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Abstract

The global energy structure is on a low-carbon transition path featuring more natural gas consumption, and global
natural gas demand has been increasing fast. Planning and operation of a natural gas supply system at a transient
stage with multiple supply sources, end-consumers, and large infrastructure with multiple sub-systems are challenging
tasks. Spatial and seasonal mismatch of natural gas supply and demand makes the natural gas distribution and
infrastructure construction planning problem even more complex. Without proper planning, insufficient construction
could lead to a shortage of natural gas supply, whilst excessive construction could lead to a higher cost. Quantitative
analysis technologies are needed to facilitate decision-making during the transient stage of a natural gas system. In this
work, we propose a monthly-scale multi-period and multi-regional modelling and optimization framework for planning
and operation of a natural gas supply system at a transient stage, with a case study of the natural gas supply system in
China. The optimal planning and operation strategy of the natural gas supply system in China by 2050 is obtained by
minimizing the lifespan overall cost. Gaps between actual planning and the optimal planning are pointed out. Finally,
policy suggestions are summarized, including establishing market-oriented pricing mechanisms, managing
infrastructure centrally, promoting coordination amongst provinces when formulating projections, accelerating current

infrastructure construction, and predicting natural gas demand and prices reasonably.
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Background

In recent years, global natural gas consumption has
grown rapidly, and the share of natural gas in primary
energy consumption has reached a historical high level
of 23.4%. In 2017, global natural gas consumption in-
creased by 3 %, higher than the overall energy con-
sumption growth rate of 2.2%. The increase is mainly
from China, the Middle East and Europe, accounting
for 15.1, 13.6, and 12.7%, respectively [1].

Natural gas supply highly depends on specialized and
high-cost infrastructure, including pipeline networks, li-
quid natural gas (LNG) ports, and storage facilities.
Spatial mismatch between natural gas resources and nat-
ural gas demand requires a large amount of infrastruc-
ture. In 2017, international natural gas trade reached
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1134 billion cubic meters (bcm), accounting for 31% of
global natural gas consumption, of which 740.7 and
393.4 bem were transmitted through pipelines and LNG
ports, respectively [1].

The rapid growth of natural gas consumption is
the inherent demand and external performance of
low carbon transition. The low carbon transition re-
quires more natural gas infrastructure, and infra-
structure costs are a major part of the cost of
natural gas supply systems. If infrastructure costs are
too high, the low-carbon transition would slow
down, break off or even reverse. Therefore, develop-
ing an appropriate planning framework to obtain the
optimal planning, which is a timetable of the infra-
structure expansion, by minimizing the overall cost
would facilitate the transition.

Modelling and optimization of a natural gas supply
system at a transient stage is a challenging work. The
variety of space and time would greatly increase the
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uncertainty of a system, including multiple supply
sources, end-users, subsystems, transmission and pro-
cessing technologies. In addition, economic perform-
ance of technologies should also be considered.

Modelling and optimization of an energy supply sys-
tem to solve spatial mismatch of energy supply and
demand have been studied in many researches. A
spatial heating model in Denmark was established to
compare the energy supply cost between individual
natural gas supply and district heating supply [2]. A
spatial model with multiple energy supply and end-use
technologies in UK was developed aiming at identify-
ing a low-carbon transition pathway [3]. Shan et al. [4]
assessed the reliability of a heating system by develop-
ing a heating distribution network model. Geothermal
energy resource, georeferenced data of buildings and
road networks were integrated into a district heating
model, and optimal infrastructure construction plan
was obtained by minimizing the construction cost [5].
Pan et al. [6] established a dynamic model of China’s
oil supply chain and simulated oil distribution to
evaluate the energy security. Geographic Information
System was applied to develop an urban energy system
model and plan sustainable energy systems in cities
[7]. Spatially modelling were widely applied in other
energy systems, including power grid [8], power gener-
ation capacity [9] and considering carbon policy [10],
distributed energy systems [11], bioenergy [12] and
hydrogen [13].

Spatial modelling is also applied in researches on
natural gas supply systems. Roger [14] reviewed and
summarized modelling methods of natural gas pipe-
line components and optimization researches on nat-
ural gas gathering, transmission and distribution
models. Dejan [15] developed a spatial natural gas
distribution networks model based on improved
Hardy Cross method [16]. Halit [17] established a
nonlinear optimization model to obtain the optimal
construction plan by minimizing investment and op-
eration costs. Dieckhoner et al. [18] and Chaudry et
al. [19] developed a pipeline network model and ob-
tained an expansion plan to address increasing de-
mand of natural gas based on existing infrastructure.
An interconnected natural gas and electrical transmission
model was developed for the natural gas system in Illinois,
considering spatiotemporal changes in energy demand
[20]. The supply reliability of pipeline networks was de-
fined and assessed based on the infrastructure modelling
[21], and applied in city [22] and country [23] level. Zhang
et al. [24] established a multi-regional natural gas distribu-
tion model of China, and optimized gas flow and infra-
structure deployment by minimizing the total supply cost.

However, previous studies focus mainly on spatial
scales, whilst large disparities over space and time are
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still not well studied in natural gas supply systems, espe-
cially in a transient stage. Besides spatial mismatch,
hourly, monthly and yearly changes on both supply and
demand sides make the energy supply even more chal-
lenging. Yearly natural gas demand increases fast.
Monthly demand fluctuates greatly because of significant
heating demand in cold months, which is usually
neglected in existing studies. Natural gas storage facil-
ities play an important role to deal with seasonal fluctua-
tions. Therefore, a natural gas supply system can be
extremely complex in a large area and during a long
period, because of spatial and seasonal mismatches be-
tween supply and demand.

The aforementioned problems with planning of a nat-
ural gas system are happening in China, and they could
become increasingly more severe if not properly ad-
dressed. China is a large natural gas consumer, account-
ing for 5.9% of the world’s natural gas consumption [25].
Natural gas has been identified as a transition energy
from fossil fuels to renewable energy in China [26]. Nat-
ural gas consumption has increased by 57% from 2012
to 2017 [27]. In 2017, China’s natural gas consumption
exceeded 237 bcm, ranking the third in with world [28].

China’s natural gas demand is projected to keep the
fast increasing momentum in the future. According to
the 13th-five-year plan in China, natural gas demand is
projected to further increase and account for 10 % of
total energy demand by 2020 [29]. Many studies have
also attempted to predict future China’s natural gas de-
mand. Li et al. [30] developed a system dynamics model
to forecast natural demand in China. Self-adapting Grey
models [31], nonlinear Grey models [32] and Bayesian
Model Averaging [33] were also applied to forecast nat-
ural gas demand. Shaikh and Ji [34] compared forecast
results of different studies, and most researches indi-
cated that China’s natural gas demand would vary be-
tween 350 and 400 bcm by 2020.

The spatial mismatch of natural gas production
and demand are significant in China [27], as shown
in Figs. 1 and 2. A large number of cross-provincial
pipeline networks and import facilities have been
constructed and operated by three firms, namely
Sinopec [35], CNPC [36] and CNOOC [37], as
shown in Fig. 3. In the meanwhile, nation-wide sea-
sonal fluctuations of natural gas demand are signifi-
cant. Seasonal fluctuations in different regions are
rather different, which make the management of
China’s natural gas supply system more complicated.

In this paper, a monthly-scale multi-period and multi-
regional modelling and optimization framework of a nat-
ural gas supply system at a transient stage is proposed.
The natural gas supply system in China is applied as a
case study, which exhibits the aforementioned features
of complexity in terms of its rapid increase in demand,
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Fig. 1 Natural gas production by province in 2016
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Fig. 2 Natural gas consumption by province in 2016
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Fig. 3 China’s cross-provincial natural gas pipeline network and LNG port in 2017
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Fig. 4 Framework of a natural gas supply system
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rapid construction of infrastructure, and large disparities
over space and time. The optimal distribution strategy
and the optimal infrastructure planning by 2050 is ob-
tained by minimizing the overall cost.

The space and time scale of modelling research is im-
proved in this study, which describes natural gas trans-
mission among 30 regions, balance of supply and
demand in each month, and infrastructure expansion in
a long period.

This paper is organized as follows. In Section two,
the methodology is illustrated. In Section three,
China’s natural gas supply system is introduced as a
case study. In Section four, results are analyzed, and
policy suggestions are discussed. In Section five,
main conclusions are summarized.

Methods

Generic framework of natural gas supply systems

A generic framework of natural gas supply systems with
multi-regions and multi-periods comprises five parts,
namely domestic production, import, transmission, stor-
age and demand part, as shown in Fig. 4.

In the domestic production part, natural gas resources
and production capacity are different regionally. Simi-
larly, the import capacity is different regionally depend-
ing on the import infrastructure, including pipelines and
LNG ports. Natural gas transmission has four options,
namely pipelines, LNG ports, trucks and no transmis-
sion. The transmission cost is different using these tech-
nologies. The storage capacity, depending on storage
facilities, serves the purpose of managing monthly fluc-
tuations of natural gas demand and holding safety
threshold above a certain level to deal with unexpected
and unpredictable risks. In the demand section, yearly
natural gas demand and monthly fluctuations are differ-
ent regionally.

Mathematical model

The Mix Integer Programming (MIP) method is applied
to represent a natural gas supply system. Generic ex-
pression of a MIP problem is shown in Eq. 1, where x,
d, y, 0 represents a vector of continuous operational
variables, continuous design variables, binary design var-
iables and input parameters respectively. Function f, A,
g represents objective function, equality and inequality
constraints respectively.

min f(x,d.,y, 0)
s.t. h(x,d,0) =0, (1)
g(x.d,y 0)<0

In this model, monthly natural gas production, import,
transmission and storage in each region are operational
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variables. Expansions of natural gas pipelines, ports and
storage facilities year by year are design variables. Re-
sources, geographic location, costs, prices, monthly de-
mand, yearly production capacity and natural gas
infrastructure in the base year are input parameters.

Balance between supply and demand in each re-
gion, storage balance amongst periods, and infra-
structure development year by year mainly make up
equality constrains. Inequality constraints generally
result from resources, infrastructure limitation and
geographic restrictions. The objective function is the
overall cost of a natural gas supply system in a long
period. Those variables can be obtained by minimiz-
ing the objective function.

The detailed is showed below. The following Eq. 2—
22 make up a MIP problem. The MIP problem is
solved on the platform of General Algebraic Modeling
System (GAMS) [38]. The CPLEX solver is used to
solve the problem. The notation is listed in the Ab-
breviations Part.

Domestic production and import

Domestic production and net import make up total
natural gas supply. The model assumes insufficient
domestic natural gas production and sufficient inter-
national natural gas supply. Therefore, monthly and
overall natural gas production, marked as pro,,,, and
pro, , are constrained by production capacity
PR,,,4s,,c and resources RE, where rt,m represent re-
gion, year and month respectively, as shown in Eqgs. 2
and 3. Natural gas import i,,,, is constrained by im-
port capacity Ias.e as shown in Eq. 4. Considering
that natural gas production is relatively stable, a par-
ameter A is set to represent the maximum gap be-
tween natural gas production and monthly average
production, as shown in Eq. 5.

Z Pro, ;  <PR gy r s (2)

Zpro” <RE, (3)
t

ir,t,m <I mzzx.r,t,‘/]-2 (4)

(Z pror,t‘m/12>

x (1-A) SPro,; ;< (Z pro,’t7m/12>
X (1+A) (5)

Transmission
Natural gas transmission greatly relies on the specialized
infrastructure. Pipeline networks are main methods to
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transmit natural gas in a long distance. In this model,
only transmission amongst regions are considered,
whilst transmission within a region is neglected. Due to
the fact that the amount of natural gas transmitted via
other means, truck for instance, is negligible compared
with pipeline transmission, other transmission ways are
neglected in this study.

Natural gas can only be transmitted between two adja-
cent regions, and the transmission quantity ,,,,,,, cannot
exceed the upper bound constrained by infrastructure
T s, s shown in Eq. 6. A binary variable yt,,, is in-
troduced to represent geographic constraints, where yt,,,
equals to zero representing two regions are not adjacent,
as shown in Eq. 7.

tr,rr,tﬁm <T rmzxm,rr,t/l2 (6)

-L; x yt,’,,st,,mt’msLl X Yty

(7)

(ytr,rr—l) X Ll Stnrr,t,m

Storage

Natural gas storage facilities play an important role
in meeting peak demand. Natural gas storage is con-
strained with capacity and period, where storage
quantity s,., cannot exceed its maximum capacity
Smax,r, @s shown in Eq. 8, and ending stock of this
period sl,,,,-1, equals the beginning of the next
period s0,,,, as shown in Eq. 9.

sr,t,m SS max.,r.t (8)

sor.t,m = SIr,t,m—l (9)

Balance of supply and demand

This work takes a monthly scale to reflect seasonal fluc-
tuations of natural gas demand. In each region and in
each month, total supply equals total demand. Total
supply comprises of domestic production, net import,
net transmission from other regions and net storage re-
duction, as shown in Eq. 10.

D"vt-,m = pror,t,m + i"ytﬁm
+ § (trr,r‘,t,m_tr,rr,t,m)_er,t,m

rr
+ sor,t.m_SIr,t,m (10)
Monthly natural gas demand in all regions are in-
put parameters in this model. Monthly fluctuations
of demand are different in end-users, namely heat-
ing, power generation and other industry demand.
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Regional fluctuations can be obtained according to
the proportion of natural gas demand in end-users.

Infrastructure expansion

Along with the increase of the natural gas demand,
more pipelines, LNG ports and storage facilities
would be constructed. The increasing infrastructure
would promote the supply capacity of natural gas.
Expansions of natural gas storage facilities are con-
tinuous design variables, shown in Eq. 11, whilst ex-
pansions of pipelines and ports are discontinuous
variables. The new capacity is an integer multiple of
the standard capacity, marked as N7y and NI,. Bin-
ary design variables ymt, ,..,yni,.; are applied to
describe it, as shown in Eqs. 12 and 13.

The infrastructure expansion also has geographical
constraints. New pipelines can only be constructed
between two adjacent regions, and new LNG ports
can only be constructed in coastal regions. A binary
variable yi, is introduced to represent whether a re-
gion is coastal or not, as shown in Eqs. 14 and 15.

t
S max,r.t — S max.,r,t0 + ZNSr,t

(11)
t=iy
t 5
tr,rr,t.mg (T max.rrrt0 + Z ZNTO X (yntr,rr,t,i X 251)> /12
t=tp i=1
(12)
t 5 .
ir,t‘m < <I max,r.t0 + Z ZNTO X (J’"inti X 2’1)) /12
t=ty i=1
(13)

5
Ly X yt,,,< Y NTq x (ynt””)i x 2"*‘) <L,
i=1 5
Xyt, s (yt,",,—l) x Ly< Y NT,
i=1

X (yntr,rr,t,i X 2i71>

(14)
5 .
~Ls x yi,< Y NI x (yni,_” X 2"‘) <Lz X yi,
i=1
5 .
(yi,-1) x Ly< 3 NI x (yni,vtﬁi X 21-1)
i=1
(15)

Objective function

The optimization objective is the overall supply cost of a
natural gas supply system at a transient period. The
overall cost is aggregated from annual costs using a dis-
count rate, as shown in Eq. 16. Annual costs comprise
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of domestic production costs, import costs, transmission
costs, storage costs, and infrastructure construction
costs, as shown in Eq. 17.

Domestic production costs are calculated by multi-
plying the wellhead price by the natural gas output,
as shown in Eq. 18. Import costs consist of import
prices, tax and gasification costs, as shown in Eq. 19.
Equation 20 shows that transmission costs equal to
transmission prices multiplied by transmission quan-
tity. Storage costs are regarded as depreciation, which
equals to the value of storage quantity multiplied by
the discount rate, as shown in Eq. 21. Equation 22
shows the infrastructure expansion costs.

c=> ¢ *(1-DR)"" (16)

C = Z <Cpr7t,m + Cir,t,m + Z Ctr,rr,t,m + Csr,t,m)

r.m rr

E CCy
r

(17)
Prtm = Ppr,t,m *Pr0y ¢t (18)
Cirem = irem * (Plyem + PGrem) * (1+ Tax) (19)
Ctr.rr,t,m = tr,rr,t,m * PTr,rr.t,m (20)
CSryrrit,m = SIr,t,m * Pr,t‘m * DR/12 (21)
cc; = NS, x PNS; + NI, x (ym',,t,i x 2”-1)
x PNI,.; + NT¢ x (ynt,mi x 2“)
X PNT, s (22)

In this work, the objective function only considers
the costs in supply chains. It is expected to reflect
the result of market competition considering policy
situation, where China’s natural gas market is
reforming in a more competitive direction, with more
suppliers and centralized management of pipelines.
The lowest cost in supply chains is equivalent to the
market equilibrium state. Otherwise, if there is a
strategy that makes the cost lower, then there must
be players in the market who adopt this strategy to
gain benefits by reducing the cost. Social costs and
the cost associated with shortage of supply exist in-
deed, but they are not reflected in current market
mechanisms, which means the cost would not affect
the NG transportation. Therefore, only the costs in
supply chains are considered to reflect the result of
market competition.
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Uncertainty analysis
This model is developed to find out the optimal infra-
structure expansion plan and natural gas distribution
strategy by minimizing the overall cost. Because of that,
main uncertainties of the model derive from the gap be-
tween demand and supply, costs in the supply chain,
and the discount rate. In this study, this methodology is
applied in China’s natural gas supply system, where do-
mestic natural gas is insufficient and has lower prices
than import natural gas. Therefore, demand forecast,
transmission cost, import cost and the discount rate are
main parameters that would affect the result greatly.
The uncertainty analysis of the model is performed by
increasing or decreasing these main parameters by 5%.
Some indicators are selected to show the impact on the
results, which are the overall cost, cumulative invest-
ment on pipelines, cumulative new LNG import cap-
acity, and cumulative storage capacity. These four
indicators reflect the impact on the overall cost, pipeline
expansion plan, LNG port expansion plan and storage
capacity expansion plan. The result is listed in Table 1.
Results show that demand forecast has more impacts
than the other parameters. Higher demand forecast
would lead to further infrastructure expansion and more
natural gas transmission.

Case study
The methodology developed above is applied to model
and optimize the natural gas supply system in China.

Regions and periods set

There are 30 regions in the model representing 30 out of
the total 34 provinces of China, as shown in Fig. 5, where
Hong Kong, Macao, Taiwan and Tibet are not included
due to data availability issues. The time resolution is at a
monthly scale. The planning period is from 2015 to 2050.

China’s natural gas supply system

The natural gas supply system in this model consists of
import facilities, cross-provincial transmission pipelines
and storage facilities, whilst transmission pipelines inside
a province are neglected.

Import facilities

China’s natural gas import has been increasing fast in re-
cent years, and the external dependent degree has exceed
40%. Natural gas import facilities in China comprise of
pipelines and LNG ports.

Import pipeline facilities locate in Northwest and South-
west China, importing natural gas from Central Asia and
Myanmar, respectively. Import facilities from Central Asia
consist of three pipelines with a total import capability of
55 bcm as of the end of 2017, importing natural gas from
Turkmenistan, Uzbekistan, and Kazakhstan. Another
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Table 1 results of the uncertainty analysis
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Change of indicators /% Demand forecast Transmission cost Import cost Discount rate
+5 -5 +5 -5 +5 -5 +5 -5
The overall cost 6.0 -58 0.6 -0.6 2.7 =27 -39 4.0
Cumulative investment on pipelines -24 4.8 10.1 4.7 43 44 =31 34
Cumulative new LNG import capacity 1.3 -139 25 -13 25 13 -13 0
Cumulative storage capacity 1.9 -9.6 04 -8.1 =31 =31 -56 3.1

pipeline importing natural gas from Russia is under con-
struction and is expected to be in operation in 2020. The
fourth pipeline from Central Asia is listed in 13th-five-year
plan and expected to be completed before 2020. Details are
shown in Additional file 1.

LNG ports locate in all coastal provinces in China,
and the annual import capability has reached 75 bcm by
the end of 2017. Details are shown in Additional file 2.

Cross-provincial natural gas pipelines in China
The spatial mismatch of natural gas supply and de-
mand in China requires complex pipeline networks,

especially high-pressure cross-provincial pipelines.
Total mileage of cross-provincial natural gas pipe-
lines in China has reached 64,000 km in 2015, and it
is expected to exceed 104,000 km in 2020 [29]. De-
tails of pipelines are shown in Additional file 3.

Natural gas storage facilities in China

The storage capability in operation only accounts for 3
% of total natural gas consumption in China, which
means the peaking capability is insufficient and the tem-
poral fluctuations of demand have a significant impact
on operation of the pipeline system. Underground gas

Fig. 5 Regions set in the model

*The map is openly and freely accessed from the National Platform for Common Geospatial Information Services
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storage is the main storage facilities, located in eight
provinces of China. Total storage capability in operation
is 7 bcm by the year of 2017. Details are shown in Add-
itional file 4.

Current policies on natural gas transmission and pricing
The long-distance natural gas transmission in China is now
mainly operated by three companies mentioned before.
The transmission fee of each pipeline is fixed, which is
audited, regulated and disclosed by the central government.

The natural gas pricing mechanism is half market-
oriented depending on the natural gas resource. The pri-
cing of LNG is fully market-oriented, and the pricing of
natural gas transmitted by pipelines is mainly government-
oriented. A series of urban gate station prices transmitted
by pipelines in each provinces are set by central govern-
ment, and the prices could float up a certain percent during
high demand seasons.

Data

In this study, future natural gas production capacity is
estimated according to the China’s 13th-five-year energy
plan. Future demand set mainly comes from the China’s
13th-five-year energy plan with modifications according
to other researches mentioned before.

The import, transmission, storage capacity and trans-
mission prices are gathered from three national oil and
natural gas companies, China National Petroleum Corp
(CNPC) [36], China Petroleum & Chemical Corporation
(Sinopec) [35] and China National Offshore Oil Corpor-
ation (CNOOC) [37]. The historical production and de-
mand in each province are obtained from China Energy
Statistical Yearbook [27]. The well prices and sale prices
of natural gas are gathered from National Development
and Reform Commission, as shown in Additional file 5.

Scenarios settings

Three groups of scenarios are set for comparison pur-
poses, namely historical scenarios, short-term scenarios
and long-term scenarios.

Historical scenarios

Historical scenarios include the simulation scenario and
the optimization scenario with the purpose of indicating
the difference between actual and the optimal strategies
from 2015 to 2017. In the simulation scenario, actual
historical data are collected and put into the model, in-
cluding provincial and monthly production, import and
consumption data. Simulation results can show the op-
eration status of the supply system. In the optimization
scenario, the total supply cost is minimized to obtain the
optimal natural gas distribution strategy. The optimal
strategy would indicate the optimal selection of locations
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and quantities for natural gas import and also how to
distribute natural gas to all regions.

Short-term scenarios
Short-term scenarios use the China’s infrastructure formula-
tion as input to optimize the operation of the natural gas
supply system under different demand forecasts up to 2020.
Short-term scenarios are designed to study whether existing
infrastructure plans match natural gas demand expectations.
The natural gas demand forecast in short-term scenar-
ios are generated based on projections of China and
each province. It should be pointed out that there is a
gap between the China’s projection to the overall natural
gas demand in 2020 and the summation of projections

Table 2 Natural gas demand in each province (bcm)

Scenario  All The 13th-five-year plan ~ S385 L3 L3
Year 2015 2020 2020 2035 2050
bj 147 190 190 2094 2077
] 6.4 11.6 11.6 2244 245.2
he 7.3 27.3 273 559.2 646.7
SX 6.5 16.0 16.0 3356 369.2
nm 39 80 80 1946 2522
In 55 16.8 13.0 2509 283.6
jl 2.1 6.0 4.7 985 150.6
hl 36 93 6.9 1546 2338
sh 7.7 12.5 125 2452 2153
js 16.5 350 350 609.3 726.0
7j 80 183 183 3831 4221
ah 35 70 7.0 203.1 209.7
fj 45 92 9.2 199.6 167.6
jx 18 6.5 73 1670 1352
sd 82 250 250 514.0 5519
ha 79 16.7 16.7 352.1 402.0
hb 4.0 1.3 6.0 179.5 171.0
hn 2.7 85 38 157.1 196.9
gd 14.5 338 338 4386 5103
gx 038 73 73 1150 893
hi 4.6 6.1 6.1 62.1 51.1
cq 88 124 124 3936 4219
sC 17.1 280 280 6206 6427
gz 1.3 49 1.1 94.6 1553
yn 0.6 36 09 50.8 1196
sn 83 1.6 116 3508 4749
gs 26 3.7 3.7 169.6 179.2
gh 44 7.1 7.1 86.5 65.6
nx 2.1 30 30 832 93.2
Xj 14.6 224 224 2789 305.8
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Table 3 National natural gas forecasts in short-term scenarios
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Table 4 National natural gas forecasts in long-term scenarios

(bcm) (bcm)

Note S385 (Basic) S360 S340 S330 Natural gas demand L1 L2 L3 (Basic) L4

Demand in 2020 385 360 340 330 2020 313 327 342 354
2035 603 691 778 864
2050 667 765 870 965

of all provinces, 370 bcm and 408 bcm, respectively. In
our study, we take an average projection of 385 bcm as
the basic scenario modified from province projections,
as shown in Table 2.

The basic short-term scenario with a 385 bcm demand
forecast is marked as S385. Three comparison scenarios
with different demand forecasts are set to indicate the
impact on operation strategy, as shown in Table 3. Then
the optimal operation strategy of China’s natural gas sys-
tem can be obtained by minimizing the total supply cost.

Long-term scenarios

Long-term scenarios are set to obtain the optimal
planning of infrastructure expansions as well as nat-
ural gas distribution strategies from 2015 to 2050.

According to the uncertainty analysis, demand fore-
cast has great effects on the result. In this case study,
natural gas transmission cost is regulated by the gov-
ernment, and it is considered constant for a long
time. Therefore, scenarios are set, marked as L1-4,
based on different demand forecast in long-term sce-
narios, as shown in Table 4.

Natural gas demand forecast in basic scenario L3 is set
according to China’s projection that natural gas demand
accounts for 15% in 2030. The demand in 2030 is esti-
mated to be around 750 bcm. The provincial demand
decomposition is shown in Table 2.
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50-75%
75-95%
=95%

Fig. 6 Usage rate of pipelines and ports in Dec 2017
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Results

Simulation of the natural gas shortage in 2017

In the historical simulation scenario, results present oper-
ation status of China’s natural gas supply system from 2015
to 2017. Figure 6 shows the usage rate of natural gas infra-
structure in Dec 2017, when a natural gas shortage occurred
in China. It indicates that the infrastructure utilization
reaches its upper bound in North China. All LNG ports are
running at the highest load or even overloaded.

Optimal natural gas distribution strategy

In the historical optimization scenario, the optimal strat-
egy of natural gas distribution can be summarized by
comparing results with the historical simulation scenario.

The optimal strategy can be summarized as the short-
est distance transmission. In warm days, from April to
October, natural gas produced in West China and
imported from Central Asia need to meet the demand in
North and East China, and LNG need to be imported
only in South China. In cold days, from November to
next March, LNG need to be imported not only in South
China but in North China due to great heating demand.

The actual distribution strategy and the optimal strategy
are different to some extent. Results from the simulation
scenario indicate that, in warm days, LNG is imported in
North China, and natural gas from Central Asia is trans-
mitted to South China. That would increase the supply
cost in North China and decrease the supply cost in South
China, whilst the total supply cost is higher.

The total supply cost can be lower by taking the opti-
mal strategy, whilst the potential cost reduction space is
limited, because the infrastructure utilization is close to
the upper bound. Only 10 billion yuan of the import
cost and 7 billion yuan of the transmission cost can be
saved by taking the optimal strategy in 2017, whilst the
annual supply cost reaches 391 billion yuan. The pro-
duction, transmission and import cost account for 38, 15
and 47% respectively, whilst the storage cost accounts
for less than 1 %. It indicates that if international natural
gas prices rise by 1%, the total supply cost in China
would rise by 0.47%.

Mismatch between demand projections and infrastructure
planning

In short-term scenarios, if the optimal solution exists, it
will indicate the infrastructure planning could secure the

Table 5 Results in short-term scenarios

Scenarios Optimal solution Natural gas shortage

$385 No 8.2 bcm in Eastern China
S360 No 4.2 bcm in Eastern China
S340 No 1.2 bcm in Jiangsu province
S330 Yes No
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natural gas supply to meet the demand. If the optimal
solution does not exist, it will indicate that the demand
could not be met under the current planning. Results
are summarized in Table 5.

In S385, S360 and S340 scenarios, results show that
the natural gas supply cannot meet the demand under
the infrastructure planning in the China’s 13th-five-year
plan. In the S330 scenario, the balance between supply
and demand can be achieved, and the optimal distribu-
tion strategy can be obtained. It indicates that the nat-
ural gas demand projection is inconsistent with current
infrastructure planning.

The mismatch between supply and demand reflects in
a regional and monthly scale but not a national and
yearly scale. The supply capacity is insufficient only in
winter and in eastern regions. For example, results show
that 4.2 becm natural gas demand in East China is uncov-
ered in the S360 scenario. In the meantime, the supply
capacity in Southwest China and South China is suffi-
cient throughout the whole year. It indicates that de-
mand projections set by each province are not
consistent with the national infrastructure planning.

Optimal planning of the natural gas infrastructure
expansion

In long-term scenarios, the model could obtain the opti-
mal planning of natural gas infrastructure expansions
under different demand forecasts in 2050. The optimal
planning reflects the construction timetable, including
when, where, how much and which kind of infrastruc-
ture need to be constructed.

In the L3 scenario, which is the basic scenario,
Figs. 7, 8 and 9 show pipelines and import facilities
in 2020, 2035 and 2050 respectively. Results indicate
that large quantity of pipelines need to be constructed
in North China, connecting resources and demand
areas, whilst new pipelines in South China need to be
constructed much less.

A large number of LNG ports need to be built in
most coastal provinces, making LNG a main source
to increase natural gas supply before 2050. Figure 10
shows the optimal planning of import capacity ex-
pansions in different regions from 2015 to 2050. Re-
sults indicate that new LNG ports would be mainly
concentrated in eastern and southern coastal prov-
inces before 2035, and new LNG ports would be
concentrated in northern coastal regions after 2035.
According to the optimal strategy of shortest dis-
tance transmission, natural gas demand in East and
South China needs to be supplied by more imported
LNG, whilst demand in North China can be met by
more pipelines.

Continuous expansions of storage capacity are needed
to deal with seasonal fluctuations of natural gas demand
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Fig. 7 Capacity of pipelines and LNG ports in 2020

*The map is openly and freely accessed from the National Platform for Common Geospatial Information Services
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and other unknown risks. Figure 11 shows the optimal
storage planning of capacity expansions in different re-
gions from 2015 to 2050. Results indicate that new stor-
age facilities are mainly concentrated in North China to
deal with heating demand in cold days. Meanwhile, pol-
icies on establishing reserves to deal with risks also have
great effects on the planning. Rapid increase in storage
capacity in 2020 results from those policies.

As for the impact of different demand forecasts on
infrastructure planning, results show that higher de-
mand forecasts could result in more infrastructure
costs. Figure 12 shows the composition of infrastruc-
ture costs under different demand forecasts. It indi-
cates that the impact of demand forecasts on the
pipeline expansion is less than the impact on LNG
ports and storage facilities. Current natural gas pipe-
lines transport natural gas from inland areas to
coastal areas. As natural gas demand increases,
coastal areas would mainly meet demand by
imported LNG. Therefore, the increase in natural

gas demand would not greatly affect the construc-
tion of the pipeline network.

Discussion and policy suggestions

Policy suggestions are further discussed based on
above analysis. First, taking market-oriented pricing
mechanisms as much as possible, which reflect the
relationship between supply and demand. Full
market-oriented pricing can achieve the optimal
distribution strategy and minimize the total supply
cost. Current pricing mechanisms are not fully
market-oriented, and natural gas can be divided
into pipeline natural gas and LNG by source. LNG
pricing fully depends on market, whilst prices of
pipeline natural gas are still guided by the regula-
tory authority.

The difference between the actual distribution
strategy and the optimal strategy mainly derives
from incomplete market-oriented pricing in con-
tracts. The optimal strategy indicates to deliver
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natural gas resources flexibly, rather than binding
natural gas resources to fixed users all year along
without considering the monthly variation. In the
simulation scenario, the natural gas imported from
Central Asia is transmitted to South China all the
year. If market-oriented pricing is applied, which
means that the highest bidder wins, the natural gas
imported from Central Asia could be auctioned by
users in the north, and users in south would import
more LNG.

Secondly, natural gas pipelines should be centrally
managed as a public resource and provides fair ac-
cess to market participants. Natural gas pipelines
have natural monopoly properties, and main pipe-
lines are operated by a limited number of giant com-
panies. This monopoly could increase the price in
regions with a single natural gas supplier, because
other suppliers cannot access these pipelines. It
could lead to a spacial mismatch of natural gas re-
sources and consumption compared with the optimal
supply strategy. To achieve market-oriented pricing,

more suppliers are required in the market to pro-
mote the competition. If all infrastructure is man-
aged as a public resource, more suppliers would
have access to the natural gas market.

Thirdly, improving coordination amongst provinces
when formulating projections. Main infrastructure
planning is in the national projection, which makes
up the supply capacity. Province projections are for-
mulated respectively and independently to some ex-
tent. Aggregated province projections could exceed or
fall below the national projection under insufficient
coordination. As shown in results, aggregated prov-
ince projections exceed the national projection by
14%, which could result in a natural gas shortage by
2020. In order to avoid losses caused by deviations
from the national projection, the formulation process
of province projections requires uniform coordination.

Forth, infrastructure construction needs to be acceler-
ated, especially LNG ports and storage facilities. LNG
imported overseas is expected to account for a large pro-
portion of natural gas supply in the future according to
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Fig. 9 Capacity of pipelines and LNG ports in 2050
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the result. Accelerating the construction of LNG ports
in East China would alleviate the overall tight supply
situation and reduce the risk of shortage in East China
several years later. Accelerating the construction of stor-
age facilities in North China would greatly alleviate the
shortage of natural gas in winter in the short term.

Fifth, scientifically predicting natural gas demand en-
ables better infrastructure planning. Premature or later
construction of infrastructure would lead to waste and
shortage respectively, which would both result in a
higher overall cost.

Conclusions

In this paper, we propose a methodology to develop
a monthly-scale multi-period and multi-regional
optimization model for natural gas supply system
planning at a transient stage. The methodology is
applied to analyze China’s natural gas supply system.
An optimal development strategy of natural gas

distribution and infrastructure expansion is obtained
by minimizing the total supply cost. Results indicate
that natural gas demand forecast has great impacts
on the planning. It is also pointed out that a risk of
a mismatch between natural gas demand and supply
infrastructure development could happen in spacial
and temporal dimensions if problems at the planning
stage are not properly addressed.

Policy suggestions are provided. Taking market-
oriented pricing mechanisms as much as possible,
which can achieve the optimal distribution strategy
and minimize the total supply cost. Natural gas pipe-
lines needs to be centrally managed as a public good
and provide fair access to market participants. Co-
ordination amongst provinces when formulating pro-
jections needs to be strengthened. Infrastructure
construction needs to be accelerated, especially LNG
ports in East China and storage facilities in North
China. Predicting future natural gas demand scientif-
ically enables better infrastructure planning.
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natural gas import; PP: Domestic production price; Tpax: Upper bound of
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s1: Quantity of natural gas storage at the end of a month; ci: Import cost;
t.~ Quantity of natural gas transmission from r to rr; ct: Transmission cost;

iy Import in region r; cs: Store cost; e,: Export from r; cc: Infrastructure
construction cost; NTy: Standard capacity of pipelines; PNS,: Storage facilities
construction cost; Nlo: Standard capacity of ports; PNT, ,,: Pipelines
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