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This paper deals with the urgent problem of urban natural gas shortage. In order to improve emergency efficiency, enhance
emergency efforts, and reduce urban disaster losses, the differential game theory is firstly applied for constructing a tripartite
dynamic game model. Then, based on the Hamilton-Jacobi-Bellman (HJB) equation, the optimal effort degree, natural gas energy
shortage, and maximum urban loss are obtained in three cases, i.e., spontaneous governance mode, superior dominant mode, and
cooperative mode. The results show that the effort of provincial government, local government, and natural gas emergency
enterprise is positively related to the emergency shadow, the impact of effort and natural gas energy attenuation coeflicient of
provincial government, local government, and enterprise, but it is negatively related to the emergency cost coefficient and the
discount rate. From the perspective of emergency shortage and total urban loss, the government-enterprise cooperation mode
turns out to be the best emergency mode, while the spontaneous governance mode remains the worst. At the same time, the
government implements subsidies and incentives for nongovernmental organizations involved in emergency response, which is

more conducive to the emergency of natural gas shortage in heavily suffering cities.

1. Introduction

The consumption of fossil fuels stimulates economic growth
but inevitably causes serious pollution problems. Persistent
environmental problems have aroused extensive public at-
tention. Coal is the main component of energy consumption
in China. The key to the adjustment and upgrade of China’s
energy structure is to transform its energy consumption
structure. China’s industrialization and urbanization have
developed rapidly. In recent years, the country has been
promoting the implementation of the “scientific develop-
ment concept,” the establishment of a “harmonious society,”
and the advocacy of scientific, balanced, and harmonious
national economic development. Hence, the coverage of
clean natural gas in China becomes increasingly extensive,
and the urban gasification rate has increased significantly

[1]. As a part of urban energy, natural gas energy plays an
extremely important role in the sustainable development of
cities, and urban natural gas energy development is of great
significance for the improvement of life quality of urban
residents, urban environment, and energy efficiency. With
the increase in the length of transmission and distribution
pipelines, coupled with the development of China’s ur-
banization, the demand for gas continues to rise and the
scale of its urban gas industry continues to expand [2].
The natural gas consumption in China keeps growing
rapidly, which reached up to 276.6 billion cubic meters in
2018, with an annual increase of more than 39 billion cubic
meters and an increase of 16.6%, accounting for 7.9% of total
primary energy consumption [3]. By 2020, nonfossil energy
took up 15% of primary energy consumption, while natural
gas occupied more than 10% [4]. The acceleration of
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urbanization promotes the development of urban gas in-
dustry and becomes the main driving force for the growth of
natural gas consumption. In the meantime, rapid increase in
urban population, together with people’s increased aware-
ness of environmental protection and quality of life, will
continue to increase the use of natural gas for urban energy
consumption, thereby leading to the continuous increase of
the supply and consumption [5].

Given the importance of natural gas energy in China, the
problem of natural gas shortage has attracted public at-
tention [6, 7]. Natural gas supply interruption caused by
major natural disasters, such as wars, major production, and
transportation safety accidents, is provided with the char-
acteristics of suddenness, urgency, uncertainty of infor-
mation, variability in development trends, and large scope of
influence [8]. When the shortage of natural gas ceases, it may
lead to the stagnation of industrial production, service in-
dustry supply, and social economic activities; people’s daily
life may be stopped from operating normally; at the same
time, it may also cause social panic and stimulate potential
consumer demand in a short period of time, thus leading to a
sudden increase in consumption and prices and social in-
stability [9, 10]. Although these articles have studied the
importance of natural gas energy in China and analyzed
some critical situations that might occur due to natural gas
shortage; they are all qualitative analysis. There is no analysis
of emergency measures after natural gas energy shortage or
any in-depth analysis of the specific emergency evolution
behavior of governments at all levels and natural gas en-
terprises. To this end, a mathematical model is hereby
established to quantitatively analyze the emergency mea-
sures for the shortage of urban natural gas energy, and the
specific evolutionary behavior of governments at all levels
and energy enterprises in the emergency process is studied
for the first time, providing a strong guiding significance for
the government to guide the emergency response of urban
energy shortage and a reference significance for other
emergencies.

With the increase of natural gas consumption, sudden
incidents of natural gas supply interruption have occurred
frequently. For example, the snow disaster in southern
China in 2008 led to gas shortage in many provinces; the
abnormal weather triggered a large-scale natural gas
shortage from the end of 2009 to the beginning of 2010; the
gas pipeline cut-off by mistake caused the gas outage in a few
areas for several days during the subway construction in
2011 in Kunming City, Yunnan Province; the road reno-
vation of Change West Road in Xi’an City, Shaanxi Province,
caused gas leakage in 2013 and stopped thousands of
households from using gas [11], etc. In November 2017, “gas
shortage” broke out in China, and most areas were strained
with gas, which affected people’s normal life. The same
incidents happened in other countries. For example, the
western Australia natural gas pipeline explosion in June 2008
cut off one-third of the region’s natural gas supply; the
natural gas dispute between Russia and Ukraine in January
2009 interrupted the supply of natural gas in some European
countries; the U.S. hurricane in October 2018 named
“Michael” caused a power outage, affecting approximately
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400,000 local users, severely holding up the oil and gas
production in the Gulf of Mexico. The frequent occurrence
of sudden energy interruptions affects normal life of resi-
dents and national security and has attracted the attention of
many scholars worldwide.

Scholars have conducted much research on energy
emergency system, which can be described by two cases: one
is considered against the context of China. Qing [12]
revealed that in the process of responding to the energy
crisis, European countries have formed a relatively complete
energy emergency legal system and pinpointed its reference
to China; Mastropietro [13] pointed out the energy legis-
lation problems in China against the background of global
climate change and proposed an energy emergency legal
system suitable for China; Nancy [14] modeled an emer-
gency management process of energy emergencies based on
generalized stochastic Petri nets and obtained the state space
reachability diagram based on the invariant judgment
model. Najjar-Ghabel et al. [15, 16] established crisis early
warning index systems for oil and natural gas safety; Shirley
and Looi [17] conducted regional energy security research
using system dynamics and provided guidance for regional
energy security; Galvin [18] studied gas transmission
pipelines and designed a basic framework of emergency
rescue system for gas pipeline accidents; Liu [19] constructed
a collaborative coal mine safety emergency management
system for improving coal mine safety emergency man-
agement, which turned out more effective in responding to
emergencies and provided references for other coal com-
panies; Liu and Lv [20] designed an overall architecture and
functions of the oil platform emergency decision support
system and developed the oil platform emergency decision
model network; Wang and Jing [11] reflected the dynamic
characteristics of natural gas interruption emergency deci-
sion-making using the dynamics prediction method and
conducted quantitative analysis of expert decision-making,
using the fuzzy theory. Another case is given by some other
countries. For example, Liu and Lv [21] constructed a
framework model for energy emergency in response to the
sudden interruption of energy shortage and proposed an
innovative solution for load selection in the network in the
case of limited or no main power supply (under the fol-
lowing conditions: emergency); Shen and Wang [22]
established an exhaust model using Stonenell Pipe Simulator
(SPS) and studied the influencing factors of exhaust time
through SPS dynamic simulation; Kong and Zhu [23]
claimed that the energy emergency system involves many
stakeholders and emergency response requires the cooper-
ation of governments at all levels concerning multiple levels
of management, which makes it difficult to manage. They
affirmed that the focus of energy emergency management is
on local authorities, and they must be given priority for
timely response; Vesa [24]put forward a hybrid electric-
hydrogen energy storage system to fulfill a large-capacity
independent emergency power supply, which can provide
high-reliable and high-quality power in the case of large-
scale natural disasters, when effective use of solar power will
be utilized for generating electricity to deal with emergen-
cies; Shirley and Xiaoyan [25] studied energy emergency



Mathematical Problems in Engineering

using the linear programming theory and proposed that
emergency preparedness information must be provided, so
that the public are enabled to respond appropriately to
potential energy interruption crises; Ray Galvin [20] pro-
posed energy consumption trends and practices in emer-
gency and offered suggestions about how to mitigate their
damaging effects on the climate based on the actual situation
in the United States. However, all these above studies mainly
focus on qualitative research or only consider the problem
from the single aspect of energy emergency and lack sys-
tematic research from the perspective of management. There
is insufficient stakeholder research on emergency response,
especially in multistakeholder situations.

In this case, from the perspective of game strategy,
differential game was first used to the multiagent partici-
pation in emergency response, with HJB equation intro-
duced into the game theory. It is noteworthy that HJB is the
key to giving a solution in the game strategy. Thus, the
authors in [26] and [27] proposed similar methods to solve
the energy emergency problems, but the research is rather
simple and their conclusions are insufficient to solve the
practical problems. It is widely acknowledged that emer-
gency is provided with rather important theoretical signif-
icance and practical value for the natural gas emergency
treatment and safety early warning problems in China.
However, the mentioned schemes [26, 27] on the emergency
decision-making problem of natural gas supply interruption
fail to consider the problem of multiagent government
participation by the tool of model dynamics. Meanwhile, the
change of state variables and the randomness in the game
strategy are not considered. Until now, these problems are
still full of challenges and remain unsettled.

The emergency main body plays a decisive role in the
emergency action. Given the above reasons, a new emer-
gency strategy is hereby put forward for dealing with the
shortage of urban natural gas energy. In order to highlight
the specific evolution behavior of the main body of emer-
gency response, a mathematical model is established based
on the actual situation to quantitatively study the degree of
emergency response effort, input cost, urban loss, and
emergency energy shortage of the main body of emergency
response. Governments at all levels are incorporated into the
main body of emergency decision-making, and a three-party
dynamic game model composed of provincial government,
local government, and natural gas supply chain company is
established. The optimal effort degree, natural gas energy
shortage, and maximum city loss under spontaneous gov-
ernance mode, superior leadership mode, and intergov-
ernmental cooperation mode are obtained, respectively,
using the HJB equation. The optimal emergency strategy to
reduce the city loss is thus proposed based on the com-
parative analysis of the results.

The research results of this paper are different from the
conclusions of some major research; the study in [25] be-
lieved that the behavioral strategy selection of energy
emergency response subjects is influenced by the income
and government punishment and lacks the actual research
background without considering emergency response efforts
and urban loss; the study in [26] claimed that integrating the

government, gas supply enterprises, and gas consumption
enterprises for buildings and improving the emergency
information platform of the natural gas industry are the
focus and breakthrough of emergency response. One-sided
emphasis on emergency information fusion does not take
into account the effect and mode of emergency response and
the specific evolution behavior of emergency response
subjects; Kong Nana studied the novel coronavirus emer-
gency response process in Wuhan, China, in 2020 from the
qualitative aspect of public health, the conclusion of which is
similar to the research results of this paper. The Wuhan
municipal government and hospitals and other enterprises
failed to control the spread of the virus quickly until the
coordination of Hubei provincial government. This article
studies from the quantitative aspect of the mathematical
model and is considered more convincing.

The structure of this paper is as follows: Section 1 is the
introduction narration; Section 2 is model establishment;
Section 3 proposes the game strategy analysis on the main
body of the emergency of urban natural gas energy shortage;
Section 4 summarizes the comparative analysis of the results;
Section 5 details the simulation of emergency decision-
making; Section 6 puts forward the policy suggestions;
Section 7 proposes the conclusion.

2. Model Establishment

The main system of the main decision-making system
consists of provincial government, local government, and
natural gas supply chain enterprises for urban natural gas
energy shortage caused by emergencies. Given that the
central government involves only in emergency and cata-
strophic disasters, it does not play a major role in this system.
The degree of efforts made by the local government and
natural gas supply chain companies in dealing with urban
natural gas energy shortages is E, (t) and E, (), respectively,
while the provincial government’s degree of efforts to local
government in dealing with urban natural gas energy
shortages is E;(t) and its degree of efforts to natural gas
supply chain enterprises is E, (¢). The investments of pro-
vincial governments, local governments, and natural gas
supply chain companies to urban natural gas shortages are
C, (1), C,(t), and C, (t), respectively:

C; (1) =28 0 + 2 o), ()
C, (1) = %Ei (o), (2)
C, (1) = %Ei (t), (3)

where ¢,, ¢,, 95, and ¢, represent the emergency cost co-
efficients of the local government, natural gas supply chain
companies, and provincial governments, respectively; D, ()
and D, (t) represent local governments and enterprises’
emergency natural gas energy shortage at moment ¢, re-
spectively. Emergency investment is directly proportional to
the degree of effort of each subject. As the effort degree



increases, the degree of further required effort will be greater.
The reduction of local government’s emergency natural gas
energy shortage is attributed to the joint efforts of the
provincial government and the local government; the re-
duction of the emergency natural gas energy shortage of
enterprises comes from the joint efforts of provincial gov-
ernments, local governments, and enterprises themselves.
Emergency shortages will naturally decrease with the
changes of the disaster situation. Considering the trans-

d%t(t) =Dy (8) = E5 (1) = B, E, (8) = ki Dy (),
% =D, (t) — 0y E, (t) = BoE, () — kD, (t) -
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boundary nature of urban natural gas energy shortages and
the externalities of urban emergency decision-making,
changes in emergency natural gas energy shortages are
endowed with a certain spillover effect. The emergency
natural gas energy shortage of enterprises is affected by the
local government, and then, that of local governments and
enterprises can be described by the following stochastic
differential equation over time:

(4)

dD; (t)
Tar (5)

= D, (t) — a,E, (t) - BLE, (t) = k,D, (t) — n[ D, (t) — &, E5 (t) = B E; (t) — k, D, (1)],

where a; and f; indicate the degree of impact of the efforts of
the provincial and local governments on the emergency
natural gas energy shortage of the local government, re-
spectively, that is, the efforts of the provincial government
and the local government; «, and f3, are the efforts of the
provincial government and enterprises to deal with the
emergency natural gas of the degree of influence of energy
shortage, respectively; k; and k, >0 are the attenuation
degrees of the emergency shortage of natural gas energy,
which means that natural gas energy emergencies are
controlled, that the shortage situation is alleviated, and that
the natural gas energy shortage is gradually reduced; and
7 >0 is the impact coefficient of the emergency natural gas
energy shortage of the local government on the company’s
emergency. It is assumed that the initial value of emergency
shortage D, (0) = D, = D,(0) =D, >0

Let L, (t), L, (t), and L; (t) represent the losses caused by
the shortage of natural gas energy by local governments,
enterprises, and provincial governments at time, T, (t), T, (t),
and T, (t), respectively, when the loss of the local government
L, (t) and that of the enterprise L, (t) can be expressed as

L, () = A(t) — w,E5 () — 0, E, () — 0,D, (£),
L, (t) = B(t) — u,E, (£) — 0,E, () — 6,D, (),

where A and B are real numbers and A > B indicates the
maximum loss of local governments and enterprises; 4, 0, is
a constant greater than zero, indicating the extent to which
the efforts of the provincial government and the local
government affect the city’s losses due to the shortage of
natural gas energy, namely, the execution ability of the
provincial government and the local government; y,, 0, is
also a constant greater than zero, indicating the extent to
which the efforts of the provincial government and enter-
prises affect the city’s losses due to the shortage of natural gas
energy, i.e., the ability of the provincial government and
enterprises to execute; and 0,, 0, is the extent to which the
government and enterprises respond to natural gas energy
shortages in response to the loss of cities and enterprises.

3. Game Strategy of the Main Body in the Energy
Shortage Emergency of Urban Natural Gas

3.1. The Spontaneous Management Model of the Energy
Shortage Emergency Response to Urban Natural Gas. The
spontaneous management mode of urban natural gas
energy shortage emergency management exists on the
basis of natural labor division. Local government oper-
ating in closed and decentralized operations is self-suf-
ficient and has limited mutual communication and
interaction. In this case, the provincial government has
little supervision over the local government and it is
common for neighboring local governments not to co-
operate actively or even not to cooperate at all. Local
governments and enterprises spontaneously carry out
natural gas energy shortage emergency themselves
without the intervention or funding of the central gov-
ernment and provincial governments, and the three
parties engage in noncooperative games. Upholding the
goal of minimizing the loss of the infinite time zone, all
parties choose the optimal degree of effort and make
rational emergency decisions. According to the current
system, the losses caused are shared by both the provincial
government and the local government, who have the same
positive discount rate.

The objective function of the local government can be
expressed as

T, = J? e*rr{(l - 1)[A(t) -, E5 (t) — 0, E; (t) — 6, D, (1)] +%Ef}dt,

(7)

The objective function of a natural gas supply chain
company can be expressed as

1= [ B0 - B0 - 0,8, 0 - 6,0, 0] + L83

(8)

The objective function of the provincial government can
be expressed as
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[A(t) - w5 (1) — 0,E, (1) - 6,D, (1)] + LB
n=[ e dr, (9)
+[B(t) — u,E, (t) — 0,E, (t) — 6,D, (t)] + —E

here E, (1), E, (1), Ey (1), and E, (1) are control variables  E 1[ - it

where E, (t), E, (t), E;(t), and E,(t) are control variables 3 =—| T - — - ,

and state variables. All other parameters are constants 3 (r-ki+1) (r-k+1)(r-k+1)

greater than zero and are not related to time. Each game (12)

subject faces the same game in an infinite time zone, and its

strategy is a static feedback equilibrium. E = (p+— 222 ) (13)
N r—k,+1

Proposition 1. In the case of noncooperative game among
provincial government, local government, and natural gas supply

chain enterprises, the static feedback Nash equilibrium strategies Proof. In order to obtain the Markov refined Nash equi-

of the three parties can be expressed as librium of the noncooperative game, suppose that there
. (1-1) 8,6, exists a continuous and bounded differential urban natural
E = o < P Tk + 1>’ (10) gas energy shortage loss function for all D, >0 and D, >0,
which satisfies the Hamilton-Jacobi-Bellman equation:
« 1 0
E; =—[02+L], (11)
P2 (r—k,+1)
- - - -6 P12
(1-7)(A-wmE; —0,E, - 60,D) + 5 Ey
r-V, (DI,D2)=?113< H (14)
= ov, oV, oV
(aDl 3D )(D - E; - B, E, _lel)_a—D: (D, — ,E, = B,E, — kD) |
' B - u,E, - 0,E, - 6,D,) @E
(B - hE, — 0, E, — 6,D,) +
r-V,(D;,D,) = min = (15)
E>20 ov ov ov
(BD2 BDZ) (Dy =y Es = B,Ey =k Dy) - B_Dz (D, = yE, = PoE, — kD)
T(A-E;—0,E - 0,D,) + (B -, E, — 0,E, - 0,D,) + _E + (P4Ei

r-V4(D;,D,) = min . (16)

E;20,E,>0 oV oV 1%
(5150 ) (01 B iy = kD) < 5 (0 =y~ s o)

We find the first-order partial derivatives of the pa- (16), respectively. Formula (17) sums the first-order partial
rameter with respect to the right parts of formulas (15) and  derivatives and sets them equal to zero to obtain

(1-1)0, — B, (0V,/0D, — noV,/oD,)
P1 ’

E, = (17)

0, — B,3V, /3D,

E:
: 1)

(18)
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E, = T, — o, (0V5/0D, — 118V3/8D2), (19)
3
E, = t2=%0V5/9D; (20)
Pa
(= 18, +m(k, - 1)]D, + n(k, - 1)D, — 10 0oz hm I’
v, = o , (21)
2 (g, - ] - O [ a4 (1= DA 2 [y - )
1) 3 4
[ (k, - 1)]D, +[x(k, ~1) - 6,]D, +%[ 1 - 1), — Bm] + B
1
rV, =1 ) , (22)
[0, = Box] l“l [a,x — ]
+—= T T, — — =, -a,z
2 o [zp) —ayy] + o (1, — ayz]
' _ _ R [J’ﬁl ] _
[-70, + (k; = 1)y]D; +[2z(k; 1) = 6,]D, + [(1 - 1)o, — Bym]
1
rVy = ) )
[‘72 —[52x] (2B, - 0,) - (71 — 1] _ [ — 2] +TA+B
25 29,
T AV A A A A
ap, '"ap,)~"ap,”"ap, "op, "oDp, oD, "ob, 9D, ©
(23)
It can be observed from equations (22)-(24) that the
linear optimal function is the solution of the HJB equation.
Let
V,(Dy,D,) = pyDy +q,D, + hy, (24)
V,(D,,D,) = p,D; + q,D; + h,, (25)
V;(Dy,D,) = psD; + 43D, + hs, (26)
r(p1Dy + @Dy + hy) =[(z = 1)0; + (py — ng,) (ky = 1)]D; + ¢y (k; ~1)D, + (1 - 1)A
‘11ﬁz [(1-1)o, - B, (P - ’7‘11)]2 9%
+ ==y, -«
0 (02 = Boda] - 20, 0 (12 — 2,45] (27)
T, — -
_[ th — oy (p3 — 145)] (1=, - (py - 1)) ],
P93
h) = _ k. — k, — 0 [02 _ﬁ2q2]2
r(p2Dy + @,D;y + hy) = [(py = 119,) (ky = 1)]D; +[q, (ky = 1) + 6,]D, +72¢
2
WAL 2 1 g0, -, (py - )]+ B (29)
1
+ (172—’7%)1 [tpy — a1 (5 —71g5)] + M [t — 295],

P3

Ps
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7(psDy +q3D; + hy) =[~70, + (k; = 1) (ps = 195)]Dy +[q5(k, = 1) + 6,]D, + A + B

(05 — B4 ] (740 — o1 (p5 - ’7%)]2 (4 - "‘2‘13]2
+ e, (48, = 03) = 20, T 2, (29)
+ ((ps - ’1‘1;?[31 ~1o [(1 = 1)o, = B, (p1 — 1a,)]-

If equations (28)-(30) satisfy the conditions D, >0 and
D, >0, then

(r-16,

kT

>

hy = - T)A+ (1 - 1)6,B] [0, (r —k; +1) = 6,p,] _ [(1=7) (0, (r =k, +1) - Bi6)]*

r roy(r—ky +1)(r —ky +1) 2rg, (r =k, +1)°
(30)
+ [(1 =700, [y (r — Ky + 1) — 236, ]
ro,(r—k +1)(r—k,+1)
T (r—Fk, + 1)2_“191("_kz+ 1) —nbyr [(1-7) (4 (r —k; + 1) — a,60,)]
ros(r—k,+1)(r—k, +1) (r—k +1) ’
P, = -n(1-k,)6, g, = -6, b = [02(7_k2+1)_ﬁ292]2+§
Pk ) (r—ky 1) k12 20,7 (r — ky + 1) r
_&[ (1-1)n6, ][01(”_"1+1)_ﬁ191] _ [yz(r—k2+1)—£202]2 (31)
o1 [ (r—ky +1)(r—k,+1) r—k +1 o (r =Ky +1)°
_“1[(""‘2 + 1) [tuy (r —ky + 1) — 0,60) — 56, ] — g6, (1 _kz)] 10,
?3 (r—ky+1)(r—k,+1) (r-k,+1)”
_—191(r—1<2+1)+;1(k1—1)62 -0,
P T G T e ) (r—k 4 1) BT
h =TA+B_[Uz(r_k2+1)_/5292]2_[T.‘h(”_kz+1)2_“1(91(7’_k2+1)_’792")]
’ r ro, (r—k, +1)° 2rg, (r—ky + 1) (32)
_ [t (r —ky +1) _“292]2 + [0, (r =k, + 1) —nbyr]B, — 70, (r —k, + 1)2X
2@, (r— ky +1)° ro(r—ky+1)(r—k, +1)
‘(1_7)[‘71(r_k1+1)_5161]
(r—k, +1) '

We substitute formulas (31)-(33) into equations  energy shortage of local government, natural gas supply chain
(25)-(27), and the minimum loss function of natural gas  enterprises, and provincial government can be obtained as
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(- 1)91D . (I1-71)A . [(z=10,8,][0,(r —k, + 1) + 6,3, ]
= 1

V*
Yook +1 r ro,(r—k +1)(r—k, +1)

_ [A-17)(o,(r =K +1) +ﬁ161)]2 + (7= D)6y | [py (r =y + 1) + a6, ] (33)
2rq)1(r—k1+1)2 r(/)4(r—k1+1)(r—k2+1)

St (r =k, + 1) + 0,0, (r =k, + 1) + 70,7 [(1 = 7) (uy (r =k, +1) + a,6,)]
ros (r—k, +1)° (r—k, +1) ’

—n(1-k)6, D - 6, D. + [02(7_k2+1)+ﬁ292]2+§
1 2 2
(r=k +1)(r -k, +1) r—ky+1 20, (r = ky +1) r
_ﬁl[ (- Dnb, Hal (r—k +1) +ﬂ161] _ (s (r =k, + 1) +ﬁ292]2 (34)
o1 [ (r=ky+1)(r—ky+1) r—k +1 pur(r—k, +1)°
+ﬁ[(r_k2+1)[7#1(r_k2+1)+“191+’792]+0‘1’792(1_k2)] 16, ’
s (r=k +1)(r—ky+1) (r—ky,+1)

v; =

0, (r—ky + 1) + 5 (k, - 1)6, 6, tA+B  [o,(r -k, +1)+p,6,]
= - D, + - >
(r—k,+1)(r—k +1) r—ky+1 r rg, (r—ky +1)
_ [T‘“l (r—ky+ 1)2 ta (0 (r-k+ 1)+ '702r)] Cm(r-k+ 1)+ %,6,]° (35)
2ro, (r—k, + 1)2 2re, (r—k, + 1)2
[0, (r —ky + 1) + 70,7, + 70, (r =k, +1)* (1= 1)[0, (r —k; + 1) + $,6,]
r(pl(r—k2+1)2 (r—k;+1) ’

+

where the total loss of the city caused by natural gas energy
shortage is as follows:

V*(D,D,)=Vi+V, +V;

-(1-1)6, n(1-k,)6, 20, (1-1A B
r—k+1 (r—k+1)(r-ky+1)] \r—k,+1 2* r +r

+ [(r=1)0,B][0s(r —ky + 1) + 6,8,] [(1=7)(0y(r =k, +1) +ﬁ161)]2

re,(r—k,+1)(r—k, +1) 2rq)1(r—k1+1)2

[(r =18 0] [y (r =k +1) + 1,0,] + [o)(r =k, +1) + /3262]2
ro,(r—k, +1)(r—k, +1) 20,7 (r - k2+1)2

ot (r—ky + 1) + a6, (r—ky+1)+ 56, [(1=7)(uy (r—k; +1) + o, 60,)]
ro, (r—k, +1)° (r—k, +1)
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9
_&[ (- 1)nb, Hal (r—k1+l)+ﬁ191] _ [ﬂz(r‘k2+1)+ﬁ292]2
o (r=k +1)(r—-k,+1) r—k,+1 gur(r—ky+1)°
W [ (r—ky+ )ty (r—ky + 1) + 2,6, +16,] + 2y, (1 _kz)] nb,
?s (r—k;+1)(r—ky,+1) (r—k2+1)2
[T.ul (r—k,+ 1)2 +ay (0, (r—ky+1) + 1192r)] ((r-k+ 1)+ “292]2 (36)

2ro,(r—k, + 1)2

+

2rg, (r—k, + 1)2

(=60, (r =Ky + 1) + 70,7, + 70, (r =k, +1)* (1 =1)[0, (r =k, + 1) = B,6,]

ro,(r—k, + 1)2
+TA+B_ [0,(r—k, +1) +B,6,]
r ro, (r— ky + 1)2 .

The partial derivatives of (34)-(36) are about D, and D,
and are then substituted into equations (18)-(21) to obtain
(11)-(14).

(r—k, +1)

Under the Nash noncooperative equilibrium state, the
emergency shortage of natural gas energy of local govern-
ment is as follows:

(. o Ta, 0 a,n0,r B (1-1)
D (t) = —— [—r + L ! + ,
' (ky = gy f (r=ki+1) (r=k+1)(r-k+1)] (k -1)¢,
] o+ B.16, _ 1 L (1-ky)t+d, (37)
Yrek+1) (k-1) ’
| D} (0) = D,.
The emergency shortage of natural gas energy in natural
gas supply chain enterprises can be expressed as
[ . N a6, a, 76,7 np, (1 - 1) B0,
D} (t) = - ,
2 (ky = 1)gs [wl ' (r—ki+1) (r—k+ 1)(r—k2+1)] " (ky =)oy . +”_kl +1
1 (1K, )t+d, ) ( %6, ) Ba [ B,6, ]
- e T + o, + )
(k-1 (=g \"* ko4 1) (- Dy [T -k + )
3 1 (1-k,)t+d, (38)
— ,
(o -1)
D} (0) = D,,
1 1-
- T + a6, a;176,r _p-7) o+ B, 6, —(k, - 1)D,.
@3 (r—k+1) (r—k +1)(r—k,+1) ¢ r—k +1

It can be seen from equations (11) and (12) that under
the spontaneous governance model of urban and natural
gas supply chain enterprises that deals with shortages, the
local government’s effort level and cost coefficient, share

ratio, natural gas energy shortage attenuation coefficient,
and impact coeflicient of local government’s efforts to deal
with natural gas are negatively correlated with the extent
of the impact of natural gas shortage on city losses but are
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positively correlated with that of the local government’s
efforts on the city’s losses caused by natural gas energy
shortages and the discount rate. The effort of natural gas
supply chain enterprises is negatively correlated with this
coeflicient, natural gas energy shortage attenuation co-
efficient, the influence coefficient of enterprise efforts on
natural gas energy shortage, and the impact of natural gas
shortage on the losses caused by natural gas shortage,
while the impact of the loss is positively correlated with
the discount rate. Local governments and enterprises
should increase their efforts to affect the losses caused by
natural gas shortages, increase capital utilization, coor-
dinate and unify departments, increase their imple-
mentation capabilities and other related issues, and
reduce losses caused by the shortages.

It can be seen from equations (13) and (14) that under
the spontaneous governance model of urban and natural
gas supply chain enterprises dealing with shortages, both
the provincial government’s effort and cost coefficient to
the local government and the impact of natural gas
shortages on the city’s losses are negatively related to
factors including the share ratio, the degree of the impact of
the provincial government’s efforts on the city’s losses
caused by natural gas energy shortages, the attenuation
coeflicient of natural gas energy shortages, the conversion
rate, the degree of the impact of natural gas shortages on
the losses of enterprises, and the provincial government’s
efforts to respond to local governments. However, the
impact of natural gas energy shortage is positively corre-
lated with the discount rate. The degree of provincial
government’s efforts on enterprises is negatively correlated
with factors including the cost coeflicient, natural gas
energy shortage attenuation coefficient, the impact of
natural gas shortages on enterprises’ losses, and the degree
of the provincial government’s efforts on the enterprise’s
emergency natural gas energy shortages and also negatively

T,

The objective function of natural gas supply chain en-
terprises can be expressed as

Mathematical Problems in Engineering

correlated with the provincial government efforts but has a
positive correlation with the discount rate on the impact of
the city’s losses caused by natural gas energy shortages. To
this end, local governments and enterprises should increase
their efforts to affect the losses caused by natural gas
shortages, increase capital utilization, coordinate and unify
the departments, increase their implementation capabil-
ities and other related issues, and reduce the losses caused
by shortages.

In this spontaneous emergency mode, provincial gov-
ernments and local governments are relatively independent
entities in terms of their respective interests and responsi-
bilities. Local governments and enterprises choose the best
effort level that minimizes their own losses, without con-
sidering the overall interests. Besides, emergency coordi-
nation will eventually move towards emergency response or
even immobility without the intervention and guidance of
the central government, thereby causing difficulties handling
multiple emergency affairs. O

3.2. Emergency Superior Mode for Urban Natural Gas Energy
Shortage. In order to improve the efficiency of resource
allocation, the provincial government has made policy
guidance through special fiscal expenditures, that is, the
provincial government shares a certain proportion of the
emergency cost of shortages for the local government and
enterprises and the funding intensity improves. After local
governments and enterprises receive funding and notice the
actions of the provincial government, they choose the ap-
propriate level of effort and follow the actions of the pro-
vincial government. In this way, the three parties start the
Starberg master-slave game, with the provincial government
as the leader.

The objective function of the local government can be
expressed as

j:o e*”{(l ~O[A(t) - ,E5 () - 0,E, () - 6,D, ()] + % (1- Al)Ef}dt. (39)

T, = j-:O e_rt{ [B(f) — thEy(t) — 0,E, () - 6,D, (t)] + % (1 - AZ)Eg}dt' (40)

The objective function of the provincial government can
be expressed as
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1
T[A(®) — 5 ()= 0,E, (6) = 6,0, (0] + 2B} + 29 W ]
T, = J ot dr. (41)
1
+{B(0) = iuE, (1) = 0,E, (1) = 0,0, (0] + LB, + 29,

Proposition 2. Under the superior mode, the three-party  government, local government, and natural gas supply chain
static feedback Nash equilibrium strategies of the provincial ~ companies can be expressed as

w1 B0, (2-1) 216,7P,

B = [““’"” =k +1) (r—k1+1)(r—k2+1)]’ “42)
“_ 3 X2

B = 29, <02 " (r—ky + 1))) )
ok 1 T“lel _ “111927’

Es ‘g[”‘”(r-klﬂ) (r—k1+1)(r—k2+1)]’ (44)
w1 a0,

g (i) "

Br-1o; =B [0, (L + 1) (r —ky + 1) + 10,/ (r —k; + 1) (r =k, + 1)] (46)

Yot o - B0 B-1)(r—ky+ 1) =50y (r =k, + 1) (r —ky +1)]
A, :%. (47)

Proof. The reverse induction method is used to obtain the  urban natural gas energy shortage V,;(D,,D,), i € (1,2,3),
Stackelberg equilibrium of this game. Suppose that thereisa ~ for all D, >0 and D, >0, which satisfies the Hamil-
loss function for the continuous and bounded differential ~ ton-Jacobi-Bellman equation:

(1-1)(A~uE;~0,E ~6,D,) +% (1 _AI)E%

r-V,(Dy,D,) = min - Fs (48)
1 oV oV ov
_<8—D11 - ﬂa—D;> (D1 - Ey - BiE, - lel) - B—D; (Dz —E, - BE, - kzDz)
(B - pyE, — 0,E, — 6,D,) + % (1- Az)Ei
VPeD)=mR v, o, W
- a—D1 - ﬂa—Dz (Dl —oE5 - BLE; - lel) - a_1)2 (Dz - o,Ey - BE, - k2D2)

_ (1-7)a, - B, (3V,/0D, - qdV,/aD,)

For the right end of (49) and (50), the first-order partial E, o (1- 1)) ) (50)
derivatives of E; and E, with respect to the degree of effort ! !
are 9bta1ned. We set them equal to zero, and it can be 5, - B,dV, /oD,
obtained as ) = (51)

9, (1-1,)
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The provincial government can rationally predict that
the local government and enterprises will choose their effort
functions E, and E,, according to the previous formula.
Therefore, the provincial government should determine its

Mathematical Problems in Engineering

own effort strategy and funding based on the rational re-
sponse of the local government and enterprises. The HJB
equation can be expressed as

P30 Pan 1 2
T(A - Es—0,E; +0,D;) + (B~ u,Ey — 0,E, + 0,D,) + 73E3 + _4E4 + 5’11‘/’1E1

r-V4;(Dy,D,) = min

2

Ey20,E,>0
s 1 oV oV 1%
+§/\2(P2E§ _<8D3 - WE)D3> (Dy = ayE5 = BE, kD) - aﬁ (D, = a,E; = B,E, — k,D,)
1 2 2
(52)
By substituting (51) and (52) into equation (53), the first-
order partial derivatives of E;, E A, and A, are obtained. We
set them equal to zero, and it can be obtained as
E, - Ty — oy (0V3/0D, — noV4/0D,) (53)
3
- D
E, = U, — a,0V5/0 2 (54)
Ps
_ (3t-1)0, + B,[(dV,/0D, — 70V ,/0D,) — 2(0V 3/0D, — 1oV 3/0D,)] (55)
' (t+1)a, - B,[(0V,/0D, - noV,/0D,) + 2(dV /0D, — ndV,/dD,)]’
PR + 3, (0V,/0D, — 20V ,/0D,) (56)
*7 30, - B,(3V,/0D, + 20V ,/0D,)
Based on (49)-(53) and (54)-(57), the following can be
obtained:
[(r = 1)8, + m(k, — 1)]D, + n(k, - 1)D, +[(T -1, +gm+ 2 (1 —)Ll)El]El
rV, =1 (57)
+B,nE, — [(1 = T)yy — aym]E;y + noyE, + (1 — 1) A
(ky = 1)ID; + [0, = x(1 - k,)| D, + [ﬁzx -0t % (1- Az)Ez]Ez
er =9 > (58)
+B,1E; + oy lE5 — (4, — a,x)E, + B
[-70, - y(1 - k)] D, +[-0, —z(1 - k,)]D, + [ﬁly -0 T+ %AlEl]El +TA+B
T‘V3 = (59)
HPz—0,+ %)LZEZ]EZ + [ocly —TU + %E3]E3 + [oczz — Uy + %E4]E4
V,(D,,D,) = p,D, +q,D, + h;, (60)
According to (58)-(60), the linear optimal functions of 1Dy D) = Dyt anDs
D, and D, are the solutions to the HJB equation. Set V,(D,,D,) = pyD; + D, + hy, (61)
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where p;, q;, P»> 45> P3> and g are all the constants. Find the
derivatives of D, and D, for (61)-(63), and substitute them
into formulas (58)-(60); it can be obtained as

V3(Dy,D,) = psD; +q;D, + hs, (62)

r(p1Dy+ @Dy + hy) =[(r = 1)0, +(py = n4y) (ky = 1)]Dy + g, (k, = 1)D, + (1 - 1) A

+ L [(z = Doy +(p1 —na)] [(r + Doy = B (p1 = nay) = 2B, (ps — 195)]

49,
+/ﬂ (03 = B>42) [305 = B (g2 +245)] el (4, - a,q5) (63)
%) 40, - 2P, (q, + 245) Py S
1
o (A =Dy +(py = nay)] [7p1 — 1 (p3 — 195)],
r(p2Dy + @D + hy) = [(p2 = 119,) (ky = 1)]D; +[6, —q,(1 - k,)|D, + B
ﬁl (p;(pl 19:) [(z+ Doy = By (p1 = na1) = 2B, (P35 — 1145)]
(B2g2 = 05) [30, = B5(q, + 295)] (9, — 1) (64)
+ 20, 40, - 2,q, (0= Bogy) +———- 04 (42 — ay45]
+ w (74 — &, (p3 = 1195)]
3
r(psDy +q3Dy + hy) = [~10, = (p5 — ’1‘13)(1 ~ki)]D; +[-0,-q;5(1 - k,)|D, + 7TA+ B
Baqs — (B2 (g, - 245) — 03]
+ m (0, = Bog2)[30, = B, (a5 + 245)] 2(40, - 28,q,) (03 = Bra2)
1
4_% By (Ps_ﬂ%)_ial (r+ 1)+5(P1 - 14;) (65)
1
x{(t+ Doy = B, [(py = na) +2(ps — 1g5)]} - 20, ——[ag; - ]
1
- 2_%[“1 (ps —ng5) - 7#1]2~
Suppose that (64)-(66) satisty D; >0 and D, > 0; then,
_ (r-1)6,
kB0
_(1-1nA 1 (1-1)6, 0, (r —ky+1)—nb,r
= ‘@[“‘W“WHM‘“(M -k +1)] (66)

1 (1-1)6, Bl(l 0, (r —ky + 1) —nb,r
W[(T‘”"l K, +1H( 1oy - k +1 B ﬁl(r—k +1)(r—k2+1)]’

1o, (k; - 1) -0,
L S Y G S ) U e S
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h _§+ B20, =0y (r —ky + 1) 30, (r =k, + 1) = 36,0, 0, (r =k, + 1) = B,6,
L 2r(r—ky+1)p, ‘4o,(r—k,+1)—2p,60, (r—ky+1)

Binb, 1 (r=ky + 1) = n,r ] (67)

(1- 16, 0
T2 (r—k + 1) (r=k, + 1) [(T+1)01_ﬁlr—k1+1_2ﬁ1(r—kl+1)(r—k2+1)

_ a, 16, u -« 6, (r —ky +1) —nb,r 1 a0, —phy (r —ky +1) ’
r—k+ ) (r—k+ Do | 0 -k + )k +1)| 1 r—ky+1 ’
1 2 3 1 2 2

_el(r_k2+1)+’762(1_k1) _ 0,
L Oy S Y I S S S |
_1TA+B 1 BO,+0,(r—ky+1)  oy(r—k,+1)-p,0,

r = 2 aoy (r—ky + 1) - 25,6,] (r—k,+1)
+ B.0, - 0, 0 (r—k, +1) - B0, 30y (r—ky +1) - 3p,6,
ro, (40, (r—ky +1) — 2,6,] (r—k,+1) (r—k,+1)
1 O,(r—ky+1)—nb,r 1 1 (1-1)6 0, (r—ky+1)(3—1)—2n0,r
+4r(p1[ﬁl(r—k2+1)(r—kl+1) D ey (TP T AT e T —k 1)

1 0, (r —ky+ 1) —nb,r z 1 a,0, 2
) @y —TH | — —H
ros|  (r—ky+1)(r—k, +1) 2ro | (r—k, +1)

(68)

By substituting formulas (67)-(69) into equations  shortage of local government, natural gas supply chain
(61)-(63), the minimum loss function of natural gas energy ~ enterprises, and provincial government can be obtained as

w _ (1-D), 1 (1-1)8, 0, (r —ky +1) = nb,r
Vo= D, - — (1 -y ——— 2L
I r(p3[( e || T M e s D (r -k, + 1)
1 (1-1)6, B, (1-1)6, 0, (r—ky +1) —nb,r
-~ 1o, ——— L 1 2 , (69)
+4r(p1 [(T o, r—k1+1H(T+ Jou + r—k;+1 * ﬁl(r—k1+l)(r—k2+1)
(I1-1)A
+ bl
;
o nb, (k, - 1) ) B 1 —0,6, — py (r—ky +1) ’
Va _(r—k1+l)(r—k2+1)D1 r—k2+1D2+r r r—ky+1

Bin6, (1-1)0, 0, (r—ky+1)—nb,r
ok )k | T R e R G e T ¢ 1)
—B,0, — 0, (r—ky +1)30,(r —k, + 1) + 3,0, 0, (r —k, + 1) + 3,0,
2r(r—k,+ 1), ‘4o, (r—k, +1)+2B,0, (r—k,+1)

(70)

, a;nb, 0,(r =k, +1) = nb,r
Tk + D) (r—ky + 1)y [T”1+“1(r_k1+1)(r-k2+1) :
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ok
vy =

0 (r -kt Dbk -1 6 1 —a0, T
(r—k +1)(r-k,+1) Y r—kyt1 7 2rg | (r—ky+ 1) <
+rA+B_i B0, +0,(r—ky,+1) o,(r—k,+1)+,0,
r 2r [4o,(r —k, +1) +2B,0,] (r—k,+1)
4 —P1b, -0y 0y (r—ky +1) + B,6, 30, (r —k, + 1) + 3B,06,
ro, (40, (r—ky + 1) +2f,6,] (r—-k,+1) (r—k,+1)
1 -0, (r—k,+1)+n0,r 1 1 (1-1)6
— 0. (1 - 1
[l(r—k2+1)(r—k1+1) DA )
O (r—k,+1)(3-1) =2n6,r] 1 o 0, (r—ky+1)—nb,r .
(r—k,+1)(r—k +1) 2rpy| (r—ky+1)(r =k, +1) Bl

(71)

+
4ro,
2

.[(1 + 7)oy + 34

when the total loss of the city due to natural gas energy
shortage is as follows:

V*(D,D,) =V +V," +V,",

_-b, (2—T)(r—k2+l)—27;62(1—k1)D 20, A+2B

D
(r—ki+1)(r-k,+1) A

1 (1-1)6, 0, (r —ky+1)—nb,r
- 1_ _ 2
r(p3[( i r—k1+1][T1+a1(r—k1+1)(r—k2+1)

1
4re,

1[0 —py (r =k, +1) 2_ 1 -0, :
r r—ky+1 2ro | (r—k, +1) t

(1-1)6,
r—k +1

B, (1-1)0 1(r—k2+1)—1102r]

0
1
[(r—l)m- H“””"l* r—ket Pk Dk )

0 e
Binb, [(T+1)01 +ﬁ1r(_k1ri-1l+2ﬁl(

0, (r —ky + 1) —nb,r
+
20, (r—ky+1)(r—ky, +1)

r—k +1)(r—k,+1)
] (72)

. —B,0, — 0, (r—k, + 1) 30, (r —k, + 1) + 3,0, 0, (r =k, + 1) + 3,0,
2r(r—k,+1)p, ‘4o,(r—k, +1)+23,0, (r—k,+1)

o, 170, 0, (r—k2 + 1) - nb,r
Tkt ) (r -k + Do, [T‘ul+“1(r—k1+l)(r—k2+1)

+TA+B_i a0y + 05 (r—ky+1) 0y (r—k, +1) + 5,6,
r 2r [40,(r —ky + 1) + 25,60, (r—ky,+1)

. -B,6, - o, 0,(r—ky + 1)+ f,0, 30, (r —k, + 1) + 35,0,
ro,[40, (r -k, + 1) + 25,6,] (r—k,+1) ' (r—k,+1)
1 —0,(r—ky+1)+n6,r 1 1 (1-1)6,
— 0. (1 _Z
+4rq)1[ﬁl(r—k2+l)(r—k1+1) 01 (1+7) 2 (r—k +1)

2

—0,(r—k, +1)(3—1) +2n0,r 1 —0,(r—k, +1) +n0,r
'[“”)"1 O Py ey iy ey R o Y ey sy oy ey B
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The partial derivatives of formulas (69)-(71) with respect
to D, and D, are obtained and substituted into equations
(51)-(54) to obtain (44)-(48).
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Under the Nash noncooperative equilibrium state, the
emergency shortage of natural gas energy of local govern-
ment is as follows:

** « T, 0 o, 10,7 B,
D (t)=—1HT + L SR ! ]+ ,
R e | D I R R DI REICEN T
B.6,(2-17) 210,73, L (1-k)t+d (73)
1 - _ o (1-k)evdy
L (I Sy N (| oy sy | Ry
D;* (0) = D,
The emergency shortage of natural gas energy in natural
gas supply chain enterprises is as follows:
DX (1) = o+ a6, _ a; 16,1 + 1P,
(K, —1) 0s (r—ki+1) (r=k +1)(r—-k,+1)| 2(k,-1)g,
B0, (2-1) 2n0,rp, (1=K, )t+d )
1 — — 1 1 -_—
[(” S T I e [ ) NCERD
%0, 36, B.6,
(ﬂ2+r_k2+1>+2(k2_1)‘l’2[( (r—ky,+1)
1_ o (1ka)trdy (74)
(ky - 1)
Dz** (0) = D2)
o = L Ta, 6, ;16,1 +ﬁ
@3 (r—k +1) (r-k+1)(r-k+1)] 2¢/
6, (2 -7) 216,7P,
1
. [(” Ot e ) okene-krn|| Ko

It can be seen from equation (43) that under the
government’s leading emergency response model for
natural gas energy shortages, the local government’s
emergency effort E, is proportional to the share ratio 7 and
the impact coefficient of the local government’s emer-
gency natural gas energy shortage on the enterprise’s
emergency response and natural gas shortage. The in-
fluence coeflicient 7 of the enterprise is directly propor-
tional to 0,, while other influence factors are consistent
with those under the spontaneous governance model.
Equation (44) shows that under the government-led
model, the degree of influence of the enterprise’s effort E,
is less than that under the noncooperative model,

revealing the positive role of the government-led model.
Equations (45) and (46) indicate that under the govern-
ment emergency-led model, the provincial government’s
effort and related influencing factors are the same as those
under the spontaneous governance model, indicating that
the government must comprehensively consider the actual
situation, from the utilization of funds, the executing
ability, and other relevant details to reasonable emergency
decision-making.

Equation (47) shows that the provincial government’s
choice of emergency investment funding ratio to the local
government depends on the local urban disaster loss bearing
ratio 7. The provincial government bearing smaller urban
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disaster losses 0 < 7 < 1/3 will not share the cost through the
funding mechanism. If the provincial government bears
more disaster losses, however, it will turn to the central
government and ask for disaster emergency funds. Besides,
special subsidies from the provincial government will be
considered to improve the emergency response efficiency of
the city, reflecting the “economic man” characteristics of the
government [22]. It can be seen from equation (48) that the
proportion of provincial government funding to enterprises
is positively correlated; that is, subsidies are positively
correlated with the impact of enterprises’ efforts on the city’s
losses caused by natural gas energy shortages, indicating that
the government encourages enterprises to actively partici-
pate in the emergency process.

When natural gas energy is in short supply due to
emergencies and the government adopts the dominant mode
of emergency response, the intervention of the provincial
government can effectively solve the problem of market
failure caused by emergency externalities. The provincial
government is the direct manager of the local government
and functions more effectively in the overall planning. The
determined emergency financial subsidy mechanism can
optimize the intergovernmental relationship in emergency
decision-making, reduce the uncertainty and confusion of
intergovernmental behavior, strengthen the trust of the local
government and the enterprise in the provincial government
and the cooperative relationship between each other for
emergency response, and forge the foundation for their
linkage. It can also strengthen the participation of the central
government, strengthen its supervision and guidance, and
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provide better decisions for improving the emergency re-
sponse efficiency. O

3.3. Intergovernment Coordination Mode for the Energy
Shortage Emergency of Urban Natural Gas. In the case of a
shortage of natural gas energy and other emergency events,
governments and enterprises at all levels desire for the
optimal configuration during the emergency process, which,
according to the analysis of the Coase Theorem, is possible
between governments and between governments and en-
terprises to realize economies of scale through cooperation
and obtain policy spillover effects under suitable emergency
situations. For the shortage of natural gas energy in a city,
the emergency process needs to integrate various infor-
mation and coordinate multidepartmental cooperation. The
traditional order and obedience style is being gradually
transformed into a negotiation and cooperation style. To this
end, it is imperative to build an emergency intergovern-
mental coordination model. In order to better improve the
emergency response efficiency, provincial governments,
local governments, and enterprises should collaborate with
each other to determine the best emergency response
strategy and reduce urban emergency disaster losses.

Proposition 3. In the case of full communication and col-
laboration between the provincial government, local gov-
ernment, and natural gas emergency companies, the best
effort strategies for them are

El*** _ i o, + ﬁlel _ ﬁ162;7r , (75)
o | r+l-k (r+l-k)(r+1-k,)
Ez*** — i o, +&]’ (76)
o, | r+1-k,
ook 1 [ 06101 061021’]1"
E,=~ =— - ,
g, _‘M1+r+1—k1 (r+1-k)(r+1-k,) 77
ook 1 [ “292
B = — |+ —22 |,
4 Py -.‘42+r+1_k2] (78)

Proof. When the emergency relationship of the provincial
government, local government, and enterprises is led by
superiors to coordinate and cooperate, all parties will aim at

minimizing urban losses and jointly determine the optimal
values of E,, E,, E;, and E,, when the loss caused by natural
gas energy shortage disasters can be expressed as

1 1
A0) = mE; (1) = 0,Ey (1) = 0,D; (1) + 21 Ey + 29, E3

dt. (79)

1 1
+B(t) - wE, (t) - 0,E, (t) - 92D2 () + ESDSE% + E(P4E421
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Suppose that there is a continuous and bounded dif-
ferential urban disaster loss function V(D,,D,) for all
D, >0 and D, >0, which satisfies the HJB equation:

' (A-wEy~0,E, - 0,D,) + (B~ u,E, — 0,E, - 6,D,) |
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1 1 @ )
+E(p1Ef + E(szg + ?3E§ + 74EZ
r.V(Dl’DZ):ElzrrOl,lErzlzo‘ a_V_ a_V (D —oyEy - BE —kD) A (50
oD, WaDZ 1 1£3 = Py = Ky
E;>0,E,>0
oV
_8—1)2 (D, = yE, — B,E, —k,D;)
-, (0V/0D, — noV/oD
We find the first-order partial derivatives of E,, E,, E;, E; = =0 ( 171 2)> (83)
and E,, respectively, and set them to zero to obtain s
- B,(0V/0D, — yoV/oD - a,0V/0D
E1=01 B, (0V/0D, - nov'/ 2)) (81) 4=.”2 ay0V/ 2 (84)
1 Py
o, — B,dV/aD, Substituting formulas (82)-(85) into formula (81), it can
Ey=——"—"7"" (82)  be obtained as

%)

rV = [91 -1 —kl)( v aV)]D1 +[92 -(1- kz)aa;z]Dz

ap, oD,

[0, =B, (3V/aD, - qdV/aD,)]*  [o, - B,dV/OD,)*  [w, — &, (V/3D, — ndV/3D,)]*

(85)

2¢,

_ (s - “zaV/aDz]z +A+B

20,

According to equation (86), the linear minimum disaster
loss function for D; and D, is the solution to the HJB
equation. Set

2¢, 2¢;

V(D,,D,) = pD, + gD, + h, (86)

where p, g, and h are constants. The first derivative of
equation (87) is obtained and substituted into (86):

r(pDy +qD, +h) =[-0, = (1 k) (p - 49Dy +[-6, - (1 —k;)q]D, + A+ B

o =B p-n@) [0 -Bal’ [ - (p-na)]’ [ - xq)

(87)

2¢,

According to formula (88), the following results can be

obtained:

29, 2¢5 20,
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:_91+(1_k1)’7qq: -6, h:A+B [0, =B (p-n9]* [0s-Bag]’
r+l-k 7 Tr+l1-k, r’ 2re, ’ 2re,
(88)
[ (p-na)) [ - wq)
2r g, 2rep,
Substituting (89) into equation (87), the minimum loss
function for natural gas energy shortage can be expressed as
Ve (D, D) = A+B+ -0, (r+1-ky)+(k, - 1)n0, - 0, D,
(r+l-k)(r+1-k,) r+1-k,
o (r+1-ky)(1-k) = Bi6 (r+1-ky) + Bynbyr]* oy (r+1-ky) - B,6,)* (89)

2, [(r +1= k) (r+1- ky)]? 2rg, (r+1—k,)

_ [ (r+1-ky) (1 —ky) — 0y (r+1-ky) + “1’792”]2 _ [t (r+1-k,) - “292]2.
2rp[(r+ 1= k) (r+1- k)] 2rg (r+1 - ky)’

We find the partial derivatives of D, and D, from  to obtain equations (76)-(79), when the emergency shortage
equation (90) and substitute them into equations (82)-(85) of natural gas energy by the local government is

. ay a0, a,0,nr By
D t) = _ i
v o (kl_l)‘/’3[[ﬂl+”+l‘k1 (r+1-Fk)(r+1-k,) +(k1_1)¢1

N1k, (r+1-k)(r+1-k)

) . Bib B.6nr ” (ke (90)

l D, (0) = D,.

The emergency shortage of natural gas energy supply
chain enterprises is
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B.6,
N Kk,
* o a6, a, 0,17 1P,
D, (t) = -
e e e e N e i e ey
B, 6,nr
(r+l-k)(r+1-k,)
Ui (1-k,)t+d, ) [ a,0, ] B, [ B0, ] 1 (1-ky)t+d,
- e + + + o, + - e ,
(ky = 1) (ky = 1)g, e r+l-k| (k-1 * r+l-k] (k-1) (91)
D; (0) = DZ)
B.6,
. k,
a _ 1 a6, a, 0,nr B
o1 _ Py —(k, —1)D,.
¢ o |7 r+1-k (r+1—k1)(r+1—k2)]+(p1 (e =1)D,
B, 6,17
(r+l1-k)(r+1-k,)
e 1
It can be seen from (76)-(79) that in the case of emergency B, -E = 2_(/,1 Gr-1+ Eﬁlel (1+7)=0.
intergovernment cooperation, the optimal effort of provincial (92)
and local governments no longer involves the proportion of . o 1 8,0,
disaster losses, while other influencing factors are related to the E" -E = 20, (1-1)o; + ok +1 20

spontaneous governance model and the superior leadership.
The pattern remains the same, where it can be observed that the
degree of effort has increased compared with the dominant loss
and this model is proven better. O

4. Comparative Analysis of the
Equilibrium Results

In the following section, the equilibrium results, natural gas
energy shortages, and disaster losses are compared under the
proposed three models to analyze which method is more
conducive to emergency construction investment, emer-
gency response efficiency improvement, and urban natural
gas energy shortage disaster losses reduction.

4.1. Comparative Analysis of the Optimal Effort

Proposition 4. (1) The optimal emergency effort level of the
local government E} < E;™ < E[™; (2) the optimal emergency
effort level of natural gas supply chain enterprises
E; = E;** <EJ*; (3) the optimal emergency effort level of the
provincial ~ government to  the local  government
E; = EJ* <E;™; (4) the optimal degree of emergency re-
sponse efforts of the provincial government to the local gov-
ernment E; = E* = E*; (5) the optimal funding ratios
M =E —EJ/E]" and ), = 1/3.

Proof

(1) According to formulas (11), (43), and (76), since
7> 1/3, the simplification results can be obtained as

Consequently, Ef < E;* <E™".
(2) According to (12), (44), and (77), it can be obtained

as
(02 + ) >0.

Consequently, E; = E;* <EJ*.

(3) According to Equations (13), (45), and (78), it can be
obtained as

1

1 B.6,
29,

(r—k,+1)

s

E]" —E; (93)

1-7)a6,

m) >0. (94)

sokok ok 1
E - E; o (1-Dy, +

(4) From formulas (14), (46), and (79), the provincial
government’s optimal emergency response level
E; = E;j* = E;™ to the local government is the same
under the three modes when the enterprise does not
bear the proportion of natural gas energy shortage
loss.

(5) According to Equations (11), (43), and (47), Equa-
tions (12), (44), and (48) are calculated and sim-
plified to obtain

*ok
El

-E
El**

B - B
E”

1

A LA, = (95)

This proposition shows that compared with spontaneous
governance models, the superior-led model for local gov-
ernments and enterprises can more effectively solve the
problem of urban natural gas shortages, reflecting the
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improvement of the efficiency of government-led emergency
decision-making. With the maximization of the efforts of
provincial and local governments, their coordination and
cooperation have minimized the shortage of natural gas
energy, indicating that intergovernmental cooperation is the
most effective mechanism for urban emergency response
and that effective cooperation between governments can
achieve economies of scale and obtain policy spillover
effects. O

. <1 _e(kl—l)t)ﬁl
J Pro=br= (ky - 1o,

[ D} (0) = D;" (0),

<1 —e(lfkl)t>oc1

B, - (kl - 1)‘P3

| Dl*** (0) _ Dl** (0)

Consequently, Dy >D;* > D™,
Similar principles also prove that

D;" - D; <0, D, - D," <0,
{ 2 2 { 2 2 (97)

D" (0) = D; (0), | D, (0) = D" (0).

Consequently, D; = D,* >D;*.

This proposition shows that compared with the spon-
taneous governance mode, the superior-led mode for local
governments and enterprises can more effectively solve the
problem of urban natural gas shortage, reflecting the im-
provement of the efficiency of government-led emergency
decision-making. With the maximum efforts of the pro-
vincial government and the local government, the collab-
orative cooperation can minimize the shortage of natural gas
energy, indicating that intergovernmental cooperation is the
most effective mechanism for urban emergency response

(1 -] +
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4.2. Comparative Analysis of the Emergency Shortage of
Natural Gas

Proposition 5. (1) Comparison of emergency natural gas
energy shortages by local governments D} > D"* > D **; (2)
comparison of emergency natural gas energy shortages by
enterprises Dy > D) ** > D",

Proof. According to (38), (75), and (92), it can be obtained
as

1 1
[z—(pl Gr=1)+5 46,0 +T)]] <0,

(96)

<1 —e(l—kl)f)ﬁl [ (1- T)oc191” <0

(ki = gy (r—Fk; +1)

and that effective cooperation between governments can
realize economies of scale and obtain the policy spill-over
effect. O

4.3. Comparative Analysis of Disaster Losses in Natural Gas
Shortage Cities

Proposition 6. There exist local government disaster losses
for any D, >0 and D, >0: Vi (D,,D,) >V " (D, D,); en-
terprise disaster loss comparison: V3 (D, D,) >V ,* (D,, D,);
and provincial government disaster losses:
V*(D,,D,)>V* (D, D,) > V"™ (D,, D,).

Proof. According to (34) and (37), the following results are
obtained:

* . 1
Vi (Dy,D,)-V," (D,,D,) ZF(PI [(1 - 7)o, +

+ (1 -D8,B,][0,(r -k, +1)] +

(1-1)6, ] [ 2B,nb,r ]

r—k +1

(r—k+1)(r-k,+1)

[(1 - 1)0, 0] [y (r — Ky + 1)] >0

re,(r—k +1)(r—k, +1)

(1-1)n6,

ro (r—ki+1)(r-ky+1)
(98)

* ok /3
V, (D, D,) =V, (D, D,) 22—;1 (

a1,

2B, 10,1 ]

r—kl+1)(r—k2+1)H2ﬁl(r—k1+1)(r—k2+1)

Tkt )(r -k, + Do,

a, 10,1
[(r—k1+1)(r—k2+l)]20'
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The application of similar principles can prove
Vi(D,,D,) >V} * (D,,D,) and
V*(D,,D,)>V**(D,,D,)>V*** (D,,D,).

Proposition 7 shows that the superior-led model for
provincial governments and local governments is superior
to the spontaneous governance model in reducing urban
disaster losses and that the Stalberg game is superior to the
Nash noncooperative game. From the overall perspective,
the intergovernment coordination and cooperation model
is the best choice for the governance model if a reasonable
urban disaster loss bearing plan can be formulated.

In the emergency response spontaneous road model of
natural gas shortage, the main characteristics of the local
government and enterprises are obvious and the enthu-
siasm for infrastructure construction and disaster emer-
gency management in the region is high, but there is
almost no emergency linkage. Under the superior mode,
the intervention of the provincial government has opti-
mized the allocation of resources and considerably im-
proved the efficiency of departmental emergency
decision-making. Comparative analysis has found that the
intergovernment coordination model is the best choice for
urban emergency response, which improves emergency
response efficiency and is a continuous process that
maximizes both the integration of the advantages of
various decision-making entities and the decision-making
efficiency. O

5. Emergency Decision Simulation

Based on existing studies and similar studies, as well as the
actual scenario of energy emergency and the model given in
literature [21, 22], model parameters are selected as follows
to study the optimal effort level, natural gas energy emer-
gency shortage, and urban disaster loss under the three
modes. Suppose we select ¢, =7, ¢, =5, ¢; =8, ¢, =8,
a, =5 a,=4, ;=4 B,=3 k =08, k, =0.6, n=0.2,
U =4=30=20,=10,=2,0,=1, A=60, B =60,
7=10.6, and r = 0.05.

5.1. Comparative Analysis of Emergency Effort. We introduce
these parameters and calculate the degree of emergency
effort as

E] =1.945E; = 1.095,E; = 3.28,E, = 1.49
E™ =2.92,E," = 1.64,E;" =3.28,E," = 1.49 (99)
E™ =4.81,E,” =1.095E," =532,E,” = 1.49.

In the spontaneous governance model, the provincial
government, local government, and enterprises present the
lowest emergency response efforts. During the emergency
response process led by the superior, the efforts of the
provincial government have not changed, which is consis-
tent with the results of the spontaneous governance model
and the emergency efforts of local governments and en-
terprises. In the collaborative cooperation model, the
emergency efforts of the local government have reached the
highest level, while those of the enterprises have declined,
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returning to the level of the spontaneous governance model,
which lacks incentives and subsidies, and the enterprise’s
efforts have declined. Provincial governments have reached
the highest level of efforts to local governments, while the
level of efforts to enterprises has not changed and remains
consistent.

5.2. Comparative Analysis of Emergency Shortage of Urban
Natural Gas Energy. In the spontaneous governance model,
the emergency shortage of natural gas energy of the local
government is Dj (t) = —118.11 + 178.135¢™ %, while that
of the enterprise is Dj(t) = —41.497 + 178.135¢” "+
89.06e%¥; in the emergency superior-led model, the
emergency shortage of natural gas energy of the local
government is D;* (f) = —146.81 + 206.78¢” %%, while that
of the enterprise is D;* () =-53.71 + 103.39¢ %
+92.113¢”%¥; and under the emergency coordination and
cooperation, the emergency shortage of natural gas energy of
the local government is D;** (t) = —=179.12 + 239.11e” %,
while that of the enterprise is D,™ (t) = -37.56+
119.56e %% + 118.2¢™ .

The change trend of emergency natural gas energy
shortages of local governments and enterprises over time is
shown in Figures 1 and 2. Under the three models, natural
gas energy shortages decrease over time, the decline rate of
the spontaneous governance model is slower than that of the
superior-led model, and that of the superior-led model is less
than that of the collaborative cooperation model. This result
is consistent with the calculated result, indicating that the
collaborative cooperation model is the most effective one in
the case of energy shortage in the city.

5.3. Comparative Analysis of Disaster Losses. In the urban
emergency spontaneous governance model, the minimum
disaster loss of the local government is Figure 3, disaster loss
of the enterprise is Vi = 1479.15 — 570.1e” %% and that of the
provincial government is V; = 1340.32 - 855.03¢ %
—395.82¢” %4 In the urban emergency superior-led model,
the minimum disaster loss of the local government is
V3 =885.61 — 387.94¢ %% - 197.91e™*#, that of the in-
dustry is V* = 921.78 - 661.7¢"**, and that of the pro-
vincial ~ government is  V;* =1189.7 — 457.9¢ %%
—204.7¢” %4, Meanwhile, the total loss under the sponta-
neous governance model is V* =2253.2-1813¢ %%
-593.3¢” %4, that under the superior-dominated model is
V™ = 1128.6 — 3152.2¢” %% — 614.1e~**, and that under the
collaborative  cooperation model is V™ =140.86
~1307.13¢” %% - 262.67¢” **.

Under the three models, the disaster losses of provincial
governments, local governments, and enterprises are shown
in Figures 3-6, where it can be observed that the losses under
the superior leadership model are lower than those under the
spontaneous governance model and those under the col-
laborative cooperation model are lower than those under the
superior leadership model. The same is true for total losses.
The results are also consistent with Proposition 3 to
Proposition 6.



Mathematical Problems in Engineering

100 T T T T T T T T T

50

-50

Energy shortage

-100 |

-150
0

— DI*
- DI1**

FIGURE 1: Volume of local government emergency natural gas.

6. Policy Recommendations

It can be found through the above analysis that first of all,
under the three emergency modes, the degree of effort has a
negative relationship with the cost coefficient and the dis-
count rate. The stronger the government’s ability to influ-
ence and execute is, the more efforts should be invested to
urban disaster emergency response; second, the emergency
effort level of the local government reaches the highest under
the intergovernmental collaborative governance model,
followed by that under the superior-led model and the
lowest under the spontaneous governance model; that of
enterprises reaches the highest under superior-led model
and spontaneous governance model, which is consistent
with the results under the intergovernment coordination
model; and that of the provincial government reaches the
highest under the intergovernment coordination model;
third, from the perspective of emergency natural gas energy
shortages, the intergovernment coordination and coopera-
tion model is superior to the spontaneous governance model
and superior-led model in terms of achieving Pareto opti-
mum of the system; fourth, emergency response efforts of
enterprises are optimal under the superior-led model where
government subsidies play a major incentive role, and
government special subsidies can effectively inspire local
governments and enterprises to make more emergency ef-
forts and reduce urban losses.

According to the hereby drawn conclusion, the emer-
gency decision-making of urban natural gas energy shortage
emphasizes the characteristics of coordination, linkage, and
information sharing, especially under the construction of
ecological civilization cities, and promoting the emergency
construction of natural gas energy shortage is provided with
strong practical significance. Emergency measures should be
formulated scientifically based on the influence, execution,
and supervision capabilities of governments at all levels and
the actual situation of local cities. (1) After the occurrence of
urban natural gas energy shortage, provincial governments
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FIGURE 2: Volume of enterprises emergency natural gas shortage.
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should timely organize and coordinate local governments
and natural gas emergency enterprises to participate in
emergency response as soon as possible, focus on coordi-
nation, and give full play to emergency response efforts,
while local governments and emergency enterprises should
be strictly prohibited for the independent spontaneous
management emergency mode. (2) In the case of a huge
regional or interprovincial shortage of natural gas energy,
the central government should also play its organizational
and coordination roles, and exert maximum emergency
efforts to minimize the shortage of natural gas energy under
the coordination and command of the central government.
(3) The local government is supposed to establish special
emergency funds to subsidize the natural gas enterprises and
other enterprises involved in emergency response, so as to
give full play to the enthusiasm and maximum efforts of
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enterprises in emergency response and reduce the loss of
urban emergency disasters. (4) The local government should
also improve the utilization rate of emergency funds and
reduce the cost coefficient of emergency process. The above
conclusion shows that under the three emergency modes,
the degree of emergency effort is negatively related to the
cost coefficient and the discount rate. The government
optimizes the use of emergency funds, rationally allocates
resources with modern means, and reduces the emergency
cost. Emergency enterprises can make full use of the fi-
nancial subsidies from the government to maximize their
efforts. (5) The government should make reasonable plans
for the disaster relief materials, funds, and information that
cities can use for emergency response to ensure the orderly
mobilization of resources and low-cost requirements. The
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emergency information center should be constructed to
ensure the information compatibility and mutual sharing of
different departments, thereby achieving rapid response and
optimal resource scheduling. (6) Reasonable subsidy
mechanism and sharing mechanism should be established.
Strengthening emergency subsidies to enterprises and other
nongovernmental organizations is conducive to the re-
duction of disaster losses and disaster relief. To this end, it is
advisable to increase emergency investment, adjust fiscal
mechanisms, set up special emergency funds, establish and
improve emergency social insurance and social assistance,
strengthen the depth, breadth, and intensity of exchanges
and cooperation between governments and enterprises us-
ing the intelligent information technology, and deal with
urban disaster losses properly. (7) Measures should also be
taken to improve the government’s capacity for influence
and enforcement, train professional emergency manage-
ment personnel, enhance the theoretical knowledge of
management and the practical ability, and publicize basic
knowledge of emergency response, basic knowledge of
emergency response, and psychological counseling to reduce
psychological panic among the masses.

7. Conclusion

The shortage emergency response of urban natural gas energy
is a dynamic and complex process. In this paper, urban
natural gas energy shortages are studied in the process of the
provincial government, local government, and gas emergency
enterprise cooperation strategies using the differential game
theory, and a tripartite game model is constructed based on
the HJB equation obtained by the spontaneous governance
model and superior dominant situation of the optimal effort
level, gas loss to the energy shortage, and the largest city. It is
found that the efforts of the government and natural gas
emergency enterprises are positively correlated with their
emergency impact degree, effort impact degree, and natural
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gas energy attenuation coefficient but are negatively corre-
lated with their emergency cost coefficient and discount rate.
From the perspective of emergency shortage and total loss of
cities, the intergovernment cooperation mode is the best
emergency management mode. At the same time, the gov-
ernment implements subsidy incentive measures for non-
governmental organizations involved in emergency response,
with one-third of the optimal subsidy proportion, which can
stimulate their enthusiasm and improve the level of emer-
gency response efforts, thereby reducing urban disaster losses.
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