj)Jrl > O, = glilL and

i (r—l)/HIjJ+l

di', =di

ir jmod(r—LKI 41 LXJ denotes the maximal integer that is not larger than and

mod(x,y) returns the remainder of the division of parameter x by parameter vy .

The UGF of the whole system can be obtained using the following procedures:

a). Use Q to represent the nodes considered so far and let Q=& in the

beginning. Assign the initial system UGF as Ul (z) =Ul(z) = 27
b). Foreachnode i ranging from 1 to n,repeat Ul ;(z) =Ul,(2)®Al,(z) and
update Q as QuU{i}, where ® is a composition operator that obtains the

multiplication of coefficients and the union of exponents for each pair of terms from
the two UGFs to be combined.

Finally, the UGFs of the electricity and gas channels can be denoted as

n n

Al n Ud'iy ,Udl'»,.

UIS(Z)=UIQ(Z)C?All(Z)®,...,(>+§A|n(z):AZIH:...ZHﬂIMZ“ (15)

n=l n j=1

Now we construct the UGF of the system as

n

n n n
AG, AG, AE, AE n UOE e, LG g, HUOE ) |G g3
= = i

Us(@) =UE()®UGs(2) =2 .. 2" D . > [ [ 7E 1 7G) g2 ™

Mg rg=lre,=1 re=1 j=1
(16)

Limited by the capacity of bandwidth, we construct the UGF incorporating C.

and C; as

11



Us (z) = Us(2) ®nE(z) QnG(z) =

0G OE AGn AGy AEp AEq n
0g=1Lioe=1 rgn=1"'zrgl=1 Zren=1"'2re1=1 ﬁEOEtBGOQ H]'=1T[E]', G] Tgj
{U] 19E1 jrej U] 1967 jraj }{Un 1 AEVj, rej U] . d ]rgj}'{CEoe’CGOg} (17)

The reliability of the whole system under the three cases (only electricity-gas

substitution - R_g, only gas-electricity substitution - R, and mutual substitution -

Ry ) can be obtained by summing up the coefficients of the updated system UGF by

using the reliability indicator function as shown in Egs. (4), (6), and (8) as
OE AGp AGy AE, AEq

Rpc = z Z Z Z Z z 1z¢(TFg < Min(TSg, Cg), TF,

og=1loe=1rgn=1 rgi=1rep=1 re;=1

< Mln(TSG + AEGREI AEG(CE - TFE) + CG)ITFE,TFG,TSE,TSG, CE, CG)

Ut 9ETjre U1 961 jrg JAU =y dE1j 1o U, dGY CEge,CG
BEoeBGog 17TE_]reJT[G]r‘g] { j=19 jrej j=19 ],Tg]}{ jrejpUj=1 ]rg}{ oe og}

(18)

0E AGn AG, AEp AE;

Rep = Z Z Z z Z z 145(TF; < Min(TSg, Cg), TFy

og=1loe=1rgn=1 rgi=1rep=1 re;=1

< Mln(TSE + AGERG’AGE(CG - TFg) + CE)lTFEITFG' TSE,TSG, CEr Cg)

ﬁEoeﬁGog E] reJT[G] Tg] {U}l=1 gE'j,rej'U}l=1 gG'j,rgj}:{U}l=1 dE’j,rej'U}l=1 dG’j,rgj}r{CEoerCGog},
(19)
and
OE AGp AGy AEy AEq
Ryy = Z Z z z z z Ty ( U TF, < Min(TS;, C;), TF;
og=loe=1rgn=1 T1g1=1rey=1 re;=1 i,je{G,E},i#]
< Mln(TS] + AiniﬁAij(Ci — TFL) + C]) |TFE, TFG,TSE, TSG, CE, CG)
BEoeBGog [1j=1TEj e TGy, {U] 19E"jre Vo1 96 jrg 3AUJ21 AE e Uy AGYjirg 1CEoe, CGog}
J ]
(20)
where
TFE - Z] 1(Max( E}re - gElj,rej)'O)a (21)
TSp = Ly (Max (gE e, — dEj e, ), 0), (22)
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TFg = ¥j=1(Max (dG,j,rgj - gG’j,ng) ,0), (23)

TSg = Ls(Max (g6 g, — dG'jrg,), 0), (24)
Cp = cE,p, (25)

and
Co = Gog. (26)

We elaborate the evaluation of Egs. (18) and (19) as follows. After the construction
of UGF, for each UGF term, we should first calculate the TFg, TSg, TF;, TS, C; and
C; of the system based on the numbers on the exponent. After that, we should check if
the system is functioning under the given combination of TFg, TSg, TF;, TS;, C; and
C; according to the indicator function. Finally, the reliability of the system can be
obtained by summating the coefficients of all combinations of parameters that makes

the system functional.

4. Examples
4.1. Illustrative examples
The PMFs of the random performance and random demand for electricity and gas

in two nodes are shown in Table 2.

Table 2 PMFs of two nodes
Node/Resource Performance Set  Probability =~ Demand Set Probability
1/Electricity (8,4) (0.5,0.5) (6,2) (0.6,0.4)
1/Gas (6,4) (0.6,0.4) (5,3) (0.8,0.2)
2/Electricity 4,3) (0.6,0.4) 2,1) (0.5,0.5)
2/Gas (3,1) (0.5,0.5) (3,2) (0.5,0.5)

4.1.1 Only electricity-gas substitution

The electricity-gas substitution rate is assumed to be A.; =0.8. The bandwidths

of performance sharing have PMF (4,0) with probability (0.5,0.5) for electricity and
(2,0) with probability (0.6,0.4) for gas. The UGFs of electricity and gas in two nodes
can be obtained by

uE;(z) = 0.5z8 + 0.5z*, WE, (2) = 0.62° + 0.4z2,

uG,(z) = 0.6z° + 0.4z*, wG,(z) = 0.8z° + 0.2z3,

13



uk,(z) = 0.6z* + 0.4z3, wE,(z) = 0.5z% + 0.5z%,

and
uG,(z) = 0.5z + 0.5z, wG,(z) = 0.5z3 + 0.5z2.
The UGFs of the performance sharing system are
nE(z) = 0.5z* + 0.52°,
and
nG(z) = 0.6z% + 0.42°,
The UGFs of the electricity’s and gas’s performance and demand can be obtained
by
AE,(z) = 0.3z(846} 4 0.324{6} 4 0.22832} 4 0.22143(2},
AG,(z) = 0.4821645} + 0.3221445} + 0.122(633} + 0,082+,
AE,(z) = 0.3z{842} 4+ 0.3z} 4 0,222} 4 0.22B0{1}
and

AGy(z) = 0.25z8343) + 0.252842} + 0.252(143} 4 0.252{1}42},
The UGFs of the electricity and gas channel can be obtained by
UEs(z) = 0.09z84{62 4 0.092144462} + 0.092846.1 + 0,097144161)
+0.06z3:362} 4 0.06283M6D + 0062143462 + 0.067 4361
+0.06z8422 + 0.062821 + 0.0624422 + 0.067 4421
+0.04z 8322 4 0.0428321) 4 0.04243422) 4 0.042 43321}
UGs(z) = 012210353 4 0.122(63352) 4 0.122603.63 + 0.1226:0652
+0.08z*3:63} + 0.08243452 + 0,082+ 1153 + 0,087 %1452}
+0.032{3}33} + 0.032(63:63.2 + 0.0326:D5:3 + 0.037(6.118.2
+0.02z433:3) 4 002243532 4 0.0224133) 4 00224152,
The Us(Z) has 256 terms as
Us(z) = 0.010828463}6253} 1 .01082{8463}{6252} 1 0,00272{846:3}{61.3,3}
+0.00122183430623.2} 4 0,00727+*43}M6153) 4 ... 4 0,00122(8361}{223.2),
The UZ(Z) has 1024 terms as

USE (Z) — 0.00324_Z{8,4,6,3},{6,2,5,3},{4,2} + 0.00216Z{8’4’6’3}’{6’2’5’3}’{4’0}
+0.0014‘4‘Z{8’4’4’1}’{6'2’5’2}’{4’0} + 0.00216Z{8’4’6’3}’{6’1’5’2}’{4'0}

+0-00036Z{4'4'4'1}’{6'2'3’2}'{0’0} + 0.000542{8,2,6,1},{6,1,3,3},{4-,2}
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+ -+ + 0.00081z*446:33{6.2:33}4.23,
Among all possible cases, 796 terms indicating system success. In effect, the
system reliability can be obtained by (all results are kept to four decimal places):
Rgc = Pr(TFg < Min(TSg, Cg), TF; < Min(TSg + AggRE, Agg(Cg — TFg) + Cg))
= 0.7578.

4.1.2 Only gas- electricity substitution

The gas- electricity substitution rate is assumed to be A =0.6, where all other

parameters remain the same. There are 424 terms indicating system success, and the
system reliability can be obtained by:
Rog = Pr(TF; < Min(TSg, C;), TFg < Min(TSg + AggRg, Age(Cq — TFg) + Cg))
= 0.3562.

4.1.3 Mutual Substitution

The substitution rate is assumed to be A.; =0.8 and A, =0.6 where all other

parameters remain the same. There are 8§12 terms indicating system success, and the
system reliability can be obtained by
Ryy = Pr( U TF; < Min(TS;, C;), TF;
i,JE{G E}iz]
< Min(TS; + A;;R;, 4;(C; — TF;) + C;)) = 0.7698.

4.2. Case Study

Now we consider a more complex case where two resources can be substituted
and shared among four nodes. The PMF of each node is performed in Table 3.

We also conduct sensitivity analysis on the bandwidths of two channels and
substitution rate Az and Ay .

Table 3 PMFs of four nodes

Node/Resource Performance Set Probability Demand Set Probability

1/Electricity (8,4) (0.5,0.5) (6,2) (0.6,0.4)
1/Gas (6,4) (0.6,0.4) (5,3) (0.8,0.2)
2/Electricity (4,3) (0.6,0.4) 2,1) (0.5,0.5)
2/Gas 3,1) (0.5,0.5) (3,2) (0.5,0.5)
3/Electricity (6,4) (0.5,0.5) (6,2) (0.6,0.4)
3/Gas (6,4) (0.6,0.4) (5,3) (0.8,0.2)
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4/Electricity @2,1) (0.6,0.4) 2,1) (0.5,0.5)
4/Gas 3.,1) (0.5,0.5) (3.2) (0.5,0.5)

4.2.1 Only electricity-gas substitution
The electricity-gas substitution rate is assumed to be A.; =0.8 . The bandwidths

of performance sharing have PMF (4,2) with probability (0.5,0.5) for electricity and
(3,6) with probability (0.6,0.4) for gas. The UGFs of electricity and gas in two nodes
can be obtained by
uE;(z) = 0.5z8 + 0.5z* wE,(2) = 0.6z° + 0.4z2,
uG,(2) = 0.6z° + 0.4z*, wG,(z) = 0.82° + 0.225,
uk,(z) = 0.6z* + 0.4z3, wE,(z) = 0.5z + 0.5z%,
uG,(z) = 0.5z + 0.5z, wG,(z) = 0.5z3 + 0.5z2.
uE;(z) = 0.5z° + 0.5z*%, wE;(z) = 0.6z° + 0.4z2,
uG;(z) = 0.62° + 0.4z, wG5(z) = 0.8z° + 0.2z3,
uE,(z) = 0.6z% + 0.4z, wE,(z) = 0.5z% + 0.5z1,
and
uG,(z) = 0.5z3 + 0.5z}, wG,(z) = 0.52z3 + 0.522.
The UGFs of the performance sharing mechanisms for electricity and gas are
nE(z) = 0.5z* + 0.5z2,
nG(z) = 0.6z3 + 0.4z°.
The UGFs of the electricity’s and gas’s performance and demand can be obtained
by
AE,(z) = 0.3z(846} 4 0.324}{6} 4 0.228}(2} 4 0.22143(2},
AG,(z) = 0.482135} 4+ 03221445} 4 0,122(633} 40,0824},
AE,(z) = 0.3z} + 0.3z 4 022032} 4 0,221},
AG,(2) = 0.25283M3} 4 0.252342} 4 0.252{1383 4 0.252113(2},
AE;(z) = 0.32{636} 4 0.32{4}{6} 1 0.2216}(2} 4 0.22(43(2},
AG3(z) = 0.482z{H5} 40,3224} 40,1220} 4+ 0,082+,
AE,(z) = 0.3z} 4+ 0.32{24{1} 4 0.2201(2} 4 0.22{13(1},
AG,(2) = 0.25z83M3} + 0.252802} 40,2523} 4 0,25 2(123,

The UGFs of the electricity and gas channel can be obtained by

16



UEg(z) = 0.0081z8462:{6262} 4 0081234626261} 4
++--0.008124462:16:2623 4 000362 44611{60.1.21) 4 0,00367143020(6.1.22),
and
UGs(z) = 0.01442(036345353} 1 0,01442{03.6345.3.5.2) 4
4 0.0062634343.233) 4 0.003626:1:6113352 1+ 0.0006261:433332)
Thus, the Us(Z) has 65536 terms as
Ug(2) = 5.76 x 10767446.1.61:43}{22223253)
4 ...3.456 X 10-574:3.61.63.6312.1,61,5352} 4 © 76 % 10~6743424.14,1}1{2,2,6,1,33.53}
The UZ(Z) has 262144 terms as
UB(2) = 1.152 x 10-6744416143122.1.1.33,5.3} (2.6}
+1.728 X 10~6743:62.6,14,1{2.2,1,133,5,2},(2,6)
+ e
4+7.680 X 10~6743:62434,13,{2,1225232},(2,6}
There are 216764 terms indicating system success, and the system reliability can
be obtained by
Rge = Pr(TFg < Min(TSg, Cg), TF; < Min(TS; + AggRE, Agg (Cg — TFg) + Cg))
= 0.7744.

4.2.2 Only gas- electricity substitution
The gas-electricity substitution rate is assumed to be Az =0.6, where all other

parameters remain the same. There are 171048 terms indicating system success, and
the system reliability can be obtained by:
Rgg = Pr(TF; < Min(TSg, Cg), TFg < Min(TSg + AggRg, Age(C; — TF;) + Cg))
= (0.54609.

4.2.3 Mutual Substitution
The substitution rate is assumed to be A.; =0.8 and Ay =0.6, where all other

parameters remain the same. There are 225852 terms indicating system success, and

the system reliability can be obtained as:
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Ryyu = Pr( U TF; < Min(TS;, C;), TF;
i,jE{G,E},i#]j

5. Impacts of different parameters on system reliability

There are many factors affecting system reliability, i.e., the performance
distributions of nodes, the demand of nodes, the substitution rates, the bandwidths, and
the positioning of the facilities.
5.1 The impact of electricity-gas substitution rate

When the electricity-gas substitution rate changes from 0 to 1 while all other
parameters remain the same, the reliability of the system will change accordingly, as
shown in Figure 1. EG-reliability refers to the probability of the case where electricity
can substitute gas but vice versa. MU-reliability means the probability that the two
resources can substitute each other. It can be seen that the MU-reliability curve is in
parallel to the EG-reliability curve. In fact, even if mutual substitution is allowed, for
each given combination of states for system nodes performance and demand, the
substitution will at most happen at one direction. For all cases where electricity is
substituted for gas, the increase of the electricity-gas substitution rate has the same

effect on system reliability, no matter which type of substitution is allowed.

=1

Figure 1 Reliability alterations with respect to Ag¢
As shown in Figure 1, when the substitution rate between electricity and gas is of

low level, electricity substitution is inefficient. This makes the reliability under GE
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larger than the reliability under EG. The augment of A ; represents the fact that the

same unit of electricity can now substitute more gas than before, leading to the increase
in system reliability under EG.
5.2. The impact of gas- electricity substitution rate

When the gas-electricity substitution rate changes from 0 to 1 and the other
parameters remain the same, the reliability of the system will correspondingly change,
as shown in Figure 2. Similar to Figure.l, it can be seen that the gas-electricity

substitution-reliability curve is in parallel with the mutual reliability curve.

[=1

- GE

0.2 0.4 0.8 0.8 1.0 ~— — MU

Figure 2 Reliability alterations with respect to Agg

Similarly, in Figure 2, when the substitution rate between gas and electricity is of
low level, the gas substitution is inefficient. The increase in Ay leads to the slight

increase in system reliability under GE since the same unit of gas can now replace more
electricity than before. This represents that in most cases the electricity is abundant,
making the increase of the gas-electricity substitution rate do not considerably improve
system reliability.
5.3. The impact of electricity’s bandwidth

When the bandwidth of electricity alters from (4,0) to (4,4) with step 0.25, the

reliability under different performance substitution mechanisms is shown in Figure 3.
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Figure 3 Reliability alterations when electricity bandwidth changes from (4,0) to (4,4)

Figure 3 shows that the increase of electricity’s bandwidth facilitates the sharing
of electricity for all three cases since the shared electricity now includes not only the
performance that used to substitute gas but also those transferred from gas directly.

Since electricity is abundant based on our setting, the reliability augment in EG-

reliability and MU-reliability is greater than the case of GE.

Similarly, when the bandwidth of electricity alters from (0,2) to (4,2) with step

0.25, the results are shown in Figure 4. The results can be explained similarly to Figure

3.
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Figure 4. Reliability alterations when electricity bandwidth changes from (0,2) to

5.4. The impact of gas’s bandwidth

When the bandwidth of electricity alters from (3,0) to (3,4) with step 0.25, the

results are shown in Figure 5.

(4,2).
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Figure 5. Reliability alterations when gas bandwidth changes from (3,0) to (3,4).

Figure 5 demonstrates that the increase of gas’s bandwidth facilitates the sharing
of gas for all three cases since the shared electricity consists of the performance used to
substitute electricity and those transferred from electricity. Again, the reliability
increases in both EG case and mutual case are greater than the GE case since electricity
is abundant in our benchmark.

When the bandwidth of electricity alters from (0,6) to (4,6) with step 0.25, the

results are shown in Figure 6 and can be explained similar to Figure 5.
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Figure 6 Reliability alterations when electricity bandwidth changes from (0,6) to (4,6)
5.5. The optimization of facilities positioning

As each system node may have a different electricity demand and a different gas
demand, the positioning of electricity and gas facilities may influence the system
reliability. For ease of discussion, this paper assumes that each node must have exactly
one electricity facility and one gas facility. The performance distributions of the

facilities under their initial positions are similar in Table 3. The optimal facility
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locations which maximizes the system reliability is thereby studied in this section.
Specifically, we consider three situations as follows.
5.5.1 Optimization of electrical facility location

Considering the positioning of four facilities into four nodes, 24 situations may
emerge. The positions of the facilities can be denoted by a vector HE={he(1), he(2),
he(3), he(4)}, where he(i) denotes the initial position of the electricity facility.

Under such a setting, the initial position can be denoted as HE={1,2,3,4} and the
system reliability under the parameters given in section 4.2 is already calculated as
Rec=0.7744, Rge= 0.5469, and Ryu—= 0.8023.

Through enumerating the reliability under different situations, we obtain the
optimal positioning strategy that optimizes the system reliability in the case of EG, GE,
and mutual, respectively. For each positioning strategy, the system reliability for all
three cases are shown as in Table 4.

Table 4 Optimization of electrical facility location

HE Rec Rce Ruu  Objective

{3,2,4,1} 0.77700 0.54790 0.80590 Regmax
{1,3,2,4} 0.77057 0.54625 0.79781 Recmm
{1,4,3,2}  0.77435 0.54867 0.80402 RceMmax
{1,3,2,4} 0.77057 0.54624 0.79781 Rcemm
{3,1,4,2} 0.77668 0.54864 0.80631 Rmumax
{1,3,2,4} 0.77057 0.54624 0.79781 Rmumiv

5.5.2 Optimization of gas facility locations

Similarly, 24 situations may occur in a gas facility location. The positions of the
facility can be denoted by a vector HG={hg(1),hg(2),hg(3),hg(4)}, where hg(i) denotes
the initial position of the gas facility.

Under such a setting, the initial position can be denoted by HG={1,2,3,4} and the
system reliability under the parameters given in section 4.2 is already calculated as
Rec=0.7744, Rce= 0.5469, Ryu= 0.8023.

Through enumerating the reliability under different situations, we obtain the
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optimal positioning strategy that optimizes system reliability in the case of EG, GE, and
both as shown in Table 5.

Table 5 Optimization of gas facility location

HE Rec RcEe Ruu Objective

{1,2,4,3} 0.78095 0.56068 0.81494 Recmax
{1,3,2,4} 0.77056 0.54624 0.79781 RecmmN
{1,2,4,3} 0.78095 0.56068 0.81493  Rcrmax
{1,3,2,4} 0.77056 0.54624 0.79781 RcemmN
{1,2,4,3} 0.78095 0.56068 0.81493 Rmumax
{1,3,2,4} 0.77056 0.54624 0.79781 Rmumm

5.5.3 Optimization of electrical and gas facility location

Considering the positioning of four electric facilities and four gas facilities into
four nodes, 576 situations may occur. The positions of the facilities can be denoted by
a vector HEG={he(1), he(2), he(3), he(4), hg(1), hg(2), hg(3), hg(4)}, where he(i)
denotes the initial position of the electricity facility and Ag(7) denotes the initial position
of the gas facility.

The initial position can be denoted as HEG={1,2,3,4,1,2,3,4} and the system
reliability is already calculated as Rg6=0.7744, Rge=0.5469, Ryu=0.8023. The optimal
positioning strategy that optimizes the system reliability under three cases are shown in
Table 6.

Table 6 Optimization of electrical and gas facility location

HE REeG Rce Ryu  Objective

{(1,2,3,4,12,43}F 0.78095 0.56068 0.81493  Rrgmax
(1.2,3.4,132,4} 0.77056 0.54624 0.79781  RegmiN
{1.2,43,2,1,43} 078095 0.56075 0.81500 RGEMax
(1,2,3.4,132,4} 0.77056 0.54625 0.79781  RgemiN
(1.2,43,2,1,43}1 078095 0.56075 0.81500 Rywmax

{1,2,3,4,132,4F 077056 0.54624 0.79781  RuyupmiN
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6. Conclusions

This paper investigated the reliability of a system powered by two types of energy
resource. It incorporated performance substitution and sharing mechanisms to
maximize its reliability. Two types of resource, electricity and gas, can be shared among
nodes but restricted by bandwidth, respectively. Both unidirectional and bidirectional
substitutions were considered in this paper. A universal generating function technique
is proposed to evaluate the system reliability. An illustrative example and one case study
were presented to demonstrate the applicability of the proposed model. To better
understand the impact of substitution rate between two resource and bandwidths in each
channel on the system reliability, we conducted sensitivity analysis. Results showed
that the reliability under mutual substitution is higher than or at least equal to the
reliability under unidirectional substitution. We further showed that the combination of
substitution and performance sharing can significantly increase the system reliability.
Our proposed model also shed light on facility location optimization. Aiming at
maximizing the reliability of the entire system, managers can pre-locate their facility,
considering both mechanisms proposed in this paper.

For future works, one can analyze a more complex system where both performance
substitution and sharing are employed. Additionally, using the proposed model to
analyze system reliability can be time-consuming if there are unstable nodes
(components) or the distribution (more complex performance set, demand set, and
corresponding probability). In effect, some heuristic algorithms or simulation
techniques can be applied to deal with large-scale systems to obtain a near-optimal
solution in practice (see Xiao et al. 2020, for example). Additionally, one can construct
anetwork or employ multi-state multi-valued decision diagram (Li et al. 2017) to depict
a more complicated situation. When the front node has impact on the rear node, the
state probability of the rear node should be correspondingly altered to the conditional
probability of the front node. Huang and An (2008) considered the conditional UGF
technique and both Zhou et al. (2020) and Yang et al. (2020) modeled cascading failure
scenarios. Furthermore, the substitution rate can be determined by the survey to the

plant as well as the resident. By conducting a survey in a given area, one can easily find
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the type of equipment requires gas and electricity, respectively. Additionally, the survey
can show that which type of equipment requires, i.e., gas or electricity more than the
other but can be compensated by the other. As for the equipment requires both types of
resource, we can have a progressive inquiry on the specific amounts of resource needed
per day. Based on all these results, one can find that when gas/electricity is of deficient,

how much the substitutive resource is needed.

Acknowledgement
This research is partially supported by Prof Chi's NSFC project under grant
number 91646201 and the NSFC under grant numbers 71832011. The authors agree to

acknowledge Prof Chi as co-first author.

References

Levitin, G. (2011). Reliability of multi-state systems with common bus performance
sharing. IIE Transactions, 43(7), 518-524.

Yu, H., Yang, J., & Mo, H. (2014). Reliability analysis of repairable multi-state system
with common bus performance sharing. Reliability Engineering & System Safety,
132, 90-96.

Qiu, S., & Ming, H. X. (2019). Reliability evaluation of multi-state series-parallel
systems with common bus performance sharing considering transmission loss.
Reliability Engineering & System Safety, 189, 406-415.

Xiao, H., & Peng, R. (2014). Optimal allocation and maintenance of multi-state
elements in series—parallel systems with common bus performance sharing.
Computers & Industrial Engineering, 72, 143-151.

Xiao, H., Shi, D., Ding, Y., & Peng, R. (2016). Optimal loading and protection of multi-
state systems considering performance sharing mechanism. Reliability
Engineering & System Safety, 149, 88-95.

Zhai, Q., Ye, Z. S., Peng, R., & Wang, W. (2017). Defense and attack of performance-
sharing common bus systems. European Journal of Operational Research,256(3),

962-975.
25



Yu, H., Yang, J., Lin, J., & Zhao, Y. (2017). Reliability evaluation of non-repairable
phased-mission common bus systems with common cause failures. Computers &
Industrial Engineering, 111, 445-457.

Wang, G., Duan, F., & Zhou, Y. (2018). Reliability evaluation of multi-state series
systems with performance sharing. Reliability Engineering & System Safety, 173,
58-63.

Zhao, X., Wu, C., Wang, S., & Wang, X. (2018). Reliability analysis of multi-state k-
out-of-n: G system with common bus performance sharing. Computers &
Industrial Engineering, 124, 359-369.

Wu, D., Chi, Y., Peng, R., & Sun, M. (2019). Reliability of capacitated systems with
performance sharing mechanism. Reliability Engineering & System Safety, 189,
335-344.

Levitin, G., Xing, L., & Huang, H. Z. (2019). Dynamic availability and performance
deficiency of common bus systems with imperfectly repairable components.
Reliability Engineering & System Safety, 189, 58-66.

Xiao, H., Zhang, Y., Xiang, Y., & Peng, R. (2020). Optimal design of a linear sliding
window system with consideration of performance sharing. Reliability
Engineering & System Safety, 106900.

Yan, X., Qiu, H., Peng, R., & Wu, S. (2020). Optimal configuration of a power grid
system with a dynamic performance sharing mechanism. Reliability Engineering
& System Safety, 193, 106613.

Akter, M. N., Mahmud, M. A., Haque, M. E., & Oo, A. M. T. (2020). An optimal
distributed energy management scheme for solving transactive energy sharing
problems in residential microgrids. Applied Energy, 270, 115133.

Kusakana, K. (2019). Optimal Peer-to-Peer energy sharing between prosumers using
hydrokinetic, diesel generator and pumped hydro storage. Journal of Energy
Storage, 26, 101048.

Klein, L. P., Matos, L. M., Allegretti, G., & Silva, M. G. (2020). A pragmatic approach
towards end-user engagement in the context of peer-to-peer energy sharing.

Energy, 118001.
26



Wu, D., Gong, M., Peng, R., Yan, X., & Wu, S. (2020). Optimal Product Substitution
and Dual Sourcing Strategy considering Reliability of Production Lines.
Reliability Engineering & System Safety, 107037.

Zhao, X., & Cui, L. (2010). Reliability evaluation of generalized multi-state k-out-of-n
systems based on FMCI Approach. International Journal of Systems Science,
41(12), 1437-1443.

Zhai, Q., Xing, L., Peng, R., & Yang, J. (2018). Aggregated combinatorial reliability
model for non-repairable parallel phased-mission systems. Reliability Engineering
& System Safety, 176, 242-250.

Yang, L., Li, G., Zhang, Z., Ma, X., & Zhao, Y. (2020). Operations & maintenance
optimization of wind turbines integrating wind and aging information. /[EEE
Transactions on Sustainable Energy, 12(1), 211-221.

Wu, D., Peng, R., & Xing, L. (2019, November). Recent Advances on Reliability of
Phased Mission Systems. In International Conference of Celebrating Professor
Jinhua Cao's 80th Birthday (pp. 19-43). Springer, Singapore.

Levitin, G. (2005). The universal generating function in reliability analysis and
optimization (Vol. 6). Springer, London.

Li, Y., Zhou, M., Wang, D., Huang, Y., & Han, Z. (2017). Universal generating function
based probabilistic production simulation approach considering wind speed
correlation. Energies, 10(11), 1786.

Bao, M., Ding, Y., Singh, C., & Shao, C. (2019). A multi-state model for reliability
assessment of integrated gas and power systems utilizing universal generating
function techniques. IEEE Transactions on Smart Grid, 10(6), 6271-6283.

Bisht, S., & Singh, S. B. (2019). Signature reliability of binary state node in complex
bridge networks using universal generating function. International Journal of
Quality & Reliability Management, 36(2), 117-134.

Gao, G., Wang, J. S., Yue, W. H., & Ou, W. C. (2020). Structural-vulnerability
assessment of reconfigurable manufacturing system based on universal generating
function. Reliability Engineering & System Safety, 107101.

Zhai, Q., Xing, L., Peng, R., & Yang, J. (2018). Aggregated combinatorial reliability
27



model for non-repairable parallel phased-mission systems. Reliability Engineering
& System Safety, 176, 242-250.

Zhao, X., Wu, C., Wang, X., & Sun, J. (2020). Reliability analysis of k-out-of-n: F
balanced systems with multiple functional sectors. Applied Mathematical
Modelling, 82, 108-124.

Xiao, H., Y1, K., Kou, G., & Xing, L. (2020). Reliability of a two-dimensional demand-
based networked system with multistate components. Naval Research Logistics
(NRL), 67(6), 453-468.

Li, Y. Y., Chen, Y., Yuan, Z. H., Tang, N., & Kang, R. (2017). Reliability analysis of
multi-state systems subject to failure mechanism dependence based on a
combination method. Reliability Engineering & System Safety, 166, 109-123.

Huang, H. Z., & An, Z. W. (2008). A discrete stress-strength interference model with
stress dependent strength. I[EEE Transactions on Reliability, 58(1), 118-122.

Zhou, J., Coit, D. W,, Felder, F. A., & Wang, D. (2020). Resiliency-based restoration
optimization for dependent network systems against cascading failures. Reliability
Engineering & System Safety, 107383.

Yang, S., Chen, W., Zhang, X., & Yang, W. (2020). A Graph-based Method for
Vulnerability Analysis of Renewable Energy integrated Power Systems to

Cascading Failures. Reliability Engineering & System Safety, 207, 107354.

28



