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Abstract

Net energy is the surplus energy after subtracting energy production input, which is regarded as the energy that really pro-
motes social development. At present, a large amount of net energy analysis is concentrated in the preliminary production
stage, and there are few deeper studies on energy system. This study mainly uses input—output analysis to estimate energy
input (including import input, energy loss and embodied energy), and calculates EROI and Net Energy Supply of energy
system in China from 1990 to 2018. The results show that EROI has shown a downward trend in the past. Among all energy
sectors, Production and Supply of Electric Power and Heat Power accounts for the highest proportion of energy input, and the
proportion of energy loss is gradually increasing. In addition, this study uses the simulated function to establish the relation-
ship between net energy and GDP and makes an outlook of net energy supply and EROI in different scenarios. EROI is likely
to decline in the near future, and more attention should be paid to the efficient use of net energy to achieve economic goals.

Keywords Net energy - EROI - Economic growth - Embodied energy

Introduction

Energy is the driving force to promote social development.
Energy, like other products, requires energy (electricity,
petrol, etc.) and other inputs (money, labor, ecological
destruction, etc.) in its own production procedures (includ-
ing energy extraction, processing and delivery). Generally,
people only value energy output (also known as total yield)
due to abundant resources in the past. As resources gradually
decrease, energy input has attracted the attention of many
scholars and will have an increasing impact on energy sup-
ply. Accordingly, a comprehensive evaluation about energy
supply should focus on two aspects: energy output and the
net energy delivered. The concept of net energy proposed by
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Odum (1973) is the energy left after the costs of extracting
and processing. It measures input and output, and is regarded
as energy with real value to society.

In the process of net energy analysis, energy return
on investment (EROI) is an important efficiency indica-
tor, which represents the ratio of energy output to energy
input. Because the calculation method is simple and easy
to understand, EROI has been widely used in energy pro-
duction efficiency, such as oil and gas extraction (Hall and
Cleveland 1981; Grandell et al. 2011; Aucott and Melillo
2013; Hu et al. 2013; Wang et al. 2017), renewable energy
generation (Kittner et al. 2016; Pickard 2017) and com-
parison of different energy (Raugei et al. 2012; Cheng
et al. 2018; Kong et al. 2018a; Brockway et al. 2019).
However, many results cannot be compared directly due to
difference of boundary and level. In terms of input levels,
Murphy et al. (2011) proposed five types of energy input
levels, namely direct energy and material input, indirect
energy and material input, labor input, supporting service
input and environmental input. Actually, it is difficult to
calculate the supporting service input. The existing studies
generally consider direct and indirect energy and material
inputs. Some scholars use different methods to quantify
labor and environmental inputs when evaluating efficiency,
such as emergy (Chen et al. 2017) and exergy (Chen et al.
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2020; Salehi et al. 2020). On the basis of Murphy et al.
(2011), Hall et al. (2014) made a clear analysis of the
boundary problem of EROI. Their research based on fos-
sil energy divided the boundary of EROI into 4 catego-
ries, namely Standard EROI (EROIst), Point of use EROI
(EROIpou), extended EROI (EROlext) and societal EROI
(EROIsoc). The boundaries of the four types of EROI are
gradually expanded. At present, most studies calculate
only EROIst, which is for the initial stage of energy extrac-
tion without considering the "downstream " energy needs
for refining, distributing or using that energy.

In recent years, some scholars have noticed the relation-
ship between net energy and social development. Mearns
(2008) put forward the concept of “Net Energy Cliff”: Net
energy will decrease exponentially with the gradual decline
of EROI, so the space for social and economic growth is get-
ting smaller. Hall et al. (2009) estimated that the minimum
EROI for oil extraction that can meet the requirements of
simply driving a car or truck is 3:1. Lambert et al. (2014)
used quantitative analysis methods to explore the relation-
ship between the EROI and the human development index
of multiple countries, and the results showed that the coun-
try with high human development index has higher EROI.
They estimated that the EROI required for a modern nation
with health care education and so on was at least about 10:1
Fizaine and Court (2016) conducted an empirical analysis on
the relationship between the proportion of energy expend-
iture and the economic growth rate in the United States,
and found that the minimum EROI threshold for the United
States is 11:1 by using energy intensity to convert energy
expenditure into energy input.

In China, significant studies about EROI has been per-
formed on fossil energy extraction and import (Hu et al.
2013; Chen et al. 2017 2020; Wang et al. 2017; Kong et al.
2018b), few people perform net energy analysis on energy
system and different industries. Feng et al. (2018) use the
input—output method to measure the EROIpou (Point of
use) and net energy of China's energy system from 1987 to
2012, and analyze the future of China's economic growth
by constructing an economic growth function that includes
net energy factors. However, the input used for imported
energy and the loss in subsequent process are ignored, and
the change in the structure of China's energy supply system
is not considered. In recent years, significant changes have
taken place in the energy structure, in which the proportion
of coal has fallen and the proportion of non-fossil energy
has increased substantially. These new changes have affected
net energy input considerably (especially due to increasing
conversion to electricity and other energy losses) so that a
new analysis of net energy is worth developing. We must
undertake EROI and net energy analyses to determine if the
economic goals anticipated for the future are possible. Oth-
erwise, we are likely tob deluded about the future prospects
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of growth, which historically, and presumably in the future,
will require substantial amounts of net, not gross, energy.

This study attempts to establish a comprehensive model
to evaluate the net energy and EROI of China’s energy sys-
tem. Next, using the simulated production function to estab-
lish the relationship between net energy, EROI and GDP.
Finally, the outlook on EROI and net energy is conducted in
the context of economy and environment.

Framework, Method, and Data
Framework

This paper mainly uses two indicators of Net Energy and
EROI to conduct net energy analysis of China's energy sys-
tem. The basic equations of EROI and Net energy are as
follows:

Net Energy = £, — E;, ¢h)
Total energy delivered to society

E
EROI = —E, = :
Energy used to obtain that energy

Net Energy is a simple quantitative indicator that repre-
sents the energy actually delivered to society, and EROI is
an important indicator from the perspective of efficiency that
represents the ratio of total energy supply to energy input.
The quantitative relationship between the two indicators is
as follows:

Net Energy = E; X (1 - ﬁ) 3)

Considering data limitation, this study chooses the same
boundary and level as Feng et al. (2018) for net energy
analysis, that is to quantify the direct and indirect input in
the point of use stage, without considering the other three
types of input (labor input, supporting service input and
environmental input). The framework is established to
analyze EROI in different links. As shown in Fig. 1, total
energy supply comes from coal, oil, natural gas and primary
electricity (hydropower, nuclear power, wind power, etc.),
which can be divided into three links: import, extraction
and processing. Three kinds of fossil energy imports and
coal extraction can be analyzed separately, but oil and gas
extraction and processing of all energy can only be taken as
a whole because of data limitations. The total energy supply
is consumed in three ways: electricity and heat, fuel, and
loss during transportation and processing. When we con-
sider the concept of net energy, part of electricity and fuel
are used for the operation of the energy system itself, and
part of them was used for the economic system to purchase
foreign fossil energy. In addition, we regard energy loss as
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Fig. 1 Energy system classifica-
tion diagram
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part of operating consumption, and this data can be collected
directly. Special attention is paid to the loss here refers to the
amount of loss during storage, transportation and processing
when it becomes fuel. In this study, the electricity is con-
verted based on the Equivalent Caloricity method, and the
energy loss during the production process is not considered
because it is energy lost as an "energy tax" when upgrading
the quality. The other part of the energy input that belongs
to the operation needs to be calculated as embodied energy
(Palmer 2017; Feng et al. 2018; Brockway et al. 2019), and
the inputs used for imported energy also need to be calcu-
lated (Fig. 2).

This plan of this study is as follows: Sect. 2.2 outlines
the methods to quantify energy input, including the embod-
ied energy and import input. Section 2.3 proposes a func-
tion that includes net energy elements, linking net energy to
economic growth for outlook. Combining the methods and
the data in Sect. 2, A comprehensive net energy analysis is
performed. Section 3.1 gives the changes in the net energy
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Fig.2 The schematic diagram in this study. (The black lines represent
the flow of energy. The energy system promotes economic growth
by providing net energy, and the economic growth goal requires
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supply and EROI of China's energy system from 1990 to
2018, and analyzes the various links of extraction, import
and processing separately. Section 3.2 sets the economic
goal and different scenarios about energy supply, and pros-
pects the demand for net energy and EROI in future. Finally,
Sect. 4 concludes the study and puts forward some thoughts
on the in-depth study of net energy.

Net Energy Analysis Model
Embodied Energy

The calculation of the embodied energy in the material
inputs to the extraction process (e.g., the energy used to
make and deliver the steel and pumps used and so on)
needs to use the Input—Output model. This model was pro-
posed by Leontief in the 1930s. It can analyze the depend-
ence of the various production sectors in the social system,
especially the material flow (energy, money, water, etc.)

Net Energy

Economic
Growth

.................................

! Net energy analysis—EROI
! The Production Function

.................................

net energy. The dotted line points to the research method used. Net
energy analysis is used to calculate net energy and EROI, while the
production function connects net energy to economic growth)
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between various industries (Leontief 1936). Input—Output
table is divided into two types: value type and physical
type. The amount of money at final demand is derived
from the price per unit of the final product, while the
amount of money that the final manufacturer requires
for each required input is derived from the Input—Output
tables for each sector of the economy. This is undertaken
for several "upstream" steps. The energy required for each
sector is given in energy Input—Output tables, which have
to be derived from the energy use of each sector. The
value-based table is widely used in academic research and
the energy approach less commonly.

In the basic Input—Output model, i is the input of sector
i, and j is the output of sector j, n is the total number of
departments. X is the total output of the economy, X; is
the input from sector i to sector j, and Y is the total final
use of intermediate products. The equation is as follow:

Z&ﬁh=& “)
i

The main coefficients in the Input—Output analysis are
the technical coefficient and complete consumption coef-
ficients. The calculation formula of the technical coeffi-
cient is:

ay =+ 5)

a; is the technical coefficient, which means the output
of sector j that directly consumes one unit of the product
of sector i. Equation (4) and Eq. (5) can be expressed as:

X=(U-A)7ly (6)

In the above formula, X is the column vector of the
total output of all sectors, Y is the column vector of the
final product of each sector, A is the direct consumption
coefficient matrix composed of the technical coefficients.
(I — A)~!is Leontief Inverse matrix and the complete con-
sumption coefficient, which refers to the sum of the direct
and indirect consumption of goods or services produced
by sector i required for each unit of the product provided
by sector j to the end-use sector. Use B to denote it:

B=(I-A)"" (7

The steps for calculating the embodied energy are as
follows:

(1) e;1is the direct energy consumption coefficient of sector
i (that is, the direct energy consumption per unit output
value):
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1

(2) @is the complete energy consumption coefficient:
0=exB ©)]

(3) The embodied energy consumed by the energy system
can be obtained by accumulating the embodied energy
of each energy sector (1, 2, ..., m):

E =

e

0, X x; (10)

M=

1

Import Input

In recent years, China's dependence on energy derived
from foreign sources has been increasing, and the input of
imported energy has also been increasing. In order to evalu-
ate accurately the net energy supply efficiency of China's
energy system, this study analyzes the energy required to
generate the goods and services traded for imported oil as
part of the total energy input required to generate oil. At
present, scholars have conducted research on energy import
EROI. Kaufmann proposed a method to measure imported
oil EROI in 1986 (Lambert et al. 2014). He believes that
the EROI of importing oil can be expressed by the ratio of
the heat equivalent value of the oil purchased by one dollar
and the energy input in the production process of the export
goods or services needed to obtain this dollar. Lambert et al.
(2014) established a model on this basis to calculate the
EROI of importing oil in 12 countries. The formula is as
follows:

Eyoiny _ Eyoiny
/GDP) X P, IXPgy

EROJ, =
import ( Et

)
otal

In the above formula, E,;, is the heat equivalent value
per unit of oil, E, ,,, is total energy consumption, / is energy
intensity, and P,; is the price of imported crude oil. Con-
sidering that the unit of embodied energy is 10,000 tons
standard coal equivalent, this study converts the unit of
energy output and input during calculation. The formula is
as follows:

M; x 0,
EROJ

import = (EE/P)x C, (12)

In the formula, M; is the quantity of imported energy
i, 0; is the factor that converts different units to TCE. EE
is all embodied energy, P is total output value and C; is
the currency cost on importing energy i. Since the embod-
ied energy is measured in a top-down manner, EE/P (the
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embodied energy per unit output value) can be proposed to
replace I (the energy consumption per unit GDP) in order to
maintain the consistency of the research caliber. By using
this formula, the EROI of importing coal, oil and natural gas
and the corresponding input can be measured.

The Relationship Between Net Energy and Economic
Growth

In the past, the traditional economic growth theory believed
that energy was a factor that could be replaced. Therefore,
the traditional Cobb Douglas function only included two
types of factors: capital and labor. With the increasing
importance of energy, many scholars began to add energy as
the third important element to the production function (Tint-
ner et al. 1977; Kiimmel et al. 1985, 2000; Nel and Cooper
2009). The results show that the energy can remove most of
the unexplained residual encountered by neoclassical theory.

The energy-based Cobb Douglas production function is
formed as follows:

Y = F(K,L,E) = AK°LE" (13)

Among them, Y is economic output, which is measured
by GDP; A is the comprehensive technology level, K and
L are the quantity of capital and labor, respectively, and E
is energy consumption. @, and y are the output elasticity
of three factors, respectively, and the sum of the three is 1.

After adding energy as the third element to the Cobb
Douglas production function, it is possible to conduct a more
comprehensive and accurate analysis of economic growth.
However, there is also a potential assumption in the applica-
tion of energy-based production functions: the energy con-
sumed by the energy system itself accounts for a relatively
small proportion of the amount. This function is suitable
for scenarios where fossil energy reserves are abundant and
the costs of extraction are low at that time. Therefore, rel-
evant scholars did not consider the impact of energy sup-
ply. However, the reserves of fossil energy are limited, and
the negative environmental externalities of its development
and utilization are gradually being valued. Under the dual
constraints of fossil energy peaks and environmental protec-
tion, the energy consumption applied to the energy system
itself gradually increases, which affects the accuracy of the
energy-based production function. Regarding the above
problems, Cleveland (1991) obtained preliminary results
when studying the decoupling of energy and economy in
highly industrialized countries. He found that when “useful
energy” (ie, net energy) consumption is used instead of total
energy consumption as an energy factor, the decoupling of
energy and economy will disappear, which provides a basis
for further research in the field of net energy.

Based on the research conclusions of Cleveland, Nel and
Cooper (2009) believe that net energy is the energy that is
truly highly correlated with economic growth, and capital
investment embodies the use of energy, and labor input will
be replaced by energy consumption. Therefore, capital and
labor are substitutable with energy. After further decompos-
ing energy input elements, a net energy production function
is established:

Y =Ape” Z [#DEy; — 6;(1. E;)] (14)

1

where Y is economic output; Aje® is an exponential growth
function related to human ingenuity to improve end-use
technology and to derive utility from available resources
(Nel and Cooper 2009), We can think of it as the efficiency
of net energy utilization. @ is a growth exponent, ¢ is the time
variable in years, E,, ; is the total consumption of energy i,
u;(t) is the efficiency of energy i, and §;(1, E;) is the input
required for the production and supply of energy i.

Nel and Cooper (2009) applied the above production func-
tion to research and analyze global net energy and economic
growth. Although this function has a good simulation result, it
cannot be directly applied to the study of net energy and eco-
nomic growth in China because the clear data on some links
are difficult to obtain, such as the production of each non-fossil
energy. In addition, energy output is represented by the product
of total energy consumption and the corresponding efficiency
in Eq. (14), we can think of it as the difference between total
energy consumption and loss. Therefore, considering the fea-
sibility of data, this article directly analyzes the entire energy
system by using energy loss instead of efficiency variables and
transform the existing net energy production function form,
as follows:

Y= AOem(Etotal - Ein) (]5)

In the previous chapter, this article regards the loss as part
of the energy input. The energy input is the sum of energy loss
and energy consumption in the production and supply process.
In order to correspond to the previous calculation process, the
loss is still regarded as part of the energy input. Therefore, in
the above formula, E,,; is total energy supply, and E; is all
energy input. It can be seen that the formula in the parentheses
in Eq. (15) represents Net Energy. According to the numerical
relationship between net energy supply and EROI in Eq. (3)
above, the final form of the new function can be expressed as:

o 1
Y =Ajpe rEtolal(l - m) (16)
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Data Sources

In the analysis of net energy in this study, the data about
energy output include primary energy production and its
composition, various energy imports, and total energy con-
sumption and its composition. Total energy consumption is
used as energy output of the energy system, and different
fossil energy production is used to calculate the correspond-
ing EROI of extraction. The processing includes the produc-
tion of non-fossil energy and the processing of the fossil
energy obtained from extraction and import, so we use total
energy consumption as energy output. The relevant data on
energy production and energy consumption are from "China
Statistical Yearbook". The unit is unified to 10,000 TCE.
TCE is the abbreviation of "Ton Standard Coal Equivalent
". Economic output is expressed in terms of GDP, also from
China Statistical Yearbook.

In terms of import input, National Bureau of Statistics
database contain data on the amount of coal and oil import
from 1996 to 2018, but do not include data on natural gas
import. In recent years, China’s demand for natural gas has
continued to increase and imports have also increased year
after year, so natural gas import input is very important for
this study. After comprehensively collating the import data
of China’s customs database, this study finally obtained the
cost of China's natural gas import including Liquefied Natu-
ral Gas (LNG) and Pipeline Natural Gas (PNG) from 2006
to 2018. The Input—Output tables published by National
Bureau of Statistics and Chinese Input—Output Association
are used to calculate the embodied energy of the energy sys-
tem. The energy industry includes two sectors: fossil energy
extraction (coal, oil, and natural gas) and energy processing
(coking, gas, electricity and heat supply). An Input—Output
table is published once every five years, and an extended
table will be published during the period. This article col-
lects 13 Input—Output tables released from 1990 to 2018.
Because the sector classification of energy consumption
data in the "China Statistical Yearbook" is different from
the Input—Output tables, the sectors need to be aggregated
to maintain data consistency. Feng et al. (2018) integrated
the sectors of the Input—Output table into 10 sectors, and
described the flow of embodied energy between the non-
energy sector and each energy sector. This study further
integrates the sectors into 7 sectors on this basis. Table 2 in
the appendix presents the different sector classifications and
the 7 aggregated sectors.

There are three issues to note: First, each Input—Output
table is compiled based on the price of the year. In order to
ensure the accuracy of the research results, this study uses
the price of 1978 as the benchmark to perform exponential
deflation for each Input—Output table. The second is that
China’s oil and natural gas extraction data are calculated
together. Therefore, when conducting net energy analysis
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for oil and natural gas extraction, we can only analysis from
other perspectives such as reserves and production. Third,
in order to maintain the same price level as the embodied
energy calculation, the import expenditure is also price-
processed when calculating the import input, and the actual
GDP based on price of 1978 is used.

Results and Discussion
Net Energy Analysis of China's Energy System
Net Energy and EROI

The EROI of the energy industry for China as a whole went
from about 3.5 in 1995 to 2.5 in 210-218 (Fig. 3). The low
EROI indicates that about 45 percent of all energy used in
China is used directly or indirectly to get energy. The EROI
for coal was about 12 and did not show a clear trend over
time, and the EROI of oil and gas extraction was between 5
and 8 with a decreasing and then increasing trend (Fig. 3).
The EROI of imported oil was about 2—-3. The EROI of all
fossil fuels collectively was about 10—16:1 with no clear
trend. The EROI for all fuels considered together was about
4-8:1 with a declining trend (Fig. 4.) There is a tendency
for the relative importance of indirect energy inputs, which
are about half of the total energy used, to increase over time
(Fig. 6).

Currently only Feng et al. (2018) have calculated the
EROI of China's energy system, and compared it with dif-
ferent existing results of China’s EROI (Hu et al. 2013; Chen
et al. 2017). But this comparison is invalid due to the dif-
ference in boundaries. This study uses the embodied energy
of the energy mining industry as energy input to obtain the
EROI of fossil energy extraction, and calculate the EROI
of fossil energy imports by using the method mentioned in
2.1.3. Figure 4 presents the calculation results of this study
and the comparison with EROI for China's conventional fos-
sil fuels from Hu et al. (2013). Some studies are not consid-
ered as comparison objects due to their different levels of
energy input (Chen et al. 2017, 2020).

Figure 4 reveals that, compared with the result from Hu
et al. (2013), EROI of fossil fuels extraction in this study is
smaller, especially in coal mining. The reason for the dif-
ference may be that Hu et al. (2013) did not consider all
the indirect investment in the calculation process, and the
method of measuring energy input by the embodied energy
is more accurate. Therefore, China’s fossil energy extraction
is in a worse situation. Data from the National Bureau of
Statistics of China show that in 2019, the external depend-
ency ratios of coal, oil and natural gas were below 10%,
72% and 43%. The demand for imported coal is small, but
the imported EROI is higher, and the EROI of oil import is
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also in contrast to its demand. Although we cannot calculate
the EROI of oil and natural gas extraction separately, it is
obvious that the supply of crude oil and natural gas in China
is under greater pressure.

Figure 5 presents the comparison of fossil energy acqui-
sition (including extraction and import) and all energy pro-
cessing. It should be noted that the energy loss was not con-
sidered in the staged analysis. Despite its high volatility, the
EROI of primary fossil energy acquisition is always above

10. In energy processing (including fuel and power produc-
tion, non-fossil energy is considered), the self-consumption
input per unit of energy has increased significantly, leading
to a significant drop in EROI. Therefore, this study prelimi-
narily infers that the excessive increase in energy input for
fuel and power production leads to a decline in the EROI of
China's energy system. This is consistent with the research
conclusion of Brockway et al. (2019). Compared with the
initial stage, the EROI of fossil energy in the final stage
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Fig.5 EROI of fossil energy 18
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(electricity is about 3, fuel is 7-9) will be very small. In
addition, China’s EROI is at a low level compared to the
global level. We infer that this is due to excessive investment
in energy infrastructure.

Energy Inputs Among Different Links

Table 3 in the appendix illustrates the energy input con-
sumed by each link in the energy system. Natural gas and
coal imports account for a very small proportion of energy
input, generally less than 1%, and oil import accounts for
between 1 and 6%. Compared with the extraction, processing
and loss of the energy system, the influence of energy import
on energy input and net energy is too small. The proportion
of inputs for coal, oil and gas extraction shows a downward
trend, from 33.3% in 1990 (coal 22.8%, oil and natural gas
10.5%, excluding imported inputs) to 12.8% in 2018 (coal
9.4%, oil and natural gas 3.43%), and the subsequent refin-
ing input accounted for 20-30%. The largest increase in the
proportion is in the production of electricity and heat, which
has been close to 40% in recent years. In the part of energy
loss, the proportion dropped to 9.5% in 2007 and then began
to rise, increasing to 17.35% by 2018. At present, the energy
loss caused by processing, storage and transportation has
exceeded the embodied energy consumed by the extraction
of fossil energy.

Figure 6 presents the ratios of indirect inputs to direct
inputs in the three links. When calculate this ratio of energy
loss, we put the processing loss as indirect and the loss of
storage and transportation as direct. Obviously, the energy
loss caused by processing has increased from 2010 to 2018,
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leading to the increase in the proportion of energy loss in
total energy input. In addition, more direct inputs from
energy consumption are demand for fossil energy extraction,
while more indirect inputs from equipment purchase and site
construction are demand for energy processing.

The Outlook of Net Energy and EROI
Setting Up the Future Scenarios

Some studies have proved the relevance of net energy or
energy expenditure to the economy (Nel and Cooper 2009;
Carey et al. 2016; Fizaine and Court 2016). This study uses
the adjusted Eqs. (15,16) based on the equation proposed
by Nel and Cooper (2009) to link net energy, EROI with
the economy in China. Based on the least squares criterion,
we use the results of net energy analysis from 1997 to 2018
and the first-order equation of the residuals to obtain the
unknown coefficients in Eq. (16). The results show that
A, is 0.22 and a is 0.036. Although the uncertainty of new
policies and data lead to volatility in 1997-2002, the actual
GDP and the estimated GDP generally match well, espe-
cially from 2008 to 2018 (see Fig. 7). Therefore, the outlook
for net energy can be inferred from the scenarios in future
by Eq. (16).

Firstly, the goal of economic growth needs to be estab-
lished. The Chinese government proposes a new goal called
"economic growth doubling", which is to double the total
economic output and per capita level by 2035 compared with
2020. This study uses doubling of GDP as an economic goal
in future (see Table 1), and sets the economic growth rate for
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Table 1 Scenarios setting of economic growth and energy supply

2025 2030 2035
GDP growth (%) 53 4.8 4.1
Energy supply
Scenario A 55.00 59.80 60.00
Scenario B 52.78 56.40 55.27
Scenario C 50.93 52.50 51.86

The GDP growth indicates the average rate during the past five
years. Refer to the "Strengthening Policy", "2 C Control Target",
and "1.5 C Control Target" from in the three scenarios. The unit of
energy supply is BTCE i.e., Billion Tons Standard Coal Equivalent

different time periods. From the perspective of net energy,
economic growth depends on the supply and utilization of
net energy, which is the total energy supply, EROI and A,e*’
(the efficiency of net energy utilization). In the past, China
used high energy consumption to obtain rapid economic
growth. However, this path will no longer be feasible due
to climate change restrictions in the future. Guided by the
goal of carbon neutrality, many organizations have released
China’s energy forecast outlook. This study refers to the
research report that gives specific scenario analysis and sets
the scenarios of energy supply (ICCSD 2020).

@ Springer
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Demand for Net Energy and EROI in Future

The achievement of economic growth goals requires a
gradual increase in net energy supply, but the growth rate
is diminishing. There are different demands for EROI in
the three scenarios due to the different energy supply. In
scenario A, the decline in EROI can be accepted under the
premise of obtaining sufficient net energy before 2030,
because of the ever-increasing efficiency of net energy utili-
zation (A,e*') and sufficient total energy supply. In scenario
B, lower efficiency before 2025 leads to the need for higher
EROI to achieve economic growth, and the requirements for
EROI are reduced due to the improvement of efficiency from
2026 to 2030. In scenario C, the improvement of efficiency
is always difficult to make up for the impact of the reduction
in total energy supply, and EROI is required to keep increas-
ing. After 2030, the changes in the total energy supply under
the three scenarios all lead to the need for higher EROI to
achieve economic growth (Fig. 8).

We already know the EROI that China needs in future,
but how the EROI changes needs to be further explored.
With Eq. (16) and the data of energy supply and GDP,
the EROI in 2019-2020 is calculated to be 2.42 and 2.32,
respectively, showing a downward trend again. Consider-
ing the strategic plan to reduce carbon emissions, adjusting
the energy structure may increase energy requirements to
get energy. It has become a consensus to reduce the use
of fossil energy, but the EROI of obtaining fossil energy
is still at a relatively high level (Fig. 5). Although the
EROI of fossil energy converted into electricity and fuel
cannot be calculated accurately, the stable proportion of
energy input in the refining process can indicate the high

efficiency of fossil energy. More attention should be paid
to the electricity production, especially the influence from
renewable energy. The comparison of fossil energy and
renewable energy has frequently been discussed, but no
agreement. Some studies like Hall et al. (2014) and King
and Bergh (2018) identity that EROI and net energy will
be affected by the transitioning to renewable electricity
owing to the low efficiency of renewable energy. However,
some other studies propose that there is no significant gap
between fossil energy and renewable energy in the EROI
at point of use (Brockway et al. 2019; Diesendorf and
Wiedmann 2020). Certainly, the expansion of renewable
energy will promote the improvement of technology and
the reduction of costs, but this in turn will require a large
amount of currency investment and thus increase indirect
energy input (Fig. 6 in this study, Sers and Victor (2018)
and Diesendorf and Wiedmann (2020)).

In addition, the volatility of renewable energy power gen-
eration also affects EROI. For example, a stable and continu-
ous power supply is better than a sporadic power supply, and
the resulting utility is different. If volatility is not considered,
the EROI of renewable energy in existing research seems to
be very high, but it will be significantly reduced after vola-
tility is corrected (Kunz et al. 2014). In order to eliminate
the influence of volatility, comprehensive energy utilization
based on energy storage and smart technology is required,
which is also a large amount of indirect input. The energy
transition will not only increase indirect input in the energy
system, but also increase energy losses due to renewable
energy consumption in future. Energy losses now account
for a relatively high proportion of total energy input, and
there may be more in the future, affecting net energy supply.

Fig.8 Demand for net energy 330000 3
supply and EROI from 2021 to e —
2035 (Unit of net energy supply: 2.9
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The transition from coal to non-fossil energy needs to
rely on oil and gas, which means that the internal structure
of fossil energy will also change. The decrease in the propor-
tion of coal with high EROI will reduce the EROI of fossil
energy acquisition, and the positive effect of natural gas on
improving the EROI of oil and gas extraction is worthy of
attention. EROI of fossil energy extraction is affected by two
factors: technological progress and resource depletion (Dale
et al. 2011). China’s resource characteristics are “rich coal,
poor oil and less gas”, and Fig. 4 presents the gap between
coal and oil and gas extraction. Although the EROI of oil
and natural gas extraction is rising, it seems very difficult to
be at the same level as coal. Furthermore, oil and natural gas
have a high degree of external dependence, and fluctuations
in import prices will affect EROI and net energy supply.

In general, China's EROI faces many challenges, and it is
difficult to rebound and rise in the near future. The realiza-
tion of economic growth targets in scenario B and C not only
requires consideration of EROI and net energy, but also the
efficiency of net energy utilization (A,e*). The efficiency is
assumed to continue to grow exponentially (Nel and Cooper
2009; Feng et al. 2018). If it is further increased, it will
reduce the net energy and EROI required and also be able
to achieve the economic growth goal, but it will also place
new requirements on population, industrial structure and
development methods, etc.

Conclusion

Net energy is the real energy that can be used for social
development and economic growth, and the decline in EROI
will lead to a worsening of net energy. This study conducts a
comprehensive analysis of net energy and makes an outlook
on net energy and EROI to achieve economic growth goals.

Firstly, a comprehensive model is used to analyze net
energy and EROI from 1990 to 2018, which includes energy
extraction, import, and processing. Total energy input to
the process of obtaining energy includes the direct use of
energy on site, the embodied energy in material used, and
the energy used to derive foreign exchange used to buy
imported energy. Next, the simulated production function
to link net energy, EROI, and GDP is used. Finally, the out-
look on EROI and net energy for GDP growth is conducted
by the simulated function in different scenarios of economy
and environment. The results indicate the following:

1. From 1990 to 2018, EROI shows a decreasing trend
overall. The EROI of oil and gas extraction began to
rise after 2000, and the EROI of coal extraction is higher
than it. The energy input in the secondary energy pro-
cessing sector (mainly the production and supply of elec-
tricity and heat) has increased significantly, especially

indirect input. Otherwise, the amount of energy loss has
gradually exceeded the input of Mining and Washing
of Coal and has become the third highest proportion of
input in recent years, of which the loss caused by pro-
cessing has increased greatly. Clearly, more attention
should be paid to the energy input of energy processing
and the energy loss during the entire production process.
It is an important issue how to make up for the difference
between coal and other energy, and renewable energy
needs to use effective policies (such as quota absorption)
and energy storage technology to reduce unnecessary
waste.

2. The net energy supply determined by the total energy
supply and energy input has a significant impact on the
Chinese economy. In three scenarios that consider dif-
ferent goals of climate change, the demand for EROI is
different to achieve GDP growth according to the growth
of energy supply. The plan for 2°C or 1.5°C control will
limit the total energy supply, and an increase in EROI
is required to ensure sufficient net energy. However,
the existing trend in energy structure due principally to
depletion results in a declining EROI which would make
it unlikely that efficiency of the economy as a whole can
be made more efficient, so the efficiency of net energy
utilization can become a new development direction. In
this study and other studies (Nel and Cooper 2009; Feng
etal. 2018), Aye* in Eq. (16) is simplified as productiv-
ity, representing the factor that converts net energy into
economic output. In summary, policy makers need to
acknowledge the reality of the physical forces that are
happening in the Chinese energy sector as a result of the
depletion of our best fuels.

In this study, the EROI we calculated has a certain degree
of uncertainty. First of all, the annual China Statistical
Yearbook will revise historical data, and the correspond-
ing statistical data will have small changes. Then, industry
consolidation may cause certain errors in the input—output
analysis. However, the impact of these uncertainties is far
less than the policy. For example, low-carbon energy means
a reduction in coal demand, which greatly affects the input
and output of coal mining, and will also have an impact on
the EROI of the energy system. This situation should be paid
more attention to by scholars in the future.

Moreover, with rapid society development of Chinese
society, human welfare, quality of life, and ecological benefit
have been prioritized like economic growth by the govern-
ment. A previous study has demonstrated the relationship
between EROI, quality of life, and human welfare (Lambert
et al. 2014). There is currently a lack of such study on net
energy in China, which is exactly the direction we will con-
tinue to work on. More importantly, EROI of various energy
used in end with the same boundary and level should be
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further clarified and compared. On this basis, we will con-

sider the sustainable development goals including ecology,

welfare, and quality of life and provide effective reference

for policy and planning from the perspective of net energy.

Table 2 Sector classifications of the Chinese Economic Sectors

Appendix

See Tables 2 and 3.

Code Sector name

Code Sector

O 00 1 O L AW N~

—_ e e
W NN = O

14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Agriculture, hunting, forestry and fishing A
Mining and washing of coal

Extraction of petroleum and natural gas

o Qw

Processing of petroleum, coking and processing of nuclear fuel

Production and distribution of gas

m

Production and supply of electric power and heat power

s

Mining of metal ores

Mining and processing of nonmetal ores and other ores
Food and tobacco

Manufacture of textiles

Textiles, apparel, footwear, caps, fur, leather
Processing of timber and manufacture of furniture

Study making, printing and manufacture of articles for culture, education
and sports

Chemicals industry

Nonmetallic mineral products

Smelting and rolling of metals

Metal products

General machinery purpose and special purpose machinery
Transport equipment

Electrical machinery and equipment

Communication, computer and other electronic equipment

Measuring instrument and machinery for cultural activity and office
work

Other manufacture

Scrap and waste

Production and distribution of water

Construction

Transport, storage G
Post

Information transmission, computer service and software
Wholesale and retail trade

Hotels and catering services

Financial intermediation

Real estate

Leasing and business services

Research and experimental development

Comprehensive technical services

Water conservancy, environment and public facilities
Services to households and other services

Education

Health, social security and social welfare

Culture, sports and entertainment

Public management and social organization

Agriculture, hunting, forestry and fishing
Mining and washing of coal
Extraction of petroleum and natural gas

Processing and conversion of energy

Production and supply of electric power and heat power

Secondary industry (excluding the energy sector)

Other industries
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Table 3 Energy input in each link of the energy system (10,000 TCE)

Year  Natural gas import  Coal import  Oil import  Energy loss  Oil and natural ~ Coal extraction = Energy processing Power and
gas extraction heat supply
1990 4414.00 2789.63 6065.98 6162.28 7129.00
1992 5083.00 3370.20 6541.25 7270.81 8647.73
1995 6923.00 4399.13 7240.81 11,551.51 12,191.18
1997 15.47 882.71 7587.00 4638.40 8360.12 14,934.97 16,522.85
2000 9.59 2077.47 6488.00 6836.07 7148.35 18,671.39 22,041.68
2002 41.44 1609.45 7566.00 6363.05 8061.63 17,493.86 20,799.85
2005 165.33 5703.02  10,492.00 6957.58 14,968.68 24,868.15 38,316.04
2007 5253 211.78 6976.45  11,898.00 8291.80 14,541.52 30,674.92 52,422.61
2010 253.86 1072.43 8560.10  23,179.00 8994.97 21,295.19 36,601.86 62,417.39
2012 758.73 1346.91 10,356.50  26,489.00 7636.84 21,505.76 40,804.41 61,853.40
2015 777.59 507.43 5637.74  26,903.00 7667.12 21,868.31 50,415.12 75,633.04
2017 859.17 835.60 5992.10  27,497.00 6198.65 15,683.85 41,233.28 61,945.59
2018  1344.24 865.01 8397.40  31,370.00 6203.38 16,911.89 50,936.39 64,735.78
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