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Abstract

Based on the study of the relationship between structure and feedback of China’s natural gas demand system, this paper
establishes a system dynamics model. In order to simulate the total demand and consumption structure of natural gas in
China, we set up seven scenarios by changing some of the parameters of the model. The results showed that the total
demand of natural gas would increase steadily year by year and reach in the range from 3600 to 4500 billion cubic meters
in 2035. Furthermore, in terms of consumption structure, urban gas consumption would still be the largest term, followed
by the gas consumption as industrial fuel, gas power generation and natural gas chemical industry. In addition, compared
with the population growth, economic development still plays a dominant role in the natural gas demand growth, the
impact of urbanization on urban gas consumption is significant, and the promotion of natural gas utilization technology can

effectively reduce the total consumption of natural gas.

Keywords Natural gas demand system - System dynamics - Scenario prediction - Consumption structure

1 Introduction

Given the background of Chinese overall deployment of
ecologically sustainable development, the transition trend
to cleaner and lower-carbon energy structures is almost
irreversible. In recent years, due to the pressure of carbon
emissions reduction, China has been searching for more
effective energy to support sustainable economic devel-
opment. For fossil energy, natural gas is undoubtedly the
best choice. The current natural gas consumption share in
China is far lower than the world average, which indicates
that there is great potential for development for China’s
natural gas market. It is expected that natural gas will be
the fastest growing fossil energy by 2035, as pointed out in
“BP Energy Outlook (2017).” Higher requirements were
proposed in “the natural gas development plan in the 13th
Five-Year Plan” about development of natural gas by the
National Energy Administration of China. Since the second
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half of 2017, domestic natural gas prices have risen con-
tinuously, especially from late November; over 100% of
the rise was completed in only 1 month. One of the reasons
for natural gas prices boom is the failure to accurately
predict the demand for natural gas, which results in the
demand increased sharply while the supply was not duly
supplemented. Thus, the sufficient supply of natural gas has
a significant impact on energy security, economic growth
and people’s lives. It is very important for China to forecast
natural gas consumption scientifically in future. In addi-
tion, analyzing the influencing factors of natural gas con-
sumption is extremely beneficial for China’s government to
formulate energy development policies for future periods.

In previous literature (Qin and Guo 2006), one of the
most usual methods to forecast natural gas consumption
was that firstly inferring the relationship between energy
consumption and economic development (also is called
energy consumption intensity) to estimate the total energy
consumption of the whole society, and then through the
proportion of natural gas consumption in the energy con-
sumption structure to calculate the natural gas consump-
tion. In recent years, due to the rise of computer
technology, applying artificial intelligence models to
forecast natural gas demand has been developing rapidly
(Yin and Liu 2004). In addition, more and more researchers
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tried to integrate various forecasting methods into one new
model, and they believe that integrated models could
overcome the shortcomings of single models and improve
the prediction accuracy. For example, Xu and Wang (2010)
integrated a polynomial curve model and moving average
model to establish the PCMACP mixed model. Yin and Liu
(2004) integrated a linear regression model, artificial neural
network model and gray system prediction model to
establish an optimal combination model and adopted an
adaptive recursive algorithm to improve this model,
obtaining a more exact prediction of natural gas demand.
The above research has resulted in many important con-
clusions, but there were still some shortcomings, either
lacking in comprehensive consideration, or too much
dependence on complete and accurate data. Moreover,
distribution curve models and econometric models
obtained from historical data failed to reflect the complex
influence of various interactive factors on the total natural
gas consumption in the social economy system. Conse-
quently, we consider adopting a bottom-up approach to
construct a system model that can describe the natural gas
demand system in more detail.

Natural gas demand is a complex dynamic system,
which interacts close with the economy, society, ecology
and environment. System dynamics has unique advantages
in describing such systems, in which each element interacts
with each other internally and as a whole contact with the
external environment. System dynamics is a systematic
approach founded by Professor Forrest of Massachusetts
Institute of Technology in 1956, based on a system feed-
back mechanism. The causality and flow relations of the
whole system are balanced by the input and output of the
system and the positive and negative feedback between
multiple circulatory systems, so as to simulate the changes
of different scenarios (Wang 1994). Domestic researchers
have made considerable progress in applying the basic
principles and methods of system dynamics to predicting
energy supply and demand (Li and Yang 2010; Lv et al.
2015; Tang et al. 2010; Chen 2010; Yang et al. 2005; Tan
2009). In the study of natural gas, Shi and Zhou (2012)
established the prediction model of natural gas supply and
demand in China by means of system dynamics from the
perspective of future natural gas supply and demand
security. Li et al. (2010) divided the natural gas con-
sumption sectors by industry, took into account the related
factors of natural gas consumption in various industries and
established a system dynamic model to forecast the future
natural gas consumption. Sun et al. (2010) established a
supply and demand system dynamics model of China’s
natural gas industry, to predict the future supply and
demand relationship of China’s natural gas and to analyze
the influence of related factors on supply and demand, and
concluded that in comparison with the enrichment degree

of natural gas resources and investment level of natural gas
development, the energy structure has more obvious
influence on China’s natural gas supply and demand. The
research methods in this paper are partly derived from the
above studies. But this paper tends to dissect the structure
of natural gas system more microscopically and pays more
attention to the trends of future natural gas supply and
demand and the dynamic changes of the natural gas con-
sumption structure.

2 Boundary determination and structure
analysis of China’s natural gas demand
system

The natural gas system is an important component of the
overall energy system. Primary energy in nature goes
through the process of being exploited, transported, refined,
stored and distributed, and finally being consumed by the
end users. In this process, energy flows from the production
side to the consumer side, which also be regarded as a
complete energy system. The energy system can be divided
into the global energy system, national energy system and
urban energy system according to its scope, and can be
divided into the petroleum, coal, natural gas and renewable
energy systems according to the types of energy. Accord-
ing to systematic theory, all systems in reality are open and
constantly exchange material, energy and information with
the external environment, which ensure the systems work
stably (Zhao et al. 2001). As a subsystem of the global
energy system, China’s natural gas supply and demand
system is bound to be closely related to other energy sys-
tems of different energy types or ranges. International
natural gas trade is achieved only by pipeline or shipping,
but the huge costs of constructing pipelines and liquefying
natural gas restrict the trade in natural gas between dif-
ferent regions, so the natural gas systems among different
regions are relatively isolated. Currently, there are three
main natural gas markets worldwide. These are the North
American market, the European market and the Asia
Pacific market according to the development level, and
even in the Asia Pacific market China’s natural gas
development lags behind Japan and South Korea; therefore,
in this paper China’s natural gas system will be separated
from the global energy system to be analyzed separately. In
addition, because of the low degree of competition in
China’s natural gas market and the leading role of the
Chinese government in the price of natural gas, the impact
of price on natural gas supply and demand is relatively low;
thus, the price factor is not taken into account in this paper.
The structure of the natural gas demand system in China
is shown in Fig. 1, and the main influencing factors and
mechanisms of natural gas consumption are as follows:
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Fig. 1 The structure of China’s natural gas demand system

(1)  Economic development Transport and distribution
are important links in the natural gas industry from
the production end to the consumer end. The
construction of gas transmission pipelines and gas
distribution networks requires huge amounts of
capital input, and the return on investment cycle is
relatively long, which needs continuous develop-
ment of economic support. With the continuous
economic growth, the need of people for clean and
efficient energy has been evolving, which causes the
increase in natural gas consumption. The experien-
tial data show that natural gas consumption is
positively correlated with GDP per capita.

(2) Energy policy The effect of policy on the develop-
ment of the natural gas industry is immediate as well
as obvious. Currently, in consideration of protecting
the environment and reducing carbon emissions, the
Chinese government has been committed to chang-
ing energy structure and encouraging the use of
natural gas. Some coal power plants were forcibly
shut down, and the policies of “coal to gas” in the
industrial sector and “oil to gas” in the transporta-
tion sector were steadily implemented, which
extends the range of natural gas consumption.

(3)  Population Population size affects not only the total
consumption of natural gas but also the utilizing
mode. Especially, the proportion of urban population
plays an important role in natural gas consumption.
The relatively low cost of per capita investment of
natural gas infrastructure in densely populated areas

@ Springer

makes the popularization of natural gas come true
more easily than in rural areas.

(4) Industrial structure Differences exist inevitably in
natural gas consumption patterns and consumption
intensity of different industries; for example, in the
chemical industry natural gas is usually consumed as
a raw material, while in the industrial sector it is
directly burned to provide energy for industrial
processes. Therefore, a change of industrial structure
will have some impact on the consumption of natural
gas.

3 Modeling and parameter estimation
of the natural gas demand system

3.1 System dynamics modeling

Based on the above boundary definition and structure
analysis on China’s natural gas supply and demand system,
we establish a system dynamics model to predict the future
demand for China’s natural gas and then conduct scenario
simulation through changing some parameters so as to
explore the sensitivity of the results to different factors.
Figure 2 shows the flow diagram of China’s natural gas
supply and demand system. The flow diagram evolves from
a causal loop diagram that depicts causal relationships
among variables. The more excellent performance of a flow
diagram than a causal loop diagram is dividing the vari-
ables into stock and flow according to the variables’
characteristics, so that the dynamic cumulative effects of
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Fig. 2 The flow diagram of China’s natural gas supply—demand system

the system can be clearly described. These cumulative
effects are described jointly by level variables and rate
variables. The level variables in the model include natural
gas inventory at the end of year, GDP, and the national
population. The rate variables include natural gas supply,
natural gas consumption, GDP change and annual popu-
lation change.

3.2 Forecasting natural gas production
3.2.1 Logistic model

A logistic model is one of the common types of model to
forecast natural gas production in current academic circles.
This model was first proposed by Verhulst when he tried to
simulate the law of continuous growth of biotic popula-
tions, and then was extended gradually to the topic of
population growth and spread of infectious diseases in
subsequent research. Hubbert (1949) proposed the peak oil
theory on basis of a logistic model to forecast crude oil
production and recoverable oil reserves in the USA. Chen
et al. (1996) deduced the model from differential equations
and used the linear trial error method of determining the
parameter. Since then, the logistic model was paid much
attention and was applied effectively in the China’s oil and
gas field exploitation circles. Recently, researchers have
extended the prediction range of this model from single oil
and gas fields to the whole country. H66k and Aleklett
(2009) applied a logistic model to predict coal production
in the USA. Li et al. (2009) analyzed the prediction
capability of a logistic model based on the data of
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American oil production. Reynolds and Kolodziej (2009)
and Wang et al. (2013) established a multi-cycle logistic
model to predict the demand and supply of natural gas in
China. Lin and Wang (2012) and Wang et al. (2012)
applied this model to predict China’s natural gas produc-
tion. They compared the prediction performance of the
logistic model and Gaussian model and concluded that the
prediction results of the two models were quite similar (Lin
and Wang 2012; Wang et al. 2012). Thus, it can be indi-
cated that logistic model still has been applied extensively,
but actually the prediction results were often not satisfac-
tory. In the literature (Wang et al. 2012), the peak of
China’s natural gas production was expected to appear in
2018, the peak value would be 103.14 billion cubic meters,
but in fact China’s natural gas production in year of 2014
had exceeded 130 billion cubic meters and the peak of
production is far from coming. Consequently, in this paper
some new improvements have been made in the process of
solving the logistic model. The logistic model can be
expressed as follows.

Nur

Tt e U tmiw (1)

where Np is the cumulative production of natural gas, Nyr
is the final recoverable reserves of natural gas, ¢ is the year
of prediction, f,x is the year when the production reaches
peak value, and w is a model coefficient.

A conventional method to solve the model was the
linear trial error method (Chen et al. 1996). According to
the mathematical relation that annual natural gas produc-
tion is the first-order derivative of cumulative production,
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Then, according to the historical data of production and
cumulative production, the value of the parameters and the
final recoverable reserves can be obtained; thus, natural gas
production and cumulative production in the future can
also be calculated.

Our improvement is based on the derivation of the Np,
then to find out the ratio relationship between production
and the squares of cumulative production instead of

O _ abe™™ B
TN N further take the loga

rithm of 10 on the left and right sides and obtain the

function lgN% = lg 2 — ;5. Order the parameters A to

cumulative production

substitute lgl\f—ubR and the parameters B to substitute ﬁ, and

finally obtain the linear relationship between lg% and r:

0
le= — A — Bt 3
gN% (3)

Compared with the conventional method to solve this
model, our method has the following advantages: the
average order of magnitude difference between 1% and Np is
10°, while the average order of magnitude difference
between lgN% and 7 is only 10'; consequently, adopting our

method for fitting and simulation can obtain higher accu-
racy and reduce the systematic error simultaneously.

3.2.2 The data

The cumulative production is derived from the natural gas
production data in China over the years from 1949, and the
production data are from the China Energy Statistical
Yearbook (DES 2015). In order to make the results con-
vincing and reduce the accidental error caused by special
data, we selected, respectively, 1949-2015, 1966-2015,
1982-2015 of China’s natural gas and natural gas cumu-
lative production data to fit and compare.

3.2.3 The forecast results of natural gas production
The fitting results show that the R-square of the period
from 1949 to 2015 is 0.85, the R-square of the period from

1966 to 2015 is 0.89, and the R-square of the period from
1982 to 2015 is 0.95; meanwhile, the value of the standard

@ Springer

error of the estimate (SEE) is only 0.128. Obviously, the
fitting is good.

Regression results show that A = — 4.134, B = 0.03334,
b =0.07678 and a = 140.1, and the algebraic relation
between N, and Nyg is obtained:
_ Nur
1+ 0.000956Nyy - e~0-07678t

Np (4)

Correspondingly, the production of China’s natural gas
can be calculated. Ultimately, the simulated production and
simulated cumulative production of natural gas in China
are presented in Fig. 3.

It can be observed from Fig. 3b that China’s natural gas
production is in a period of rapid growth, the trend of
which will continue until about 2020. Then, the growth
slows down gradually, but the production of natural gas
continues to increase until the peak production arrives
about 2040. Subsequently, the production starts to decline.
The peak production is expected to reach 2800 billion
cubic meters according to our model. From Fig. 3a, we can
see that the cumulative production of natural gas (Np)
finally reaches a stable value, and the stable value is the
final recoverable reserves of natural gas (Nygr); from this,
we simultaneously prove the quantitative relationship
between Nygr and Np:

NUR = thm Np (5)

In order to verify the validity of our model in respect of
forecasting natural gas production, we compare the model
forecast result of the period of 2006-2015 with the his-
torical real data of the same period. As shown in Fig. 4, the
model forecast result nearly presents the fully synchronous
trend with the historical real data, and after 2009, the dif-
ference between simulated data and historical data reduced
smaller and fluctuated in a very small range. By further
calculating, the amplitude of relative error ratio is less than
10% within the observation time interval, which shows that
the forecast effect of our model is fine.

3.3 Model initialization and parameter
determination

The forecast time interval of our system dynamic model is
from 2016 to 2035, and the step time is 1 year. The initial
GDP value was set as the GDP of 2016, and the initial
population value was set as the population of 2016. The
determination of other parameters, such as the contribution
rate of chemical industry to GDP, the ratio of natural gas
chemical products in GDP, the natural gas consumption
intensity of chemical products, the proportion of natural
gas power generation, the efficiency of natural gas power
generation, the contribution rate of industrial products to
GDP, the gas consumption intensity of industrial products,
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Fig. 4 The comparison of simulated values and historical values of
natural gas production in China during 2006-2015

and the carbon emission coefficient of natural gas, mainly
refer to industry reports and methods and data provided in
the related literature. In addition, the determination of those
parameters ought to adhere to the optimization direction of
the natural gas consumption structure stipulated in Natural
Gas Utilization Policy, which is ensuring urban gas,
developing industrial fuel, encouraging natural gas power
generation, and restricting the use of natural gas in the
chemical industry. Finally, aiming at the determination of
some parameters with functional relationships such as
between per capita natural gas consumption and per capita
GDP, between urban population ratio and per capita GDP
and between total electricity generation and GDP, we use
polynomial regression to obtain their functional expres-
sions and coefficients. The detailed measurement process
and results are as follows:

(1) The positive correlation of per capita GDP with the
proportion of urban population has been proven to be
significant. In our study, we use the historical
statistics data of China’s urbanization and the data
of China’s per capita GDP from World Urbanization
Prospects (DESA, the UN 2017) of 2014 to perform
regression analysis. The regression results are shown
in Fig. 5a. The additional explanation is that the

(@)

3)

urban population refers to the population living in
the cities in the middle of the year, rather than the
population on the urban household register.

A long-term, balanced and stable relationship exists
between electricity consumption and economic
growth (Lin 2003). The consumption and supply of
electricity at the national level is a dynamic and
balanced process; therefore, such relationship also
exists between generating capacity and GDP. Based
on the historical GDP data of the period of
2000-2015 and generating capacity, we perform
linear regression and then forecast national generat-
ing capacity in the future. The regression results are
shown in Fig. 5b. The efficiency of natural gas
power generation is determined jointly by the
calorific value of natural gas and the energy
conversion efficiency of natural gas generators. In
this study, the net calorific value of natural gas is
determined as 38,931 kJ/m>, and power generation
efficiency of a gas—steam combined cycle generator
set in 2016 is determined as 52% (Yang et al. 2013).
According to the speed of increasing one percentage
point every 5 years thereafter, the power generation
efficiency of natural gas will reach over 6 kW h/m®
before 2035.

General industrial products and chemical products
are characterized by a wide variety, much difference
in yield and specifications. Estimating the total
natural gas consumption of industrial products and
chemical products by accumulating the natural gas
consumption of a unit product was not only intricate
but also very likely to have a large error. Thus, in
this study we estimate natural gas consumption of
chemical industry and industrial fuel according to
the natural gas consumption of per unit GDP. The
concrete operation is that calculating natural gas
consumption intensity of industrial fuels by the ratio

@ Springer
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of the calendar year production of general industrial
products to the corresponding natural gas consump-
tion, and calculating natural gas consumption inten-
sity of chemical products by the ratio of the calendar
year production of chemical products to the corre-
sponding natural gas consumption.

At the end of this section, we made a table (Table 1) to
summarize the initial values or calculation formulas of
some important parameters and their data sources.

3.4 Scenario construction
Some variables influenced greatly by the policy with

uncertainty are suitable for being set according to different
scenarios, by which means we can counteract the
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uncertainty and provide references for policy makers. Such
variables are also commonly called scenario variables in
the previous literature. The scenario variables in this study
include population growth rate, GDP growth rate and
urbanization rate.

3.4.1 Population growth rate

According to relevant estimation and calculation, about
400 million populations were less born during the last
30 years since China implemented its harsh yet effective
family planning policy; meanwhile, the natural population
growth rate had dropped to below 0.5%, while this value
remained 1.0% in the year 2000. In 2012, China imple-
mented a two-child fertility policy as a new population

Table 1 Initial values or calculation formulas of some important parameters and their data sources

Parameters

Initialization or calculation formula

Source

GDP

Total power generation capacity

67.7 trillion yuan
0.08814 x GDP + 0.4477

Power generation capacity from

Total power generation capacity x the proportion of power generation

China Statistical Yearbook (2016)

Polynomial fitting; literature (Lin
2003)

Literature (Yang et al. 2013)

gas

The generating efficiency of
natural gas

Proportion of people living in
cities

Output value of industrial
products

Industrial fuel consumption
intensity

Output value of chemical
products

capacity from gas
5.72 kW h/m’

0.05004 x (per capita GDP x 10000)°2%®
GDP x GDP’s contribution to industrial products

Output value of industrial products/natural gas consumption

Contribution rate of chemical industry to GDP x GDP

Literature (Yang et al. 2013)
Polynomial fitting

China Statistical Yearbook (2016)
China Statistical Yearbook (2016)

China Energy Statistical
Yearbook (2015)

China Statistical Yearbook (2016)

@ Springer
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Table 2 Parameter assumptions of natural population growth rate of
different scenarios (%o)

High level Medium level Low level
2016-2020 5.8 4.1 2.3
2021-2025 43 1.9 - 05
2026-2030 29 0.3 - 24
2031-2035 1.7 - 038 — 3.6

policy after the Third Plenary Session of the 18th Central
Committee, but because of China’s big population base,
family planning will still be the basic national policy in the
future. In this study, we referenced to the scenario pre-
diction results of China’s future population development
from existing research reports, which include World Pop-
ulation Outlook 2015 published by the United Nations and
National Population Development Strategy Research
Report published by National Population and Family
Planning Commission (2007), and the trend analysis of
China’s future population development from the literature
by Cai and Zhang (2015) and Li (2015) to set three sce-
nario schemes, shown in Table 2.

3.4.2 GDP growth rate

The GDP growth rate is greatly influenced by policy, while
it usually exceeded the range of policy influences because
of various and complicated factors. China’s economic
growth has slowed down twice since the 11th Five-Year
Plan. The first economic growth rate decline was steep,
from 14% to 9%, and occurred in 2008, due to the effects
of the global subprime mortgage crisis, and the second
economic growth rate decline, from 9% to 7%, occurred in
2012. Ordinarily, the GDP growth rate will inevitably
decline when the economy achieves a considerably huge
scale. For the analysis and prospect of China’s future
economic growth, we referenced to the China 2030 com-
pleted jointly by DRC and the World Bank (2013), China
Energy Medium and Long Term Development Strategy
Research Comprehensive Volume (2030, 2050) compiled
by China Energy Medium and Long Term Development
Strategy Research Group, and some other literature pub-
lished by Tong et al. (2015) and Cooper and Xu (2015).
Three scenario schemes for economic growth rate are
shown in Table 3.

3.4.3 Integrated scenario schemes
Based on the above analysis to various variables and

parameters, seven integrated scenario schemes were con-
structed to verify the impacts of different scenario schemes

on natural gas consumption in China and then further
explore the major contributors to natural gas consumption
in China. The necessary assumptions and explanations
about concrete values of each variable in different scenario
schemes are shown in Table 4.

4 Simulation results and analysis

We input the above variables and parameters and simulate
with the VENSIM system dynamics software, to obtain the
forecast values of total natural gas consumption, natural
gas imports, dependence on foreign natural gas and the
consumption structure of natural gas. In the simulation, we
change corresponding parameters value with different
scenarios, to ultimately obtain the different forecast results.

4.1 The total natural gas consumption

Based on this study’s natural gas consumption scenario
forecasting results, Fig. 6 suggests that the China’s natural
gas consumption presents an obviously rising trend and the
total consumption is expected to reach 3700—4500 billion
cubic meters by 2035. The rising trend shows an approxi-
mately linear growth rather than exponential growth with
time, which indicates that the average annual growth of
natural gas is maintained at a certain level and the growth
rate of natural gas consumption is declining. This growth
pattern is based on the assumption that the consumption
intensity of natural gas is declining. Under the guidance of
the natural gas utilization policy, the intensity of natural
gas consumption will inevitably continue to decline with
the development of the natural gas industry. The lowest
forecast value occurs in scenario 4, where the natural gas
consumption will reach 361 billion cubic meters by 2035.
Compared with scenario 1, the GDP growth rate in scenario
4 is at a low level, while the scenario 1 remains a relatively
high growth rate, resulting in about 80 billion cubic meters
decrease in forecast natural gas consumption. Similarly, the
population growth rate of scenario 5 is in a lower level than
scenario 1, but the forecast natural gas consumption
decreases merely slightly, which is presented in Fig. 6 that
the trend forecast curve of scenario 1 and scenario 5 is

Table 3 Parameters assumptions of GDP growth rate of different
scenarios (%)

High level Medium level Low level
2016-2020 6.7 6.5 6.1
2021-2025 59 54 4.9
2026-2030 5.0 4.5 4.0
2031-2035 43 3.8 33
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Table 4 Assumptions and explanations of different scenarios

Scenarios Population growth Economic growth Urbanization rate Natural gas utilization technology
Scenario 1 High level High level Current level Current level

Scenario 2 Medium level Medium level Current level Current level

Scenario 3 Low level Low level Current level Current level

Scenario 4 High level Low level Current level Current level

Scenario 5 Low level High level Current level Current level

Scenario 6 Current level Current level Accelerate 5% Current level

Scenario 7 Current level Current level Current level Progress greatly®

“The great progress of natural gas utilization technology is reflected concretely in that the natural gas consumption intensity of chemical products
and industrial fuel reduces by 2%, and the efficiency of natural gas power generation increases by 2%
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Fig. 6 The simulation results of natural gas demand in China during 2016-2035

almost coincident. From the above comparison, it is not
difficult to conclude that natural gas consumption is far
more affected by the economic development level than
population growth. The one reason is that economic
development is closely and directly related to the all major
consumer sectors of natural gas, while population growth
only contributes to urban gas. Moreover, China’s current
economic growth rate is slightly slower than 7%, which
remains a huge development potential in future, even with
the most pessimistic forecasts, economic growth rate is
scarcely likely to be negative in the next 20 years, while
China’s population growth rate has dropped to about 0.5%,
and the total population being in a saturation state is
gradually approaching the peak. Scenario 6 assumes
identical other conditions as scenario 1 except to the
accelerated urbanization of about 5%, leading to extra 12.9
billion cubic meters of natural gas consumption in

@ Springer

comparison with scenario 1, which indicates that urban-
ization is promising to become one of the driving forces to
result in a sustained increase in natural gas consumption.
The natural gas consumption in scenario 7, based on the
assumption of progress of natural gas utilization technol-
ogy, is expected to reduce 10.2 billion cubic meters below
scenario 1. The reason is that the progress of technology
plays a role in cutting down the consumption intensity of
natural gas and promoting utilization efficiency of natural
gas.

4.2 Dependence on foreign natural gas

Figure 7 shows the scenario forecasting results of China’s
dependence on foreign natural gas. It is easy to see that the
Chinese degree of dependence on foreign natural gas shows
the trend of first decline and then up in all seven scenarios.
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Fig. 7 The simulation results of dependence on foreign natural gas in China during 20162035

Currently, the natural gas production and consumption in
China are on the track of rapid growth, but the growth rate
of consumption is temporarily lower than the growth rate
of production, so there will be a slight initial decline in the
degree of dependence on foreign natural gas. With the
improvement of domestic natural gas infrastructure and the
greater support of Chinese government to clean energy, the
demand of natural gas will increase further, while restricted
by finite recoverable reserves it is difficult to maintain
rapid growth of domestic natural gas production, so the
degree of dependence on foreign natural gas eventually
will increase when the growth rate of natural gas con-
sumption exceeds the growth rate of production. In addi-
tion, the inflection point of the degree of dependence on
foreign natural gas in different scenarios appears asyn-
chronously. The faster the growth speed of natural gas
demand is, the earlier the inflection point comes; for
example, in Fig. 7 the inflection point of scenario 6 appears
in the year of 2025, while that of scenario 4 appear in the
year of 2029.

4.3 Natural gas consumption structure

The scenario forecasting results of China’s natural gas
consumption structure by different consumption sectors
and different scenarios are shown in Fig. 8. Due to the
GDP growth rate and the population growth rate in sce-
nario 1, scenario 2 and scenario 3 were set to synchronous
change, which brought great influence on the total natural
gas consumption but only brought weak influence on nat-
ural gas consumption structure, so we merged the results of

scenario 1, scenario 2 and scenario 3 into their average
value to reflect the changes of consumption structure.
With the implementation of the national strategy of
reform and opening up, China’s industrialization process
had been greatly accelerated, which leads to energy con-
sumption, including natural gas consumption, increasing
violently and natural gas chemical industry gradually
replaced industrial fuel, becoming the largest natural gas
consumption sector. By 1995, the proportion of industrial
fuel gas in total natural gas consumption structure was
more than 50%. After the industrial adjustment, accom-
panying the improvement of related infrastructure includ-
ing natural gas transmission pipelines and urban pipe
networks and the improvement of people’s living standard,
urban gas entered a rapid development stage until it
replaced the industrial fuel gas to be the largest natural gas
consumption sector by 2008, and the proportion of indus-
trial fuel gas fell to about 31%. The natural gas chemical
industry has the disadvantages of high risk, high cost, low
efficiency, and a short industrial chain; thus, all natural gas
chemical projects including methanol production from
natural gas were restricted or forbidden roundly, apart from
natural gas hydrogen production projects which were
allowed to continue to develop owing to high price
endurance. During 1995-2005, the proportion of natural
gas for the chemical industry continued to decline, but the
proportion remained at over 30%, while after 2005, this
proportion declined rapidly because the growth rate of
natural gas for chemical industry was far lower than the
growth rate of the other three consumption sectors, despite
that the production of natural gas chemical products in this
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period still continued to increase. Electricity from natural
gas was mainly used for peak shaving and cogeneration
projects. With the increasingly serious environmental
problems resulting from the high proportion of coal con-
sumption attracting public attention, natural gas power
generation projects have been popularized nationwide.
From the overall trend shown in Fig. 8, we can see that
the proportion of urban gas and industrial fuel in natural
gas consumption structure were only slightly changed,
while the proportion of natural gas chemical industry and
natural gas power generation presented a reverse substitu-
tion trend. In observation of all 7 scenarios, the proportion
of city gas declined slightly from 37%-39% to 35%-37%,
the proportion of industrial fuel maintained at 32%-35%,
the proportion of natural gas for the chemical industry
declined from 15% to 7%-9%, and the proportion of nat-
ural gas for power generation rose gradually from 13% to
about 22%. The consumption sphere of urban gas mainly
consisted of residential living, service industries, trans-
portation and public utilities. The increase in urban gas
consumption was derived from the development of tertiary
industry and the acceleration of the urbanization process.
On the one hand, the proportion of China’s tertiary industry
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in 2015 reached 50.5%. The proportion of tertiary indus-
tries in current developed countries is between 70% and
80%, so tertiary industry in China still has some develop-
ment space. On the other hand, the Chinese government
regards urbanization as the only way to push forward the
reform and the Population Department of the UN predicted
Chinese urbanization ratio will reach 68% in the year of
2035 from the current figure of about 50.5%. Both the
above aspects will promote an increase in natural gas
consumption in China. But as the growth peak of the ter-
tiary industries and the urbanization process has already
passed, the natural gas consumption in other industries has
greater potential; thus, the proportion of urban gas in nat-
ural gas consumption structure is estimated to decline
slightly The proportion of industrial fuels in the con-
sumption structure of natural gas has dropped from more
than 50% in 90 s to current about 31%, but this downward
trend will not continue. This is due to the accelerating
substitution of natural gas for the high carbon emission and
pollution energy types especially coal. Although the pro-
portion of secondary industry in the industrial structure is
showing a downward trend, the proportion of natural gas in
the energy consumption structure is increasing rapidly;
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thus, the proportion of industrial fuel in the natural gas
consumption structure is expected to increase slightly.
Several disadvantages of natural gas chemical production
include limited demand for natural gas chemical products
and relatively easy substitutability of natural gas chemical
products; for example, methanol can be obtained by fer-
mentation of biomass. This suggests that the proportion of
chemical gas consumption in the natural gas consumption
structure will continue to decline. Natural gas power gen-
eration has many advantages, such as high efficiency,
lower environmental pollution, short construction period,
strong policy support and so on, which will further increase
the proportion of natural gas generation in the natural gas
consumption structure.

Scenario 5 assumed a greater decline in population
growth than scenario 1, but natural gas consumption
structure changes only a little. While scenario 6 assumed
that the urbanization process is accelerated, finally bringing
a rise of urban gas proportion in natural gas consumption
structure from 37.6% to 39.2% by 2035. This change in
amplitude is relatively large. The two different population
policies, controlling the total population and changing the
population structure, will bring about an enormous differ-
ence in the natural gas consumption structure. Accordingly,
speeding up the process of urbanization can effectively
increase the proportion of urban gas consumption in the
total natural gas consumption. The improvement in natural
gas utilization technology and the acceleration of urban-
ization have opposite impacts on the natural gas con-
sumption structure.

5 Conclusions and policy implications

Based on the synthetic consideration of population
growth, economic development and technology progress,
this study establishes China’s natural gas demand model
by means of system dynamics method, to forecast the
consumption, the net imports, degree of dependence on
foreign natural gas, and CO, emissions of natural gas
during 2016-2035. Then, we set 7 scenarios through
changing the variables in the model to explore the influ-
encing factors on the total demand and consumption
structure of natural gas. Finally, we came to the following
conclusions:

(1)  Both production and consumption of Chinese natural
gas in future will increase rapidly, but due to the
limitation of recoverable reserves, the growth rate of
natural gas production begins to decrease after 2023,
and the production growth slows down. The Chinese
economy will continue to grow in the future, and
people’s living standards will improve steadily,

which will result in a sustained increase in demand
for natural gas. When the inflection point of net
imports is crossed, natural gas imports and the
degree of dependence on foreign natural gas will
increase constantly.

(2) The sensitivity analysis of the influencing factors on
the total consumption and consumption structure of
natural gas in different scenarios indicates that
economic development still plays a major role in
promoting the growth of natural gas consumption. In
addition, the accelerating urbanization process
impacts obviously on the demand for urban gas,
while the promotion of natural gas utilization
technology can effectively reduce the total natural
gas consumption.

These conclusions have important policy implications.
Firstly, to face the severe challenge of China’s gas security,
China should establish sound laws and regulations system
to regulate the gas market and provide a fair and dynamic
investment environment, and strengthen cooperation with
multiple other countries in natural gas trade to dilute
potential supply risks. In addition, China should develop
energetically clean renewable energy to replace natural gas
in some consumption areas, such as developing jointly
wind, hydroelectric and photovoltaic power generation.
Finally, China should build a market-oriented price
mechanism of natural gas to ensure the healthy develop-
ment of the natural gas industry.
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