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Abstract Industry is the largest electricity consum-
ing sector in the world. China consumes about 25%
of global electricity demand, and 69% of this is used
in industries. The high electricity demand in indus-
try is responsible for 45% of CO,, 25% of SO,, 34%
of NO, and 14% of PM emissions in China. This
study aims to fill the knowledge gap on the potential
for electricity savings in China’s industries, thereby
providing important implications for the potential of
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reducing emissions in electricity-intensive industrial
subsectors in general. Available studies are reviewed
and compared to identify electricity-saving poten-
tials. The findings show that China’s industrial energy
system is shifting to higher electricity and relatively
lower fossil fuel use due to accelerated end-use elec-
trification. China’s industry can reduce electricity use
by 7-24% in 2040, compared to baseline levels, and
generate emission reductions of 192-1118 Mt-CO,,
385-2241 kt-SO,, 406-2362 kt-NO, and 92-534
kt-PM, 5. The iron & steel subsector has the largest
contribution to the industrial electricity savings, fol-
lowed by non-ferrous metals, chemicals, cement and
pulp & paper. Policies that combine environmental
targets, demand-side efficiency and supply-side retro-
fits in the power sector should be adopted. Given the
different performance of policies in terms of energy
savings and emission reduction, sector- and region-
specific policies would be preferred.

Keywords Energy efficiency - Electricity saving -
Industry - Air pollutants - Carbon emissions - China

Introduction

Since 1990, global electricity demand has more than
doubled (from 9700 TWh in 1990 to 20,900 TWh
in 2016), with a growth rate of 3.4% per year (IEA,
2018). In 2016, 38% of global electricity use was
generated by coal, 23% by natural gas, 17% by hydro,
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10% by nuclear, 8% by renewables and the remaining
4% by oil (IEA, 2018). The high share of fossil fuels
makes the power sector one of the largest emitters of
greenhouse gases (GHGs) and air pollutants. In 2016,
41% of CO, emissions, 36% of SO, emissions, 15%
of NO, emissions, 6% of PM, 5 emissions around the
world are produced by electricity generation (IEA,
2016b). It is expected that global power consumption
will keep growing over the next decades due to the
acceleration of industrialization and electrification in
developing economies. As a major source of GHG
emissions, many countries are making great efforts
to decarbonize their power supply. Besides climate
change, health impacts of air pollution are of great
attention. An estimate by the World Health Organi-
zation shows that 4.2 million premature deaths glob-
ally are attributable to air pollution in 2016 (WHO,
2018). Improving energy efficiency in end-use sectors
would therefore generate multiple benefits, by reduc-
ing both types of emissions, as well as limiting the
needs for investments in new power capacities and
grid extensions.

Industrial processes are responsible for 42% of
global electricity demand in 2016 (IEA, 2018). This
makes the industry sector an attractive target for
reducing emissions through the efficient use of elec-
tricity. This study focuses on electricity conservation
in industrial sectors by performing an in-depth review
of available literature on the most consuming subsec-
tors and key energy-saving technologies, taking the
largest electricity consumer, China, as case. China
consumes 25% of global electricity demand, which is
double the total consumption of the European Union,
and 69% of the national electricity consumption is
used by the industrial sector, in 2016 (Fig. 1).

As a large manufacturing country of energy-
intensive products, China also leads the electricity
consumption at the subsector level (followed by the
USA, Russia, India, respectively), accounting for
around 50% of global electricity consumption per
industrial subsector (Fig. 1). The high electricity
demand increases air pollutants from the power sec-
tor in China, for example, around 27.2% of SO, emis-
sion, 26.9% of NO, emission and 14.8% of PM are
caused by power generation (NBS and MEP 2018).
Annually, more than 1 million people die prematurely
in China as a result of exposure to high concentra-
tions of PM, of which power generation is estimated
to contribute to 39% of mortality (Gao et al., 2018).
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While the annual concentration of PM, s and PM,,
decreased by 5.4% and 1.9% in 2017 (Huang et al.,
2018), respectively, compared to 2016 levels, concen-
trations are still higher than the Chinese national level
II targets (PM, 5 of 35 pug/m?® and PM,, of 70 pg/m?)
(MEP and AQSIQ 2016), stressing the need for future
emission reductions. The high electricity demand
delivered by a coal-dominated power generation sec-
tor, and its contribution to poor air quality require
integrated approaches to help improve air quality.
The Chinese government is taking serious efforts to
control emissions of air pollutants by requiring more
strict emission standards for energy-intensive sec-
tors (e.g. cement, chemical and iron & steel) (MEP
& AQSIQ 2019), retiring small coal-fired power units
(NDRC, 2019) and limiting energy consumption per
unit product (e.g. primary aluminum and crude steel)
(MIIT, 2017). Furthermore, China is also under huge
pressure to reduce GHG emissions and has commit-
ted to cutting its carbon intensity by 60 to 65% by
2030 from a 2005 baseline, peaking GHG emissions
by 2030. About 45% of CO, emissions from China’s
industrial sector can be attributed to electricity con-
sumption, reaching 2690 Mt-COZCq in 2015 (CEAD:s,
2017). Promoting electricity conservation is an effec-
tive way to both reduce overall emissions of GHG
and air pollutants from coal-fired power generation,
offering synergies for electricity intensity, air quality
(Yue et al., 2018), climate change (IRENA, 2017) and
health effects from ambient air pollution (Abel et al.,
2019), as well as economic benefits (U.S. EPA 2015).

Although studies have looked previously at energy
efficiency (Karali et al., 2020; Zhang et al., 2020) and
emission reduction (Khanna et al., 2019; Zhou et al.,
2018a) in China, a comprehensive understanding of
electricity use and conservation in China’s indus-
try perspective is still lacking. Most studies have
focused on direct fuel use in end-use sectors, as fuel
demand is still larger and contributes to direct emis-
sions of the end-use sectors. Moreover, the studies on
electricity often take a top-down view on electricity
demand, without sufficient detail on the electricity
end-uses and subsectors. To fill this gap, this study
provides an industry-wide overview of electricity-
saving potentials in China, based on available studies,
and estimates associated benefits on emission reduc-
tion potentials. China can be a great case bringing
guidance for countries dominated with industry and
coal power (e.g. Australia, India, Mongolia, South
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Fig. 1 Electricity consumption levels, and sectoral emission
levels due to electricity use. Source: primary data from World
Energy Balances (IEA, 2018) and China Energy Statistical

Africa and Poland) in saving energy, cleaning up air
and mitigating climate change. Within industry, five
energy-intensive subsectors (i.e. iron & steel, cement,
non-ferrous metals, pulp & paper and chemical)
together account for 65% of China’s industrial energy
consumption' and are analyzed in-depth in this study.
These industries are also highlighted by the IEA
(IEA, 2016a, 2017), EIA (EIA, 2018) and China’s
development plan for energy conservation and emis-
sion reduction (State Council of China, 2017). The
five energy-intensive subsectors are complemented

! The five subsectors are electricity-intensive end-use sectors,
which together accounted for around 50% of China’s industrial
electricity consumption.

Yearbook (NBS 2017). Calculated by authors. Note: the y-axis
in the Bubble plot represents a logarithmic scale

by the textile industry, which is a non-energy-inten-
sive industry, but a large electricity consumer. This
review-based research provides important insights
in the way forward for reducing electricity-derived
emissions in the industry for the most polluting coun-
tries, with an in-depth focus on the big contributing
subsectors and key manufacturing processes.
Specifically, the main contribution of this study
is answering the following four questions. (1) How
much electricity can China’s industry save? (2) Which
industrial subsectors have the highest potentials of
electricity savings and associated emission reduction?
(3) Which research fields should be given more atten-
tion? (4) How to design and implement (industrial
energy) policies to jointly achieve electricity, climate

@ Springer
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Fig. 2 Methodological steps

and clean-air goals (at national, regional and sectoral
levels)? The study presents the available literature
and classified these studies by industrial subsectors
in Section 2 and 3 discusses the methodological dif-
ferences between the studies. The main results, in
terms of electricity-saving potentials and associated
environmental benefits in China’s industrial sec-
tors are presented in Section 4. Finally, conclusions
and policy implications are given in Section 5 and 6,
respectively.

Methodology
Review method
A systematic review method is carried out to address

the questions in this study, consisting of seven steps
(Fig. 2). In the first step, four questions are proposed
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related to the knowledge gap on understanding the
role and potential of electricity savings for reducing
air emissions in industry. In the second step, targeted
keywords are used, combined with the snowballing
technique to identify relevant publications from vari-
ous databases (e.g. Google Scholar, Web of Science
and Scopus). Keywords reflecting the study purpose
include “electricity saving”, “energy saving”, “effi-
ciency” and “China’s industry”. Snowballing was
used to check for additional publications in the refer-
ence list of the identified papers and for studies that
cited the identified papers. During the third step, the
available publications are analyzed to discuss their
main characteristics (in Section 2). The selected stud-
ies allowed obtaining relevant data to be analyzed.
In the fourth step, the methodological differences
between the studies are discussed to be able to inter-
pret the modeling results (Section 3). In the fifth and
sixth steps, the collected data on energy consumption
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and intensity from the studies are systematically pro-
cessed to estimate the electricity-saving potentials
(Section 4). The framework is completed in the sev-
enth step, highlighting the role of electricity as a key
energy carrier and identifying the highest potential
subsectors (Section 5). Furthermore, suggestions on
joint policy design and further research are provided
in the seventh step (Section 6).

Literature selection

Table 1 gives an overview of studies that focused on
energy-saving potentials in China’s industrial subsec-
tors (i.e. iron & steel, cement, non-ferrous, pulp &
paper and chemical sectors), including some of their
key characteristics (such as studied period, model
used and research scope). A discussion on the lit-
erature review of energy-saving potentials in China’s
industry is given below and is structured by subsec-
tor,? starting with studies that focus on industry as a
whole.

China’s industry Limited studies were found that
evaluate the future potentials of China’s entire indus-
try with detailed subsector information. The study of
Ouyang and Lin (2015) analyzed the driving forces
of energy-related CO, emissions in China’s industry
and suggested that energy efficiency improvement
through efficient technology promotion and phas-
ing out of inefficient production capacities was a
major cause of CO, emission reduction in the period
1991-2010. Another study of Meng et al. (2014)
analyzed the electricity-saving potentials of 20 eco-
nomic sectors in China and showed that the chemi-
cal and mechanical sectors have large potentials for
electricity efficiency improvement. These studies
emphasize the considerable energy-saving poten-
tials in China’s industry and indicate energy effi-
ciency improvement is key to achieving sustainable
development. However, they did not quantify future
energy (and electricity) demand and emissions. IEA
(2016a) and EIA (2018) give an overview of energy

2 Five key energy-intensive industrial subsectors with detailed
information on energy savings are included in Sect. 2. Stud-
ies on CTI, a light industry, focus more on CO, emissions and
less on energy savings. Therefore, we include electricity-saving
opportunities for CTI in the section of Results and discussion
(Sect. 4.2.6).

efficiency improvement in China’s industry but pro-
vide limited information on industrial electricity use.
ERI (Dai et al., 2013), LBNL (Zhou et al., 2011) and
THU (Zhou et al., 2018b) disaggregate China’s indus-
trial sector into key energy-intensive subsectors, such
as iron & steel, cement, non-ferrous metals, pulp &
paper and chemical. However, there is little informa-
tion available on sectoral energy/electricity use and
their contributions to electricity savings.

Iron & steel industry Table 1 indicates 18 studies
that focus on energy savings and emission reduction
in China’s iron & steel industry (CISI). Most notably,
He and Wang (2017) summarized detailed param-
eters of 158 available energy efficiency technologies
(EETs) used in iron & steel plants around the world.
Chen et al. (2014) and Ma et al. (2016) employed the
China-TIMES (MARKAL-EFOM System) model to
simulate the future energy-saving potentials of 10 and
28 EETs in CISI, respectively. Based on energy con-
servation supply curves (ECSC), Li and Zhu (2014),
Hasanbeigi et al. (2013b), Zhang et al. (2014), Ma
et al. (2015a), Zhang (2015a) and Zhang (2017, 2018)
identified optimum EET options from an economic
perspective. In summary, these studies indicate pro-
duction structure adjustment (i.e. shift from Basic
Oxygen Furnace (BOF) to Electric Arc Furnace
(EAF)) and technological progress as the main forces
to reduce future energy use and emissions in CISIL.
In addition, actions to improve energy efficiency by
EETs can bring synergies for climate change, air
quality and public health to be achieved cost-effec-
tively (Wu et al., 2016).

Cement industry 12 studies focus on energy effi-
ciency improvement and emission mitigation in Chi-
na’s cement industry (CCI, Table 1). Xu et al. (2012)
showed that 25% of energy use (2009) could be saved
if best available technologies were implemented.
Hasanbeigi et al. (2013a) evaluated the cumulative
saving potentials (CSPs) and associated CO, emis-
sion reduction of 23 technologies in the period 2010
to 2030. However, CSPs provide limited transparency
for policy-makers for understanding energy savings
and emission reductions by year, when designing pol-
icies. To fill this gap, Wen et al. (2015a) and Li et al.
(2017) simulated the future trends of energy con-
sumption and CO, emissions using single-objective
optimization models. Zhang et al., (2015b, 2015c,
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Table 1 (continued)
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Ma et al. (2015b)
Lietal. (2014)
Yue et al. (2018)

A

Bottom-up

2012 ECSC

2012

59
60
61

Bottom-up

MACC
ECSC

2025

2012

A

Bottom-up

2035

2012

!The detailed scope of each study can be seen in the Supplementary material (Table S1—Summary of system boundaries for each study)

2This study adopts annual average indicators during 1985-2010 as a basis

3 Annual average indicators during the period of 2010-2014

4 Annual average indicators during the period of 1989-2010

3 Annual average indicators during the period of 19802011

% Annual average indicators during the period of 1985-2010

7 Annual average indicators during the period of 19892008

8 Annual average indicators during the period of 1981-2010

2016) modeled the multiple benefits of 37 EETs in
energy savings and emission reduction (CO, and air
pollutants) as well as health effects contributed by
PM, 5 from CCI for the period 2010-2030 at various
regional levels. Yang et al., (2013a, 2013b) estimated
the benefits of 18 mitigation measures, monetized
in $/t-CO, by MACCs (marginal abatement cost
curves), at national and provincial level. In summary,
the studies indicate that improving energy efficiency,
switching to low-carbon fuels, reducing the clinker-
to-cement ratio and integrating carbon capture into
cement production are the main energy saving and
carbon mitigation measures which support a transi-
tion to sustainability in the cement sector. The inte-
gration of carbon capture technologies and reducing
of the clinker content in cement are identified to pro-
vide the largest cumulative CO, emission reductions
in a long-term perspective.

Non-ferrous metals industry Table 1 includes 12
studies that investigate energy efficiency and carbon
emission reduction in China’s non-ferrous metals
industry (CNFMI). Based on a top-down approach,
Wang and Feng (2018), Shao (2017) and Wang and
Zhao (2017) examined the energy efficiency perfor-
mance of CNFMI and found that an energy efficiency
improvement potential of more than 20% remains in
CNFMI. Because the CNFMI sector consists of mul-
tiple products, it is difficult for bottom-up models to
cover all production processes. Thus, bottom-up mod-
els are used to analyze specific subsectors. For exam-
ple, Gao et al. (2009), Zhang et al. (2015d) and Hao
et al. (2016) predicted the GHG emissions in 2020 for
China’s primary aluminum industry by assuming dif-
ferent levels of electricity intensity (kWh/t-Al) based
on national plans. Wen and Li (2014) evaluated the
energy-saving potentials of 67 EETs for five main
non-ferrous metals (aluminum, copper, lead, zinc and
magnesium) during 2010-2020. Kermeli et al. (2015)
assessed the technical and economic potentials of 22
EETs for aluminum industry at global level (including
China) up to 2050. In summary, both technological
progress and rising electricity prices have greatly pro-
moted the decline in energy consumption and GHG
emissions. In addition, promoting non-ferrous met-
als recycling through the implementation of circular
economy is also of great importance to reduce energy
consumption in the future. As the transition to clean
power generation cannot be achieved short-term,
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decision-makers can prioritize the use of EETs to
achieve energy saving and emission reduction targets
in CNFMI (Wen and Li, 2014; Zhang et al. 2015d).

Pulp & paper industry As shown in Table 1
and Table S2 (Supplementary material), several
approaches have been adopted to analyze energy
efficiency and intensity, yet few have evaluated the
energy-saving potential in China’s pulp & paper
industry (CPPI). Lin and Zheng (2017) and Zheng
and Lin (2017) studied energy efficiency using a
total factor energy index, implying that CPPI could
save at least 40% of its energy use. Kong et al.
(2017) estimated the energy-saving potentials of 23
available EETs in 2010. Research on future energy
savings at the national level is limited (Lin & Mou-
barak, 2014a; Wen et al., 2015b; Zhou et al., 2011).
Lin and Moubarak (2014a) established relationships
between economic variables to forecast the energy-
saving potentials up to 2025. Wen et al. (2015b)
evaluated the co-benefits of 14 EETs on energy sav-
ings and water-pollution reduction from 2010 to 2020
by industrial water pollutant control and technol-
ogy policy IWPCTP) model. These studies indicate
that efforts to improve energy efficiency will benefit
both the economy and the environment by reducing
energy costs and emissions of water pollutants and
GHG. Closing small capacity and updating produc-
tion technology have been identified as effective ways
to improve energy efficiency in the CPPIL. China’s
NDRC (2018) and MIIT (2012) also pointed out
that dry—wet stock preparation, high-efficiency pulp
washing and efficient double-disc refiner are efficient
technologies that both conserve energy and mitigate
emissions. In addition, 36 emerging technologies to
substantially reduce energy use and GHG emissions
compiled by Kong et al. (2012) should be promoted.

Chemical industry Research on China’s chemi-
cal industry (CCMI) is mainly limited to energy effi-
ciency evaluation (Han et al., 2015; Lin and Long,
2014, 2015; Lin et al., 2012) and carbon emissions
(Kahrl et al., 2010; Lin and Long, 2016; Liu et al.,
2011; Zhou et al., 2010; Zhu et al., 2010). Only a
few studies focus on future efficiency improvement
potentials in CCMI and its subsectors, especially for
electricity demand (Table 1). The chemical indus-
try is a multi-product sector. Top-down approaches
(Lin & Long, 2014, 2015; Lin et al., 2012) used

aggregated economic indicators to describe the indus-
try as a whole. Lin and Long (2015) explored the
performance of energy efficiency in CCMI during
2005-2011 and showed that energy efficiency could
be further improved by 31%. IEA (2013) identified
that radical improvement of energy efficiency in the
global chemical industry can save 5.3 EJ by 2050. Ma
et al. (2015b) estimated fuel and electricity savings
for 26 EETs, applicable to China’s ammonia industry
in 2012. Li et al. (2014) studied the energy efficiency
improvement for the chlor-alkali industry in Shan-
dong Province. Technological progress has proven an
efficient way to improve energy efficiency. Studies on
how to achieve the potentials by specific technologies
are rare. Zhu et al. (2015) and Zhang et al. (2012)
identified technological opportunities for energy sav-
ings and water-pollution reduction for ammonia pro-
duction in the short term. Yue et al. (2018) estimated
the electricity-saving potentials and associated emis-
sion reduction (GHG and air pollutants) of 60 elec-
tricity-saving measures in CCMI, covering 4 elec-
tricity-intensive chemicals. These studies reveal that
efficient technology promotion and switching feed-
stocks (ammonia: coal-based to natural gas-based;
PVC: calcium carbide-based to ethylene-based) are
the main factors to reduce energy use and emissions
of water and air pollutants. Increasing energy prices
can drive the diffusion of EETs.

Modeling factor identification

Model-based scenario analysis nowadays plays a key
role in informing decision-makers about future trends
in the energy system. However, a slightly different
hypothesis or scenario storyline can result in large
differences in projected energy consumption. There-
fore, it is necessary to understand studies in terms
of their system boundaries, data sources, modeling
approaches, key driver assumptions, assumed policy
instruments and explicit technologies modeled.
Firstly, as shown in Table S2, the base-year final
energy and electricity use varies in the included
studies as a result of different input data and sys-
tem boundaries. For example, China’s iron and steel
sector as identified in Zhang et al. (2014) shows a
lower final energy use in base-year 2010, of 16 EJ,
compared to Hasanbeigi et al. (2013b) (from China’s
Statistics Bureau—CSB (NBS 2017)) and ERI (Dai
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et al., 2013), which is around 17 EJ. The processes
of steel production and its specific energy consump-
tion differ between various studies (Chen et al., 2014,
Karali et al., 2016; Ma et al., 2016; Wen et al., 2014),
and conflict with statistics for 2010 (ERI and CSB).
The studies (Li and Zhu, 2014; Zhang et al., 2017)
are based on the same energy consumption per unit
product (17.72 GlJ/t-steel) to explore future energy
efficiency improvement. Different statistical methods
and system boundaries (e.g. the major process energy
intensity of iron & steel in the GAINS model is lower
than official data in 2010) are responsible for the
divergences of base-year energy consumption among
the listed studies (Zhang et al., 2014).

Secondly, modeling approaches and included driv-
ers are key factors that affect projections. Various
modeling approaches are used to analyze energy-sav-
ing potentials (Table 1). These can be classified into
three general types: (1) top-down models, (2) bottom-
up models and (3) integrated models (Karali et al.,
2012). The drivers used typically vary per modeling
approach (Table S3 for an overview of the key driv-
ers used in the included studies). Top-down models
(e.g. SFA, co-integration and LMDI) have a macro-
economic perspective and use socio-economic vari-
ables to predict energy use developments. Sectoral
economic activities are represented through aggre-
gated production functions. For example, the studies
(Lin and Zhang, 2013; Lin et al., 2012) evaluated the
electricity-saving potentials in CNFMI and CCMI by
2020 based on top-down approaches. However, top-
down approaches (characterized by implicit technol-
ogy representation like R&D progress) fail to cap-
ture technological details of energy conservation
and are unable to incorporate different assumptions
about how discrete EETs and costs will evolve in
the future (Table S4) (Karali et al., 2012). In the list
of Table 1, bottom-up models with specific technol-
ogy representation are widely used to explore future
energy demand and emissions in different sectors.
However, some studies using bottom-up models (e.g.
ECSC, ISEEM, NET and IWPCTP) include very lim-
ited interactions with the macro-economic system
(Table S3). Integrated models (e.g. GAINS-ECSC
and MFA-TE-LMDI) combine top-down and bottom-
up modeling approaches through hard or soft link-
ing. However, integrated models are typically limited
in the amount and details of key drivers compared
to top-down or bottom-up models alone (Table S3).
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Detailed strengths and weaknesses of various models
used in China were assessed by Zhang et al. (2015d)
and Mischke et al. (2014). Additionally, power pinch
method based on the concept of thermodynamics is
widely used to analyze energy efficiency gap (Klemes
et al., 2018), but the applied coverages are mostly on
optimizing hybrid power systems from the supply
side (Rozali et al., 2014, 2019), rarely on quantita-
tively estimating the electricity savings in the demand
side (Hackl & Harvey, 2013) for China, like industry
and building. Therefore, the power pinch analysis-
related studies are out of this research scope focus-
ing on industrial efficiency improvements in terms of
electricity. While the pinch method should be given
more attention to extend the application in annual
strategic deployment of energy conservation, or to
explore more efficient energy systems in combination
with the demand side.

Thirdly, although some studies use the same
model, the policy instruments or type and specific
EETs modeled in alternative scenarios can result in
different results for energy savings. Tables S4 and
S5 give an overview of policy instruments and spe-
cific technologies modeled in the different studies,
respectively. Technology selection and diffusion are
the main factors that affect energy savings in the stud-
ies using bottom-up approaches. For example, study
(Li and Zhu, 2014) collected 41 EETs for CISI, while
25 technologies are cost-effective. The results show
that the technical and cost-effective energy savings
are 4.63 GJ/t and 3.89 GIJ/t, respectively, which are
higher than the results from study (Zhang et al., 2017)
(also on the basis of an ECSC model), i.e. 3.08 GJ/t
and 1.93 GJ/t. The main reasons are the inclusion of
more EETs for EAF-steelmaking, casting, rolling and
finishing processes in study (Li and Zhu, 2014) than
study (Zhang et al., 2017) (Table S5).

Results and discussion

Based on the literature collection in Table 1, a com-
parative analysis of electricity savings for China’s five
key industrial subsectors is conducted. Moreover, the
share of electricity savings in total final energy sav-
ings is assessed for each sector to understand the role
electricity savings can play in reducing industrial
energy use and providing an intuitive understanding
of the relationship between electricity savings and
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Table 2 Energy-saving potentials in different sectors (relative to baseline levels)

Sector 2020 2030 2040 2050
Final energy  Electricity Final energy  Electricity Final energy  Electricity Final energy  Electricity
(%) (%) (%) (%) (%) (%) (%) (%)
Industry 4 (2-8) 4 (2-5) 11 (7-17) 10 (6-15) 17 (6-28) 14 (7-24) 21" 3"
Subsectors
Iron & 10 (1-51) 16 (13-17) 11 (2-31) 23 (13-31) 12 (5-20) / 16 (5-32) /
steel
Cement  10(5-20) 8 (4-21) 18 (2-34) 15(10-33) 18 (15-21) 19" 27 (19-38) 15 (9-18)"
Non- 22 (1-59)  25(6-52) 2" / 6" / 10 /
ferrous
metals
Pup&  24(1-39) / 1" / 2" / 2" /
paper
Chemical 12 (6-27) 24 (8-50) 29" 25(22-28) " 25" / 22" /

“Based on only one study

**Based on one study, CPPI can save 4% of electricity use in 2010, but future electricity savings are unavailable

Table 3 Energy-saving contributions at sector level (absolute savings)

Sector 2020 2030 2040 2050
Final energy Electricity Final energy  Electricity Final energy Electricity Final energy Electricity
(EJ) (TWh) (EJ) (TWh) (EJ) (TWh) (EJ) (TWh)
Industry 3.00 (0.80— 137 (69-190) 7.60 (3.90— 435 (280—  11.50 (5.50- 770 (240-  12.60" 110"
6.80) 13.90) 721) 20.90) 1396)
Subsectors
Iron & 213 (0.11- 93 (49-121) 1.65(0.21- 149(37-212) 1.07 (0.42— / 1.19 (0.41- /
steel 16.98) 6.26) 2.16) 2.57)
Cement  0.64 (0.25— 15 (8-37) 1.03 (0.12— 23 (16-44)  1.00 (0.46— 24" 1.19 (0.55- 14 8-17)"
1.30) 3.36) 1.38) 1.82)
Non- 0.55 (0.01- 80 (22-164) 0.03" / 0.11" / 0.22" /
ferrous 1.46)
metals
Pulp&  0.31(0.01- / 0.02" / 0.02" / 0.03" /
paper”  0.51)
Chemical 0.90 (0.17— 69 (23-141) 0.75" 100 (89-111) 0.60" / 047 /
2.95)
Subtotal ~ 0.55-23.20 1.13-10.42 1.61-4.27 1.68-5.11

“Based on only one study

**Future electricity savings are unavailable for CPPI

total energy savings. Opportunities to improve elec-
tricity efficiency in China’s textile sector are also
discussed. A detailed description of final energy con-
sumption is presented in the Supplementary material.
Finally, the synergies of electricity saving in rela-
tion to climate change and air quality are quantified
(Tables 2, 3 and 4).

China’s industry

Figure 3 shows the future electricity consumption
and saving potentials in China’s industry. Industrial
electricity consumption grows steadily in all IEA
scenarios (IEA, 2016a), with an average annual rate
of 1.8% (with a range of 1.2-2.3%), which is higher
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Table 4 Co-benefits of electricity savings in terms of emis-
sion reduction in China’s industry

Emission 2020 2030 2040 2050
GHGs
CO, Mt)  55-152 224-577 192-1118 88
CH, (t) 574-1579 2327-5993 1995-11,603 914
N,O (t) 820-2257 3326-8565 2851-16,584 1307
Air pollutants
SO, (kt) 111-305 449-1157  385-2241 177
NO, (kt)  117-321 474-1220  406-2362 186
PM, s (kt)  26-73 107-276 92-534 42

Calculated by authors (see Supplementary material)

future due to accelerated end-use electrification. As
shown in Fig. 4, the share of electricity consumption
in industrial final energy use is expected to increase
from an average of 24% in 2015 (range 20-28%) to
33% in 2040 (range 21-39%). Meanwhile, electric-
ity savings are estimated to be 31% (with a range
of 23-39%), 26% (20-29%) and 25% (11-33%) of
total industrial final energy saving in 2020, 2030 and
2040, respectively. Promoting electricity conservation
therefore is an effective way to reduce overall con-
sumption in China’s industry.

China’s industrial subsectors

7000
6000
5000
6%
=
4000
E Y . ;
5 3000 1 « Electricity-saving potential
- . .
2000 - Electricity consumption
1000 -
0 4
New 450 New 450 New 450 Low Low Low Low
Policy | Scenario | Policy | Scenario | Policy | Scenario | Carbon | Carbon | Carbon | Carbon
IEA IEA IEA THU THU THU THU
2020 2030 2040 2020 2030 2040 2050

Fig. 3 Electricity consumption and saving potentials in China’s industry

than the annual growth rate of industrial final energy
use of 0.5% (—0.2-1.1%). The projected electricity
use in 2020 for IEA’s 450 and THU’s Reference sce-
narios (Zhou et al., 2018b) are similar. THU predicts
that electricity use will peak at 2025, with an average
annual growth rate of 0.8% during 2015-2025 (range
0.5-1.2%), and then decline with 0.5% after 2025
(range 0.5-0.6%). In comparison to the baseline sce-
narios, industrial electricity consumption is expected
to decrease by 4% in 2020 (range 2-5%), 10% in 2030
(range 6-15%), 14% in 2040 (range 7-24%) and 3%
in 2050.

China’s industrial energy system is expected to
shift to higher electricity and lower fossil fuels in the
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Iron & steel industry

As shown in Table 1, six studies focus on the elec-
tricity-saving potentials in CISI. Some of these stud-
ies (Hasanbeigi et al., 2013b; Li and Zhu, 2014; Ma
et al., 2015a) show that with proven EETs a consid-
erable amount of electricity can be avoided. Only
two studies (Wang et al., 2007; Zhang et al., 2014)
present the evolution of electricity use and effi-
ciency improvements in the future (Fig. 5). Electric-
ity use in CISI is expected to peak around 2020 and
then decline slightly (by 0.1-0.4% per year) till to
2030. With the diffusion of advanced technologies,
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Fig. 4 Share of electricity 100% -
in China’s industrial final 90% -
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Fig. 5 Electricity-saving potentials in CISI compared to the baseline

electricity intensity would be able to decrease, with
10% in 2020 (range 8-12%) and 23% in 2030 (range
18-27%). The electricity-saving potential is estimated
to be 16% in 2020 (range 13-17%) and 23% in 2030
(range 13-31%), compared to the baseline.

Driven by the increasing proportion of EAF, elec-
tricity consumption is expected to increase from
10% of final energy use of CISI in 2010 to 13-14%
in 2020 and 14-16% in 2030. There are not many

Baseline Policy Baseline Policy Baseline | BAEEM_S1|BAEEM_S2 | BAEEM_S3| Baseline |BAEEM_S1|BAEEM_S2 | BAEEM_S3
scenario scenario
1. Wang 1. Wang 9. Zhang 9. Zhang
2020 2030 2020 2030

= Electricity-saving potential

long-term studies, but Chen et al. (2014) project in a
baseline scenario, a share of 22% in 2050. Generally,
the proportion of coal keeps declining in the final
energy mix of CISI, and electricity will increasingly
become a more dominant energy carrier. Efficient
use of electricity can save 2-3% and 2-5% of final
energy use of CISI in 2020 and 2030, which accounts
for 11-12% and 10-12% of energy savings in 2020
and 2030, respectively. Five major processes (coke

@ Springer



Energy Efficiency

300 12%
"""""""""""""" \
----------- i, e \
250 S—4ds v 7 10%
! /’ 3
\\ Vi =
200 TR T —= - 8% B
> A ~———e—o—---< ” &
= 5 S oe==" ~ ’ 15
= ¥ 8% 154, 10% 109 165 o T s
S 150 - . Al % =
- =
‘= =
100 — 4% 2
w2
0 - 0%
(5] — o o —_— o o —_— o~ o —_— o~ o — o o o — o o ] — o o o — o o
Ele|le|ls|le|lelElxlalslanlxlE8lr|lElElElE|lE|lE|lE|lElE|lElElE|lE|&
slelz|s |zl |5|d|ld|lg|o|lo|lo|gs|o|lo|lo|lg|o|lo|lo|lF|o|lo|o
sl Elelg|e|g|g| """ ¢ g Z E
2 E E I E E @ = = = = =3
<| < <| <
22.Ke 22.Ke 25. Zhang 25. Zhang 28. Li 28. Li 28. Li 28. Li
2020 2030 2020 2030 2020 2030 2040 2050

mmmmm— Electrivity use

Fig. 6 Electricity-saving potentials in CCI compared to the baseline

making, sintering, iron making, steel making, and
casting, rolling & finishing) are involved in steel pro-
duction (see Table S1). The largest potential of elec-
tricity savings is found in the process of casting, roll-
ing and finishing, which contributes to around 52%
of the electricity savings in the steel industry. Direct
rolling technology is one of the key cost-effective
measures to reduce electricity demand in the finishing
mills. Besides improving the casting and rolling pro-
cess, considerable potentials of electricity savings are
expected by promoting the penetration of new EAF
systems such as direct current arc furnaces and twin
shell furnaces.

Cement industry

Figure 6 and Table 2 show the electricity-saving
potential in China’s cement sector. The included
studies mainly focus on the short term (i.e.
2010-2030). Baseline scenarios show that electric-
ity use in CCI will approach a peak of 211 TWh
in 2020 (range 180-259 TWh) and then decline to
90 TWh by 2050. Compared to the baseline, elec-
tricity use can be reduced by 8% in 2020 (range
4-21%), 15% in 2030 (range 10-33%) and 15% in
2050 (range 9-18%). Compared to 2010, the elec-
tricity intensity is expected to be able to decrease by
27% in 2030 (range of 20-33%) and thereafter reach
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“ Electricity-saving potential

------ Share of final energy use

world best practice level (i.e. 54-60 kWh/t-cement)
in 2050 (Worrell et al., 2008).

Electricity accounts for around 10% (range
8-11%) of final energy use and changes not sig-
nificantly during the period 2010 to 2030. Around
10% (range 6-16%) and 10% (range 6-14%) of final
energy savings are contributed to electricity savings
in 2020 and 2030, respectively, which account for
1% and 2% of final energy use. There are not many
long-term studies, but Li et al. (2017) project that
the share of electricity use would grow if a carbon
tax increased from 50 $/t-CO, in 2020 to 215 $/t-
CO, in 2050. The main reason is that the tax will
promote energy system changes towards lower coal
and higher electricity. Around 1.5% of final energy
use can be saved by improving electricity efficiency
in 2050. Cement manufacturing consists of four
major production processes, i.e. fuel preparation,
raw material preparation, clinker making, grind-
ing and finishing. Around 50% of the electricity-
saving potential can be released through improv-
ing the electricity use efficiency in the processes of
raw material preparation and cement grinding. It is
worth noting that general measures, such as high-
efficiency motors and energy management systems,
have huge potentials to reduce electricity demand.
These measures represent around 20% of total elec-
tricity savings in the cement sector. Meanwhile,
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Fig. 7 Electricity-saving potentials in China’s non-ferrous metals sector in 2020

most of the general measures are economically fea-
sible for investors.

Non-ferrous metals industry

Research for the CNFMI is mainly concentrated on
two aspects, i.e. GHG emissions (Gao et al., 2009;
Zhang et al. 2015d; Hao et al., 2016) and historical
energy efficiency investigations (Shao, 2017; Wang
and Feng, 2018; Wang and Zhao, 2017). Studies on
predicting the energy conservation trajectory in the
whole non-ferrous metals industry are rare. As shown
in Table 1, most of these studies focus on aluminum
production because it accounts for 74% and 75% of
total energy consumption and electricity consumption
in the whole non-ferrous metals industry, respectively
(CNMIA, 2017).

Future electricity demand in CNFMI will keep
growing with the expected increasing demand for
nonferrous metals. The increasing electricity demand
would result in large indirect emissions of GHG and
air pollutants. Figure 7 shows that future electric-
ity savings in the non-ferrous metals sector are con-
siderable in 2020. For the overall non-ferrous metal

industry, projected electricity use could be reduced by
41% in 2020 (with a range of 31-52%), correspond-
ing to around 132 TWh (range 99-164 TWh). For
aluminum production, electricity use is expected to
be reduced by 8% in 2020 (range 6-10%). Both tech-
nological progress and increasing use of secondary
metals greatly promote the decline in electricity con-
sumption and GHG emissions. However, increases
in the share of secondary production of non-ferrous
metals are limited by the availability of scrap (IEA,
2017). Thus, the adoption of cost-effective technolo-
gies should be prioritized to improve electricity effi-
ciency and reduce emissions by CNFMI.

As the dominant energy carrier, the share of
electricity in final energy use of CNFMI increased
from 38% in 2000 to 66% in 2016 (NBS 2017). The
increased electricity use comes mainly from alu-
minum production. Electricity consumed by alu-
minum production accounts for 49% of total final
energy use of CNFMI. In 2020, around 4% (range
3-5%) of final energy use in CNFMI can be avoided
by improving electricity efficiency in aluminum pro-
duction. Electricity savings in aluminum production
can contribute to 58% (range 56-60%) of energy
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savings of CNFMI in 2020. Saving electricity in
aluminum production thus can significantly reduce
overall energy consumption in CNFMI. Actions to
improve the alumina refining process are expected to
unleash around 10% of total electricity-saving poten-
tials in China’s aluminum sector. The most cost-effec-
tive way to reduce the electricity intensity of primary
aluminum is to retrofit and upgrade outdated electro-
lytic cells, which can contribute more than 80% of
the total electricity savings in the aluminum sector.
Therefore, the government should prioritize the pen-
etration of high-efficiency electrolyzers, such as new
reduction cells with low temperature and low voltage,
and TiB2/C composite cathodes with high wettability
and impermeability.

Pulp & paper industry

Figure 8 shows the electricity-saving potentials in
CPPI in 2010. Four percent of the electricity use in
CPPI can be avoided though implementing 3 process
electricity-saving technologies (i.e. vacuum system
optimization, high-efficiency double-disc refiners,
refiner improvements) and 2 general measures (i.e.
adjustable-speed drivers and energy-efficient light-
ing). It is worth noting that Germany as one of the
most efficient paper producers still has 16% electric-
ity-saving potentials though promoting 11 electric-
ity-saving technologies (Fleiter et al., 2012). As the
world’s largest paper producer, the electricity savings
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47. Kong

2 Electricity saving potential

(4%) in China’s paper sector thus may be underes-
timated due to the few technologies included in the
study (Kong et al., 2017). The shortcoming makes
it difficult for policy-makers to fully understand the
electricity savings and emission reduction potentials,
and to make reasonable and cost-effective choices.
Similar to other sectors, the energy system of CPPI
is shifting towards higher electricity and lower coal
use. Final energy consumption has peaked in 2009
and then declined with an average annual rate of 2%
during 2009-2016 (Supplementary material). How-
ever, electricity use continued to grow, with an aver-
age annual rate of 5% in the period 2009 to 2016. The
share of electricity demand thereby increased from
18% in 2000 to 29% in 2016. According to Kong
et al. (2017), electricity savings (2 TWh) of CPPI can
contribute to 3-4% of energy savings, representing
around 1% of final energy use in 2010 by this sector.
However, due to the limited studies and especially
scope of included electricity conservation measures,
these results are expected to be an underestimation.
Two major production processes (i.e. pulping and
papermaking) are included in paper manufacturing.
Electricity savings in the pulping process account
for around 20% of total electricity savings in CPPL
The papermaking process has the highest potential
for reducing electricity use (accounting for nearly
60% of total electricity savings). Besides these two
major processes, approximately 20% of the electric-
ity-saving potentials can be accessed by cross-cutting
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Fig. 9 Electricity-saving potentials in CCMI compared to the
baseline. Note: the study 53. Lin studied the electricity use in
the whole chemical industry; the study 61. Yue projected the

measures (e.g. adjustable-speed drives and anti-
scaling technology for cooling water systems). With
the increasing share of wood-based pulping (10% in
2010 to 13% in 2017 (CTAPI, 2018)), more advanced
electricity-saving technologies can be introduced to
CPPI, like high-efficiency grinding, enzymatic pre-
treatment and chemical modification of fibers (Fleiter
et al., 2012). It is necessary to build a cost-effective
technology roadmap to facilitate the electricity-saving
potentials and investments for CPPI in the future.

Chemical industry

As shown in Fig. 9, only two studies (Lin et al., 2012;
Yue et al., 2018) focus on future electricity-saving
potentials in the CCMI. Top-down approaches (Lin
et al., 2012) show a large electricity saving poten-
tial for the overall chemical industry in 2020, of
around 40% (ranging from 29 to 50%). Bottom-up
approaches (Yue et al., 2018), on the other hand, esti-
mate a lower possible reduction of electricity use by
16% in 2025 (range 15-18%), 25% in 2030 (range
22-28%) and 35% in 2035 (range 31-39%), compared
to business as usual.

i Electricity saving potential

electricity savings in three chemical subsectors (ammonia,
chlor-alkali and calcium carbide)

As one of the main energy carriers in CCMI, elec-
tricity consumption in 2016 doubled in comparison
to 2005, with an average annual growth rate of 8%,
which is higher than the growth rate of final energy
use (5%). The share of electricity in the final energy
mix increased from 12% in 2005 to 15% in 2016.
With accelerating electrification in CCMI, electric-
ity consumption is expected to further increase (IEA,
2013; Yue et al., 2018). Efficient use of electricity by
adopting 60 EETs can save 6% in 2030 (range 5-7%)
and 9% in 2035 (range 8-10%) of final energy use of
CCML. Investments in energy efficiency in the chemi-
cal industry should focus especially on calcium car-
bide manufacturing (in particular the calcium carbide
furnace), which is expected to deliver around 50%
of the electricity savings among three key chemical
subsectors (i.e. ammonia, chlor-alkali and calcium
carbide). The chlor-alkali sector produces two major
electricity-intensive chemicals, i.e. caustic soda and
PVC. Efficient ion-exchange membrane electrolyzer
(e.g. oxygen depolarized cathodes membrane electro-
lyzer, and zero electrode-distance membrane electro-
lyzer) and dry-process acetylene are key to reducing
electricity costs in caustic soda and PVC production,
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respectively. Ammonia manufacturing includes four
major processes, i.e. gas generation, shift conver-
sion, gas purification and ammonia synthesis. China’s
ammonia production is dominated by coal feedstocks,
which account for 86% of total ammonia capacity.
The process of gas purification thus has the high-
est potential for conserving electricity (representing
around 30% of total electricity savings in China’s
ammonia sector), which can be achieved by imple-
menting high-efficiency desulfurization and decar-
bonization technologies (e.g. pressure swing adsorp-
tion for removing CO,). Replacing and upgrading
low efficiency ammonia synthesis towers can further
release around 27% of the electricity-saving poten-
tial. Considering the electricity performance of each
process, policy-makers and managers are suggested
to scale up efficiency by targeting key areas within
an industrial sector. This presents an option to access
significant reductions in a rapid way with high cost
performance.

Textile industry

The textile industry in China is not considered an
energy-intensive sector. However, CTI consists of
a large number of factories which together consume
significant amounts of energy. CTI consumes 2% and
4% of China’s industrial final energy and electricity
consumption, respectively. Final energy use of CTI
increased dramatically in the period 2000-2016,
with an average annual growth rate of 5%. Within the
energy consumption in CTI, electricity is one of the
dominant energy sources, with an increasing share
from 23% in 2000 to 45% in 2016 (NBS 2017).
However, existing studies mainly focus on carbon
emissions (Huang et al., 2017; Lin and Moubarak,
2013, 2014b) and have limited information on elec-
tricity savings in CTL. An international comparison of
energy efficiency shows the large gap between China
(31 MJ/$) and USA (11 MJ/$) in the textile industry
(Peng et al., 2015a, b). Lin and Zhao (2016b) found
the CTI sector has a 20-33% available potential to
improve energy efficiency. Various energy efficiency
opportunities (including available and emerging
EETs) in the textile industry have been summarized
by LBNL, many of which are cost-effective (Hasan-
beigi and Price, 2012, 2015). As a dominant energy
carrier, efficient use of electricity can effectively
reduce the overall energy consumption and indirect
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emissions in the sector. Electricity-saving potentials of
available technologies for major textile processes (i.e.
spinning, weaving and wetting processing) are shown
in Fig. 10. Most of the technologies are applied to the
electric motor-driven systems (i.e. pumps, fans and
compressed air). Thus, promoting efficient motor sys-
tems is key to realizing electricity efficiency improve-
ment in CTI (Lin and Zhao, 2016a, b).

Energy consumption in China’s textile indus-
try will continue to increase, while the growth rate
is expected to slow down due to energy efficiency
improvements. Various measures (e.g. industrial scale
adjustment and technology upgrading) reduce energy
use in CTI, of which technology upgrading is the
most effective way (Lin and Zhao, 2016a; Wang et al.,
2017). It is worth noting that the energy efficiency of
the entire motor-driven systems in the textile industry
leaves much room for improvement.

Summary of electricity savings and associated
emissions reduction

In this study we aim to include total industrial elec-
tricity demand, including purchased power from the
grid as well as self-generated power (e.g. by com-
bined heat and power (CHP) plants). For most litera-
tures, we found that the energy demand data is con-
sistent with this definition; however, not all studies
are clear in this regard. In terms of savings potential
as share, there is little impact to be expected since this
is based on the percentual saving potentials of meas-
ures that are applied to total electricity demand. The
total development of industrial electricity demand
may however be underestimated to a certain extent
because of this.

Tables 2 and 3 summarize the saving potentials
for final energy and electricity use in China’s indus-
try and for the five industrial subsectors. The elec-
tricity-saving potentials in China’s industry show
an increasing trend in the period 2020 and 2040,
from 4 to 14%. Within total industry, electricity
savings in the CISI sector have the largest contribu-
tion, followed by CNFMI, CCMI, CCI and CPPI° in
2020. The non-ferrous metal sector has the largest

3 CPPI can reduce electricity use at least 2 TWh, while future
trajectories of electricity savings are unavailable.
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Fig. 10 Electricity-saving potential per technology applied
in major textile processes. Note: TI-T25 refer to the technol-
ogy summarized by Hasanbeigi and Price (2012): No. 3, 7, 12,
16, 34, 58, 97, 117, 121, 127, 132, 133, 134, 135, 138, 139,

electricity-saving potential with 25%, followed by
chemicals (24%), iron & steel (16%), cement (8%)
and pulp & paper (4%) in 2020. In 2030, the elec-
tricity-saving potentials of CISI and CCI increase to
23% and 15%, respectively. By 2030, the chemical
sector (25%) still has greater potentials than the iron
& steel and cement sector. In general, CNFMI and
CCMI have more opportunities to improve electric-
ity efficiency, while the saving contribution to the
whole industry is less than that of the iron & steel
sector.

Based on the data collected in Table 2, co-bene-
fits of electricity savings in terms of emission reduc-
tion of GHGs (CO,, CH, and N,0) and air pollutants
(SO,, NO, and PM, 5) in China’s industry are calcu-
lated (Fig. 11). The emissions of GHGs and air pol-
lutants can potentially reduce by 153 Mt-CO,., and
699 kt in 2020, and by 1123 Mt-CO,,q and 5137 kt in
2040, respectively. The maximum reduction of CO,,
SO, and NO, in 2040 equals 42%, 63% and 68% in
comparison to 2015 industrial indirect emissions,
respectively. The emission benefits from electricity
savings are important to China for achieving climate

TI T2 T3 T4 TS5 Te6 T7 T8 T9 TI0 TI1 TI12 T13 T14 TI15 Ti6 T17 TI8 TI9 T20 T21 T22 T23 T24 T25
Technology

140, 141, 142, 143, 146, 153, 154, 157 and 158, respectively;
the black vertical lines represent ranged potential value from
low to high; the blue and red markers mean average value and
non-ranged value, respectively

and clean-air goals (e.g. reducing 60-65% of CO,
intensity by 2030 compared that of 2005).

Discussion of impact modeling factors on results

Sectoral energy/electricity consumption and sav-
ings vary quite strongly in the included studies. In
order to understand these differences, key factors that
impact results are summarized below. These factors
are partly based on the results from Sect. 3 that ana-
lyzes model approaches and assumptions, recorded in
Tables S1, S3, S4 and S5. In addition, a comparison
of energy demand levels in baseline scenarios and
energy intensity trends, which is included in the Sup-
plementary material, is used.

e System boundary is identified as an important
factor that especially has great influence on pro-
jections in sectors with multiple products, like
non-ferrous metals and the chemical industry.
As shown in Fig. S5, final baseline energy use
of CNFMI projected by bottom-up approaches
developed by Wen and Li (2014) (2.6 EJ) is
double that of LBNL (1.3 EJ) in 2020, due to
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differences in the scope of included products
(the study of Wen and Li (2014) includes other
materials besides aluminum production (e.g.
lead, copper and zinc)). Another example is the
chemical industry, where a wide range in poten-
tials occurs, from 6 to 20% in 2020, as shown
in Table 2. A main difference in sector cover-
age concerns which products are included and
should therefore always be taken into account
when comparing energy-saving potentials.
Detailed system boundaries for each study are
shown in Table S1.

The modeling approach is another key factor
resulting in significant divergences among projec-
tions. Most included top-down approaches focus
on modeling short-term horizons (up to 2020),
while bottom-up and integrated approaches focus
more on the medium and long term (Table 1).
Modeling projections by top-down approaches
often give bigger energy demand result than other
modeling approaches. For example, the studies
(Lin & Wang, 2014b; Lin et al., 2017) using a
co-integration model show a much higher energy
demand in 2020 for CISI (33 EJ) and CCI (9 EJ)
than average levels projected by bottom-up mode-
ling (14 EJ for CISI and 6 EJ for CCI, Supplemen-
tary material). This could be related to the higher
level of technology detail in bottom-up approaches
and assumed lower energy intensity developments.
Moreover, there is a larger range in alternative
scenario results in terms of energy savings. A key
difference among model structures is the drivers
used for energy modeling as shown in Table S3
(detailed discussion in Sect. 3) and is related to the
next point on socio-economic indicators.

The assumed development of Social and eco-
nomic indicators (e.g. GDP (Edelenbosch et al.,
2017), population (Zhou et al., 2011) and urbani-
zation (Zhang et al., 2018)) strongly impacts
production functions. The modeled output of
industrial products in turn directly affects the
development of energy demand and thus energy
savings for a given sector (Fig. S12). A large level
of assumed production (e.g. the found range is
364 to 881 Mt-steel by 2020) usually results in a
high energy use in the baseline (ranging from 8
to 17 EJ by 2020). This also impacts the alterna-
tive scenarios, together with varying assumptions
regarding implemented energy efficiency technol-

ogies and policy measures, as indicated in the next
point.

e Assumed efficiency improvement room and
technology characterization largely determine
the modeling potentials of energy savings. Differ-
ing collected levels of energy-saving technology
impact bottom-up approaches with rich technol-
ogy representations (as described in Sect. 3 and
Table S5). Technology cost is a main barrier for
measures when considering necessary investment.
High levels of assumed policy instruments (e.g.
carbon tax, technology subsidies) can reduce the
relative cost of technologies and thus increase the
technology implementation level (Li et al., 2017;
Zhang et al., 2018). This level is also referred to
as the technology diffusion rate and has a direct
impact on the saving potential. For example, sce-
narios modeled by Liu et al. (2017), who included
23 technologies with all nearly 100% implementa-
tion rates in 2030 for CCI, show a higher poten-
tial energy savings (relative savings of 20%) than
other studies (e.g. 9-16% projected by Zhang et al.
(2015b)), which included more technologies, but
with a lower diffusion rate. Key differences in
included policy measures found are the technol-
ogy representation and the level of economy regu-
latory incentives.

e Data sources also affect the modeling results to
a certain extent. For example, the energy demand
for CISI projected by Wang et al. (2007) and
LBNL are lower than for other studies, probably
because the energy service demands are based on
historical data up to 2005. Different data sources
and statistical methods used have different quali-
ties and timeliness. The impact of data sources is
difficult to quantify, but for long-term trends the
impact on sectoral energy use and intensity seems
to be limited (Supplementary material).

The absolute development of energy or electricity
use in the scenarios and therefore absolute savings are
difficult to compare among studies, e.g. due to differ-
ent activity levels assumed (e.g. more or less iron and
steel production). Therefore, the focus was on percen-
tual changes of the alternative scenario compared to
the baseline scenario, with the only difference being
the implementation of energy efficiency measures,
while activity data in the scenarios remain the same.
There may however already be some energy efficiency
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improvement included in the baseline scenario, such as
is to be expected in real life (e.g. the energy intensity
in Gl/t-steel in most included studies is lower in the
end year compared to the base year, see Supplemen-
tary material). The potentials are then an underestima-
tion of the energy efficiency improvement compared to
base year energy efficiency levels. On the other hand,
for quite some studies the base year is 2010 or before,
and it is to be expected that the energy intensity has
improved in the current situation. However, the actual
decrease in intensity, since the base year, may be
higher or lower than assumed in the baseline scenario.
As another factor, in most studies new and emerging
technologies are not included in the energy efficiency
potentials, meaning that more potential would be avail-
able in the future when these technologies become
commercial. Therefore, the potentials should be seen
as broad indications and would likely be expanded by
new and emerging technologies.

Conclusions

Industry is the largest energy using sector in China,
resulting in high emissions of GHGs and air pollutants,
while large potentials for improving energy efficiency
exist. With accelerating end-use electrification, coal-
intensive electricity has become a dominant energy
source in China’s industry. This systematic review
evaluates energy-saving potentials in China’s industry,
while especially focusing on electricity savings in five
industrial electricity users (representing more than 50%
of total industrial electricity consumption) that are gen-
erally targeted by the IEA and the Chinese government.
Results show varying levels of electricity-saving poten-
tials, depending on sector, modeling approach (e.g.
top-down, bottom-up) and scope (included products).
Based on the results, synergies of electricity saving and
climate change and air quality are quantified. Countries
(e.g. India, Poland, Czechia and Australia) structured
with heavy industry and coal-based power would get
large benefits through saving electricity in end-use sec-
tors. Main conclusions are as follows:

(1) As a key energy carrier, electricity accounts
for 24% of final energy use in China’s indus-
try. Electricity consumed by industry increased
more than fourfold from 907 TWh in 2000 (16%
of final energy use) to 4003 TWh in 2016 (24%
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of final energy use). Coal-intensive electricity
results in serious environmental problems, i.e.
45% of CO,, 25% of SO,, 34% of NO, and 14%
of PM emissions of the industry can be attributed
to electricity consumption.

(2) China’s industrial energy system is shifting to
higher power and lower fossil fuels. The share
of electricity in final energy use is expected to
further increase to 33% (21-39%) by 2040. Elec-
tricity-saving potentials, in China’s industry, are
expected to amount to 4% (2-5%), 10% (6-15%)
and 14% (7-24%) of baseline electricity use in
2020, 2030 and 2040, respectively. The electric-
ity savings contribute to 31% (23-39%), 26%
(20-29%) and 25% (11-33%) of total industrial
final energy saving in 2020, 2030 and 2040,
respectively.

(3) Electricity-saving potentials (%) and contri-
butions (TWh) vary for different industrial
subsectors. The iron & steel sector (93 TWh)
contributes to the largest electricity savings,
followed by non-ferrous metals, chemical,
cement and pulp & paper sector. The non-
ferrous (25%) and chemical sector (24%) have
the largest potentials to save electricity in 2020.
In addition, motor-driven systems in the textile
industry leave much room for improving energy
efficiency.

(4) Increasing energy efficiency in industry can
generate synergies to mitigate climate change
and improve air quality by reducing emissions
of GHGs and air pollutants. In 2040, the poten-
tial co-benefits achieved with saving electricity in
industry can be reduced emissions of 192—-1118
Mt-CO,, 1995-11,603 t-CH,, 2851-16,584
t-N,O, 385-2241 kt-SO,, 406-2362 kt-NO, and
92-534 kt-PM, s. Many options exist to reduce
emissions from power generation (e.g. more effi-
cient technology, fuel substitution and end-of-pipe
measures), but end-use energy efficiency promo-
tion is often cost-effective and can achieve multi-

ple national energy and environmental goals.

Policy implications and directions for research

A trend towards higher electricity and lower fossil fuels
is observed in China’s industrial energy system. The
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efficient use of electricity can contribute to around 30%
of total industrial final energy savings in China. This
study shows that promoting electricity savings in spe-
cific end-use sectors is a win—win strategy for demand-
side management and supply-side structural reform.
The decrease of electricity demand could reduce emis-
sions of GHGs and air pollutants while limiting the
need for construction of new capacity (Peng et al.,
2018). Based on the reviewed analysis and discussion,
this study highlights the following policy implications
(from national, sectoral and regional levels, respec-
tively) and directions for future research.

(1) As for national government, it is strongly sug-
gested to further implement energy conservation
and emission reduction through a joint policy of
enhancing environment quality and energy effi-
ciency on both demand and supply sides. Elec-
tricity savings provide a large potential reduction
of air pollutant and GHG emission and need to
be included in air quality and climate policy. In
addition, policies integrating demand-side sav-
ings into power sector planning would help to
design a pathway to phase out small and old coal-
fired units (e.g. <300 MWh and > 20 years) with
super-polluting (Tong et al., 2018). To economi-
cally achieve the sustainable development goals,
a cost-effective technology roadmap for indus-
try should be designed, including details on the
energy-intensive subsectors, to maximize benefits
of electricity savings, emission reduction and
improving public health. These benefits outweigh
investments. The findings suggest that energy
efficiency technology will help policies for cli-
mate and air quality to be more cost-effective.

(2) Promoting electricity conservation in differ-
ent end-use sectors is an important policy
measure. Within industry, policies should pri-
oritize the iron & steel industry with the larg-
est electricity-saving contribution (around 93
TWh in 2020), followed by non-ferrous metals
(80 TWh), chemicals (69 TWh) and cement (15
TWh). When implementing sectoral efficiency
policies, it would be more effective and eco-
nomical if decision-makers are able to allocate
limited resources to key areas. For example, the
efforts for the non-ferrous metals should focus
on, e.g. aluminum electrolysis (which consume
more than 70% of electricity use in CNFMI) and
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motor-driven systems for textiles. It is worth
noting that increasing waste material recovery
and recycling for non-ferrous metals and pulp
& paper also helps to reduce electricity use but
is limited by the available resources. Learning
from experiences in the European Union, stand-
ardized recycling systems of waste resources (for
example, managing the waste material classifi-
cation and investing in new recycling capacity)
should be established to increase the recycling
rates of waste materials. Furthermore, new pol-
icy of value-added-tax rebates should be formu-
lated to incentive the enthusiasm of enterprises
to participate in waste resource recovering and
recycling.

The impacts of regional grid distribution to
address air pollution (Yang et al., 2013a; Yue
et al.,, 2018) and climate change (Peng et al.,
2018; Wang and Zhao, 2017) should not be
ignored. This study suggests that regional deci-
sion-makers need to not only understand the
co-benefits of emission reduction and public
health, but also different levels of power supply
(and consumption) and air quality related to the
possible relocation of electricity-intensive indus-
try. Strict regional standards for large electricity
consumers (e.g. aluminum and chlor-alkali sec-
tors) should be carried out to restrict new capac-
ity and phase out inefficient capacity in regions
with higher emissions of power generation
(e.g. Northeast and North grids). Meanwhile,
regions in grids with lower emissions of power
generation (e.g. Northwest grids) may consider
expanding industrial capacity. Regional develop-
ment policies should include these priorities to
effectively address air quality improvements.
Regional governments should understand grid-
specific synergies related to the regional alloca-
tion of abatement targets. Synergies between
electricity savings and emission reduction vary
per region due to the different levels of power
use and specific emission intensities. To achieve
national reduction goals effectively, this study
suggests that different responsibilities should be
assumed by different regions. Therefore, spe-
cific policies should be designed to set regional
targets. Regions in grids with high potentials
of electricity savings and emission reduction
should bear the largest responsibility; the mini-
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mum burden should be allocated to regions in
grids with lower multiple benefits.

(5) Future research should focus on studying electric-
ity-saving trajectories in the non-ferrous metals,
textile and pulp & paper sectors, for which few
studies are available. Furthermore, expanding the
analysis to other electricity consuming sectors
and to provincial/regional level will help to fully
understand the contribution of electricity saving
to environment and public health, as well as the
impacts on grid distribution. Moreover, determin-
ing savings helps to identify options to reduce and
optimize investments in new power plants and grid
expansion, resulting in additional economic ben-
efits. Quantifying the linkages between the supply
and demand sides would warrant further research
to optimally assess the impacts on power system.

(6) Model-based scenario analysis is expected to con-
tinue to play a key role in assessing energy systems.
A spread in modeling results for different policy
scenarios (e.g. energy efficiency, pollutant con-
trol and tax measures) is unavoidable due to dif-
fering assumptions for urbanization and industrial
electrification (especially in developing countries
like China and India). Therefore, it is necessary to
further improve modeling structures, upgrade key
drivers (e.g. GDP, population and urbanization)
and technology representations (e.g. specific tech-
nology) to design more effective policies.
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