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Abstract: The dual carbon targets and environmental quality constraints have released a clear
transition signal for the green and low-carbon development of the cement industry. This study
builds a CDI model based on the terminal sector forecasting method, predicts the cement demand
in Shandong Province from 2020 to 2035, constructs a CO, emission scenario in combination with
green and low-carbon technical measures, uses the life-cycle assessment method to systematically
simulate the CO, emission trend of the cement industry in Shandong Province from 2020 to 2035,
and discusses the low-carbon development path of the cement industry. The research shows that
the overall demand for cement in Shandong Province shows a downward trend. Under the HD
scenario, the cement demand has reached a historical peak of 166 Mt in 2021, and the per capita
cement consumption is 1.63 t. In terms of CO, emission structure, industrial production process
CO; accounts for 50.89-54.32%, fuel combustion CO, accounts for 25.12-27.76%, transportation CO,
accounts for 10.65-11.36%, and electricity CO, accounts for 9.20-10.71%. Through deepening supply-
side structural reforms and implementing green and low-carbon technologies, the CO, emissions
and carbon intensity of the cement industry in Shandong Province will be significantly reduced.
Under the EL scenario, CO, emissions will be reduced from 92.96 Mt in 2020 to 56.31 Mt in 2035,
the carbon intensity will be reduced from 581.32 kg /tc in 2020 to 552.32 kg/tc in 2035. In the short
term, the decarbonization path of the cement industry in Shandong Province is mainly based on
improving energy efficiency and comprehensive utilization of resources and energy technologies. In
the long term, alternative raw materials and fuels are of great significance to improving the green
and low-carbon development level of the cement industry.
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1. Introduction

From the energy crisis in the 1970s to the Kyoto Protocol at the end of the last century,
to the 1.5 °C and 2.0 °C climate goals set by the Paris Agreement, countries around the
world have shifted their attention from energy efficiency to greenhouse gas reduction [1].
Human activities have broken the balance of carbon sources and carbon sinks in the
original carbon cycle system, and greenhouse gases represented by CO; have caused global
warming, posing a great threat to human society and ecosystems [2]. Climate change
can have knock-on effects on all ecosystems on Earth and is potentially irreversible. The
implementation of the Paris Agreement and the sustainable development goals proposed
by the United Nations and the Intergovernmental Panel on Climate Change (IPCC) have
received extensive attention from all over the world [3]. The IPCC states that limiting global
warming to 1.5 °C above preindustrial levels rather than 2.0 °C would reduce global net
anthropogenic CO, emissions by 45% from 2010 levels by 2030 and reach net zero emissions
by mid-century [4]. Essentially, the 1.5 °C and 2 °C warming limitation targets depend
on the remaining carbon budget. Based on the consensus, controlling the peak time and
amount of CO; is an important measure to adjust the remaining carbon budget [5].
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The cement industry is an indispensable basic raw material industry for the joint
development of new industrialization and new urbanization, and it is also one of the
industrial sectors with the largest CO, emissions. As one of the main leaders in global
cement production, China’s cement production has ranked first in the world since the
1990s [6]. In 2020, the global cement production was 4100 Mt, and the cement production
of China, India, Vietnam, and the United States accounted for about 71% of the global
cement production. Among them, China’s cement production was 2394.71 Mt, accounting
for about 58.41% of the global cement production [7,8]. The CO, emissions of the cement
industry account for about 5-7% of the global man-made CO, emissions. In China, the
CO; emissions of the cement industry are second only to the steel industry, and its energy
consumption accounts for about 7% of China’s energy consumption. It accounts for more
than 10% of the country’s CO, emissions [9,10]. In 2021, the State Administration of Market
Supervision and National Development and Reform Commission and other departments
jointly issued the Opinions on Improving the Quality of Cement Products and Regulating
the Order of the Cement Market, pointing out that it is necessary to ensure that the CO,
emissions of China’s cement industry will reach the peak before 2030 [11].

The cement industry is a traditionally advantageous industry in Shandong Province.
In 2020, Shandong’s cement output accounted for about 6.58% of the country’s total output,
ranking second in the country. Energy consumption accounted for about 3.71% of the
total energy consumption of the industrial sector in Shandong Province, and its CO,
emissions accounted for about 10.06% of the total CO, emissions in Shandong Province.
The effectiveness of CO; reduction in Shandong’s cement industry plays a key role in
reducing the amount of carbon peaking in Shandong Province and achieving the goal of
carbon neutrality. In view of the scale of development of the cement industry in Shandong
Province and the related CO, emissions, it is important to adopt effective and necessary
policy measures based on an in-depth understanding of the CO, emissions of the cement
industry, which will be important for China to fulfill the goal of independent contribution
to CO; emission reduction and will also provide lessons for the cement industry in other
provinces with similar development paths.

Cement demand forecasting is the premise and basis for high-level planning of the
cement system, and it is also a key step in formulating CO, emission reduction strate-
gies and achieving sustainable development. The existing cement demand forecasting
methods can be divided into three categories. The first category is the econometric model
forecasting method. By revealing the causal relationship between the cement system and
the influencing factors, an econometric model including the cross-correlation characteris-
tics of the system factors is constructed [9,12-15]. When the socio-economic system and
cement demand system are affected by force majeure factors and external shocks, the
indicators will inevitably show a wide range of abnormal fluctuations, which limits the
applicability of such methods in specific situations. The second type is the analogical
analysis method, which analyzes and summarizes the dynamic characteristics of cement
demand in developed countries and uses the form of analogical reasoning to induce and
deduce the represented objects [10,16-18]. It is unreasonable for such studies to set the
peak time of cement demand and the saturation state as specific values, and the prediction
of China’s cement demand with the help of analogy analysis is a probabilistic reasoning.
The third category is the terminal sector forecasting method. By identifying the dynamic
dependencies between the cement industry and different sectors, and on the basis of sys-
tematically summarizing the flow direction of terminal cement materials, they forecast
and evaluate the cement demand of the terminal sector and even the entire system [19-22].
Construction of the dynamic feedback relationship between the cement demand system
and internal driving factors from the perspective of terminal downstream demand can
predict the overall behavior trend of the cement demand system more reasonably.

Due to its intensive demand for resources and energy in the production process, the
CO, produced by the cement industry has attracted great attention. Many scholars have
used top-down or bottom-up methods to study the decarbonization path of the cement
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industry. The research results fully show that the cement industry has a large demand
space for energy conservation and carbon reduction, which verifies the necessity and
feasibility of implementing low-carbon strategies in this industry. At present, relevant
research on CO; emissions from the cement industry is mostly concentrated at the national
level [15,23-30], and the existing studies ignore the regional heterogeneity of each provincial
level in China, and the CO; in the cement industry corresponding to different regional
differentiated systems shows diverse trajectories, and the research on the low-carbon
development path of the cement industry in Shandong Province has not been effectively
explored. For the scope of CO; accounting in the cement industry, most of the previous
studies estimated the direct emissions from the process and the indirect emissions from
fuel and electricity [12,31-36]. From the life cycle perspective, since transportation is an
important component of the cement production process in terms of energy consumption,
ignoring CO; emissions from transportation may affect the accuracy and integrity of the
CO;, accounting results of the cement industry. In addition, for the control measures of
energy conservation and emission reduction in the cement industry, many existing studies
focus on top-down macroplanning or single technology research, lacking a comprehensive
quantitative assessment of the impact of specific technology promotion [10,37—41]. These
uncertainties make it challenging for government departments to adequately comprehend
the energy conservation and emission reduction capabilities of the cement industry and to
develop appropriate policy measures.

As the CO; is an undesired output of economic production activities in the cement
industry, clarifying the role and responsibility of the cement industry in the carbon peaking
and carbon neutrality targets in Shandong Province requires an accurate knowledge of
the CO; emission trends in the cement industry in the future [12]. To compensate for the
limitations of the accounting scope and other influencing factors of the above study, this
study constructed a CDI model based on the terminal sector forecasting method to forecast
the cement demand of the Shandong Province cement industry from 2020 to 2035, which
is based on the life cycle perspective and combined with the scenario analysis method to
assess the CO, emissions of the Shandong Province cement industry from the bottom up
and explore the low carbon and green development strategies in the cement industry.

2. Methodology
2.1. Cement Demand Intensity Model

As a subsystem in the socio-economic system, this means that the cement industry
cannot exist as an independent system. The demand for cement is affected by several
factors such as economy, society, and technology. Based on the downstream demand of
the terminal, this study divides the cement demand system into the industrial sector, the
construction sector, and the transportation sector. The residential building module is con-
structed by introducing exogenous variable indicators such as population, urbanization
level, and rural and urban per capita building space demand. Integrating the macrocharac-
teristics of the cement industry and end-use demand drivers with the strength of cement
materials to construct a cement demand intensity model (CDI model).

PC; = RS; x RCI+ CS; x CCI + HM; x HCI + RM; x RCI +IFA; x ICI (1)

RS =RFS+UFS =P x (1-UR)xPRS+P x UR x PUS 2)

where t represents the year; PC; represents the demand for cement; RS; represents
the newly added residential building area in rural and urban areas; RCI represents the
cement material strength of rural and urban residential buildings; CS; represents the newly
added commercial building area; CCI stands for the commercial building cement material
strength; HM; stands for highway mileage; HCI stands for unit road cement material
strength; RM; represents the railway mileage; RCI represents the unit railway cement
material strength; IFA; represents the total investment in industrial fixed assets; ICI

represents the cement material strength of industrial buildings; RFS represents the rural
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residential building area; UFS represents the urban residential building area; P stands for
population; UR stands for urbanization rate; PRS stands for rural per capita residential
building area at the end of the year; and PUS stands for urban per capita residential
building area at the end of the year.

2.2. Cement CO, Model

From the perspective of the whole life cycle, the sources of CO; emissions in the
cement industry can be classified into industrial production process emissions and energy
activity emissions, and energy activities can be subdivided into fuel combustion emissions
and indirect CO, emissions caused by net purchased electricity and cement transporta-
tion [42,43]. Among them, cement industry production process emissions are from the
high temperature calcination of carbonate raw materials containing calcium carbonate and
magnesium carbonate into cement clinker while releasing CO; as its by-product. Refer-
ring to 2006 IPCC Guidelines for National Greenhouse Gas Inventories and Guidelines
for Calculating [44] and Reporting Greenhouse Gas Emissions of Cement Manufacturing
Enterprises in China (Trial) [45], the formula for calculating CO, emissions in the cement
industry is as follows.

44 44
Ep = My X EF X CFuq = M X (CCaO X 56 + CMgO X 40) X CFyq 3)
Ef = Mcl X CEcl X EFf (4)
E, = M. x EC. x EF, (5)
E: =) M,; x TD; x TF; x EF; (6)

where E, represents the CO, emission of the process; Ef represents the CO, emission of
fossil fuel; E, represents the CO, emission of electricity; E; represents the CO, emission
of the transportation process; M, represents the quality of cement; M, ; represents the
quality of raw materials consumed per ton of cement production; M,; represents the quality
of cement clinker; EF; represents the CO, emission factor of the cement process; CFy
represents the correction factor of cement kiln dust emission; C¢,o represents the CaO
content in cement clinker; Cpjgo represents the MgO content in cement clinker; 44/56
and 44 /40 represent the CO, content in CaO and MgO, respectively; CE, represents the
comprehensive coal consumption of clinker per unit; EFy represents the CO, emission
factor of energy activities; EC. represents the comprehensive power consumption of cement
per unit; EF, represents the CO, emission factor of the power sector; TD; represents the
transportation mileage of raw materials in the cement production process; TF; represents
the consumption of transportation fuel (diesel); and EF; represents the CO, emission factor
of cement transportation.

3. Scenario Settings and Data Sources
3.1. Scenario Settings

In the face of the complex and variable future socio-economic system and CO, emis-
sions, scenario planning has the advantage of reducing, to a certain extent, the objective
bias caused by specific assumptions about uncertain parameters by integrating relevant
alternatives, external uncertainties, and multicriteria decision making [46]. Scientifically
predicting cement demand in Shandong Province is the basis for carrying out research on
low-carbon pathways in the cement industry. According to the 2035 long-term planning
target outline of Shandong Province and the development plan of relevant departments,
this study set three scenarios to analyze the medium- and long-term cement and clinker de-
mand in Shandong Province, namely, the low demand scenario (LD), the medium demand
scenario (MD) and the high demand scenario (HD).

To measure the impact of various cement demands as well as low carbon technology
measures on the low carbon pathway of the Shandong Province cement industry, this study
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constructed four cement low-carbon development scenarios based on the cement medium
demand scenario and the high demand scenario, namely, the baseline scenario (BS), the
low constraint scenario (LC), the comprehensive policy scenario (CP), and the enhanced
low-carbon scenario (EL).

Under the baseline scenario, we assume that future macroeconomic parameters such
as population and urbanization levels are referenced to the established Shandong Province
related plans, that the industrial, construction, and transportation sectors remain highly
competitive, that Shandong Province cement demand is referenced to the cement me-
dian demand scenario, and that low carbon technology measures in the cement industry
develop steadily.

Under the low constraint scenario, with the rapid increase of population, Shandong
Province will usher in the peak of industrialization and urbanization planning cycle con-
struction. The industry, construction, and transport sectors show a high demand scenario
for cement, and the energy intensity and carbon intensity of the cement industry are the
same as the baseline scenario.

Under the comprehensive policy scenario, the social and economic development
status of Shandong Province is consistent with the low constraint scenario, and the cement
demand in Shandong Province adopts the cement high demand scenario. The cement
industry focuses on changing the development mode and controls the energy intensity and
carbon intensity of the cement industry by increasing the penetration rate of low-carbon
technical measures.

Under the enhanced low-carbon scenario, Shandong Province’s cement demand is the
same as the baseline scenario, and the theoretical upper limit energy-saving and emission-
reduction potential of Shandong Province’s cement industry is assessed by developing
a two-way constraint policy on the total energy consumption and carbon intensity. The
enhanced low-carbon scenario reflects a more active policy planning orientation and
a greater energy-saving and carbon-reducing efficiency.

3.2. Cement Demand Parameter Setting

In 2020, the cement consumption of the construction industry in Shandong Province
will be 82.84 Mt [47], and the new residential building area in rural and urban areas will
be 34 million square meters. The strength of cement material for commercial buildings is
assumed to be 0.22 t/m?2 [20], so it can be estimated that the strength of cement material for
rural and urban residential buildings is 2.04 t/m?. The strength of the highway mileage
cement material is set at 3054.99 t/km [48]. Referring to railway design and construction
standards, the strength of cement materials in the railway system is set at 1536 t/km [19].
The industrial sector mainly includes the construction of rural infrastructure, urban in-
frastructure, and other industrial facilities. According to the surplus of total cement in
Shandong Province and the original price of industrial fixed asset investment, the strength
of cement materials for industrial construction is estimated to be 0.11 t/10* yuan.

The production process of cement clinker is the major part of CO; emissions. By
adding alternative raw materials such as steel slag, slag, fly ash, and silica-calcium slag to
reduce the proportion of cement clinker, thereby reducing cement industry CO, emissions.
From 2016 to 2020, the cement clinker coefficient in Shandong Province was in the range of
52-62%. In the past five years, the average cement clinker coefficient in Shandong Province
was 57%. Compared with my country and the major developed countries in the world,
Shandong Province’s cement clinker coefficient is in the lead level; this study assumes that
the cement clinker coefficient in Shandong Province is 57% during the study period.

Population is an important driving force for steady economic growth and sustainable
social development. With socioeconomic development and the decline of total fertility
rate, the natural population growth rate will follow an inverted U-shaped curve. The
Shandong Province Population Development Medium and Long-Term Plan pointed out
that to strengthen the strategic position and basic role of population development, the
average annual natural population growth rate of Shandong Province during the “14th Five-
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Year Plan” and “15th Five-Year Plan” periods were 0.3% and 0.2%, respectively. Considering
the childbearing policy of Shandong Province and the promotion of regional construction
demand, the average annual natural population growth rate of Shandong Province under
different scenarios is shown in Table 1.

Table 1. Average annual natural population growth rate of Shandong Province from 2020 to 2035.

Scenario 2021-2025 2026-2030 2031-2035
LD 0.27% 0.17% 0.15%
MD 0.3% 0.2% 0.18%
HD 0.35% 0.25% 0.22%

American urban geographer Ray M. Northam pointed out that the dynamic process
of urbanization level and economic development stage presents an inverted S-shaped
curve [49]. At the theoretical level, the measurement value of 70-80% is generally consid-
ered to be an important turning point in the urbanization process, and the growth rate
of the urban population share at the mature stage starts to slow down or even stagnate
when it reaches the theoretical saturation value. The guiding concept of urbanization has
changed from focusing on exogenous characteristics such as urbanization speed, total
population, and urban scale to endogenous characteristics such as healthy urbanization,
ecosystems, and urban-rural balance. Combined with the New Urbanization Plan of Shan-
dong Province, the urbanization rate of permanent residents in Shandong Province under
different scenarios is shown in Table 2.

Table 2. The urbanization rate of Shandong Province under different scenarios from 2020 to 2035.

Scenario 2025 2030 2035
LD 67% 70% 73%
MD 68% 72% 75%
HD 69% 75% 78%

The life span of rural residential buildings is usually shorter than that of urban resi-
dential buildings and commercial buildings, and along with the accelerated urbanization
process, the new floor space mainly comes from urban areas. In addition, the growth rate
of urban floor space per capita will further slow down in the future due to the real estate
investment boom that has caused urban floor space to grow faster than the demand for
migration [50,51]. Combined with the New Urbanization Plan of Shandong Province, this
study assumes that the construction stock in Shandong Province will be in a state of rapid
saturation before 2030, and that the period from 2030 to 2035 will be a transition period
from a state of rapid saturation to a state of slow saturation. Table 3 shows the growth rate
of rural and urban per capita residential building area and new commercial building area
under different scenarios.

Table 3. Growth rate of construction area in Shandong Province from 2020 to 2035.

Building Type Scenario 2025 2030 2035
LD 7% 4.5% 3.7%
Rural MD 7.5% 5% 4%
HD 8% 5.5% 4.3%
LD 7.5% 5% 4%
Urban MD 8% 5.5% 4.3%
HD 8.5% 6% 4.6%
LD —1.8% —2.1% —2.3%
Commercial MD —1.5% —1.8% —2%

HD —1.2% —1.5% —1.7%
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Since the “13th Five-Year Plan” period, Shandong Province has firmly grasped the
position of “pioneering officer” in transportation, accelerated the construction of trans-
portation infrastructure, and initially formed a comprehensive transportation network
system. Shandong Province’s 14th Five-Year Plan for Comprehensive Transportation De-
velopment clearly states that the road mileage in Shandong Province is expected to increase
by 3.5% in 2025. The Medium and Long-Term Development Plan of Shandong Province’s
Comprehensive Transportation Network points out that the construction of a strong trans-
portation province will be further promoted, and the operating mileage of railways will
reach 11,000 km in 2035. Combined with the evolution trend of transportation in Shandong
Province, the growth rate of road mileage and railway mileage in Shandong Province under
different scenarios is shown in Table 4.

Table 4. Growth rate of highway and railway mileage in Shandong Province from 2020 to 2035.

Type Scenario 2025 2030 2035
LD 3% 2.5% 2%
Highway MD 3.5% 3% 2.5%
HD 5% 4% 3.5%
LD 20% 14% 7%
Railway MD 25% 17% 10%
HD 30% 20% 13%

During the “13th Five-Year Plan” period, affected by the domestic and international
economic environment factors, the economic market downturn triggered a decline in
the growth rate of industrial fixed asset investment. Shandong Province has carried out
multidimensional investment guarantee construction projects in the fields of industry,
high-tech industries, and social and people’s livelihood: strengthening the benign linkage
between the supply side and the demand side, focusing on the release of policy dividends to
help the market’s vitality and potential to recover steadily, using the growth of investment
in the real economy to hedge against weak consumption, and using the replacement of old
growth drivers to hedge against weak economic traction. The growth rate of industrial
fixed asset investment in Shandong Province under different scenarios is shown in Table 5.

Table 5. Growth rate of industrial fixed asset investment in Shandong Province from 2020 to 2035.

Scenario 2025 2030 2035
LD 6% 5% 4%
MD 8% 6.5% 5.5%
HD 10% 8% 7%

3.3. Cement CO, Parameter Setting

According to statistics, in 2020, the comprehensive coal consumption per unit product
of clinker in Shandong Province was 111 kgce/tcl, and the comprehensive power consump-
tion per unit product of cement was 88 kWh/tc. Based on the content of calcium carbonate
and magnesium carbonate in silicate raw materials, the CO, emission factor of the cement
process was 0.516 t/tcl [31]. During the high-temperature calcination process of cement raw
materials, part of the clinker will escape in the form of kiln head dust and kiln bypass vent
dust. This process can be regarded as a source of CO, emissions in the cement industry pro-
duction process. The default value of correction factor for cement kiln dust recommended
by IPCC is 1.02 [44]. The fuel CO; emission factor is 1.94 kg/kg coal [52]. Referring to the
2011 and 2012 Average Carbon Dioxide Emission Factors of China’s Regional Power Grids
issued by the National Development and Reform Commission, the CO, emission factor of
North China regional electricity was taken as 0.8843 kg/kWh.

The transportation of the cement industry includes the transportation of raw materials,
mineral admixtures, fossil fuels, cement and clinker products, and the related products that
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are transported from the upstream area to the downstream area through roads, railways,
and ships. The average transportation distance of raw materials is 10 km, the transportation
distance of mineral admixtures is about 30 km to 50 km, the transportation distance of
gypsum is about 60 km, and the transportation distance of coal is about 350 km [26,53].
Cement products are traditional bulk freight materials, and the increase in transportation
mileage will affect the comprehensive competitiveness of cement products. At this stage,
the radiation radius of the cement product transportation market is about 200 km to
300 km [25]. The energy consumption related to transportation in China’s cement industry
is 0.074 kgce/t km, and the CO; emission factor of oil products in the cement industry
is 2.258 t/tce [26]. The list of transportation substances in the cement industry is shown
in Table 6.

Table 6. Cement industry transportation substance list.

. Transportation

Type Substance Material Mass (t/tc) Mileage (km)
limestone 1.15 10
sandstone 0.055 30
Resource iron slag 0.015 30
plaster 0.05 60
waste mineral admixture 0.2 50
Energy coal 0.14 350
Product cement 1 300

Note: The data comes from Shen et al. [26], Li et al. [53], and Chen et al. [54].

3.4. Low-Carbon Technical Measures for the Cement Industry

Due to the enormous CO; emissions by the cement industry, to meet the needs of
low-carbon economic development and energy saving in the cement industry, the low-
carbon technology measures for cement CO, emission reduction mainly include [2,9,55]:
(1) To achieve system energy efficiency optimization by improving thermal efficiency and
power efficiency; (2) alternative raw materials and fuels; (3) comprehensive utilization
technology of resources and energy; and (4) to implement carbon capture, utilization,
and storage (CCUS). CCUS technology is generally considered an important technical
component in achieving carbon neutrality, and the application of this technology in the
cement industry can significantly reduce carbon emissions. From an economic point of
view, the level of cost-effectiveness is the best driving force for technology promotion
under market competition conditions [24]. Instability and uncertainty still exist in the
reaction process [2], therefore, the application of CCUS technology in the cement industry
was not considered in this study for the time being. During the “13th Five-Year Plan”
period, in order to implement the concept of green and low-carbon development, improve
the quality of the ecological environment, and narrow the gap between China’s cement
industry and the international advanced cement industry in terms of energy intensity
and carbon intensity, the Chinese government successively issued a number of policies
to promote advanced energy-saving technologies promotion and implementation. From
the perspective of resource and energy consumption, pollutant discharge, and economic
benefits, this study refers to the National Industrial Energy Conservation Technology
and Equipment Recommended Catalog, the National Industrial Energy Conservation
Technology Application Guidelines and Cases, and the National Key Energy Conservation
and Low Carbon Technology Promotion Catalog published by the National Development
and Reform Commission and the Ministry of Industry and Information Technology [56-58].
At the same time, combined with the relevant literature research [59-61], 15 low-carbon
technical measures for the cement industry were selected, as shown in Table 7.
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Table 7. Relevant parameters of low-carbon technical measures in the cement industry.
E Savi . : Penetration Rate (%)
Measure Number neligy /a‘l’lng Electricity Saving
geeltc kWh/tcl 2020 2025 2030 2035
External C11'C1i11at10n raw meal vertical N1 / 7.00 30 100 150 200
mill technology
Ball mill + high pressure }‘oller press for N2 / 10.00 250 375 500 700
cement grinding
High efficiency motors N3 / 4.58 40.0 50.0 60.0 70.0
Precalcination w1t}} high solid to N4 16.00 / 30 100 200 350
gas ratio
Upgrading the preheater from N5 3.75 “117 50 125 200 350
5 to 6 stages
Low thermal conductivity multi-layer N6 113 481 100 200 300 400
composite mullite brick
New cement clinker 'coohng technology N7 281 957 50 200 350 550
and equipment
Cement clinker firing system N8 7.23 / 80 230 380 530
optimization technology
Coprocessmg of mun1c1.pa1 solid waste N9 465 —4.00 20 80 150 22.0
in cement kilns
Low temperature waste he‘at recovery N10 / 35.00 660 750 850 100
for power generation
Utilization o.f steel slag as an altern.atlve N11 61.80 / 40 45 53 65
raw material for cement production
.Produchop-of ce?ment chnl.<er by using N12 21.30 / 1.0 12 15 20
iron ore tailings instead of iron powder
Production of cement clinker using fly N13 15.10 / 5.0 57 6.5 75
ash instead of clay
Energy-saving monitoring and N14 8.22 6.32 30 100 170 250
optimization system technology
Visual energy management system N15 / 16.47 50 100 15.0 200

4. Results and Discussion
4.1. Cement and Clinker Demand Forecast

Based on the CDI model, we predicted the cement demand in different scenarios in
Shandong Province from 2020 to 2035 (see Figure 1). Factors such as population, urbaniza-
tion, and industrialization play a vital role in the cement industry in Shandong Province.
Under the LD and MD scenarios, the demand for cement and clinker in Shandong Province
has reached the historical peak in 2014. In the early stage of the “13th Five-Year Plan”,
the overcapacity reduction action led to a relative decrease in the demand for cement and
clinker. In the later period of the “13th Five-Year Plan”, the demand for cement and clinker
rose to a high level, and ushered in the second peak point in 2020. In the later period of
the “14th Five-Year Plan”, it will remain in a downward trend. Under the LD scenario, the
demand for cement will drop from 157.68 Mt in 2020 to 91.35 Mt in 2035, with a cumulative
decline of 42.07%. Cement clinker demand will drop from 91.01 Mt in 2020 to 52.07 Mt in
2035. Under the MD scenario, the demand for cement in Shandong Province in 2025, 2030,
and 2035 is 134.03, 115.66, and 101.95 Mt, respectively, and the demand for cement clinker
will drop from 91.01 Mt in 2020 to 58.11 Mt in 2035, with an average decline of 2.41%. Under
the HD scenario, during the “14th Five-Year Plan” period, Shandong Province will usher in
the peak of industrialization and urbanization planning cycle construction, and the cement
demand will rise from 157.68 Mt in 2020 to 166 Mt in 2021, reaching the historical peak point
of cement demand. During the “15th Five-Year Plan” period and the “16th Five-Year Plan”
period, the investment demand in the construction sector and the transportation sector tend
to be flat, and the market demand for cement and clinker declines. During the study period,
the demand for cement clinker in Shandong Province will drop from 94.62 Mt in 2021 to
66.67 Mt in 2035, with a cumulative decline of 29.54%. Under three different scenarios,
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rural and urban residential buildings, commercial buildings, and road construction are the
main factors affecting cement demand.
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Figure 1. Cement demand in Shandong Province under different scenarios from 2020 to 2035.

Cement consumption per capita is one of the most important indicators of cement
saturation status. The cement consumption per capita in the cement industry under
different scenarios is shown in Figure 2. With the change of population growth rate and
driving factors of cement demand, the state of cement saturation in Shandong Province
shows staged characteristics under different scenarios. On the whole, the per capita cement
consumption in Shandong Province is similar to the changing characteristics of cement
demand. Under the LD and MD scenarios, the per capita cement consumption reached its
first peak of 1.67 t in 2014 and its second peak of 1.55 t in 2020. Under the HD scenario, the
first peak time and peak volume of per capita cement consumption are the same as the
above scenario, and the second peak time is 2021, with a peak volume of 1.63 t.
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Figure 2. Per capita cement demand in Shandong Province under different scenarios.

4.2. Energy Consumption and Energy Intensity

There is a huge demand for energy consumption in the cement industry, and the
promotion of high-efficiency and energy-saving technologies is the key to improving energy
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efficiency in the future. Different scenarios of energy consumption in Shandong Province in
2020-2035 for the cement industry are shown in Figure 3. Under the BS scenario, the final
energy consumption decreases from 15.26 Mtce in 2020 to 9.17 Mtce in 2035, with an average
annual decline of 2.66%. The energy consumption structure can not only reflect the resource
endowment but also reflect the quality and potential efficiency of energy consumption.
The energy consumption of the cement industry in Shandong Province is dominated by
coal and diesel, accounting for about 90.96-91.34% of the total energy consumption. Due
to the surge in demand for cement in Shandong Province, the final energy consumption
under the LC scenario will reach a high point of 16.02 Mtce in 2021, and then slowly
drop to 10.49 Mtce in 2035, of which coal accounts for 60.46-62.25% of the final energy
consumption. Compared with the LC scenario, the cement industry in Shandong Province
implements more active low-carbon technical measures, and the energy consumption
under the CP scenario rises briefly from 15.26 Mtce in 2020 to 15.98 Mtce in 2021, and
then declines steadily to 10.02 Mtce in 2035. Due to the combustion of fossil fuels and the
energy consumption of transportation vehicles, coal and diesel account for a relatively high
proportion in the final energy consumption structure, accounting for about 90.96-91.78%.
The energy consumption of transportation vehicles is directly related to the demand for
cement, and diesel consumption accounts for about 28.72-32.34% of energy consumption.
Under the EL scenario, through the implementation of total cement demand constraints and
aggressive energy-saving and low-carbon measures, energy consumption will be reduced
from 15.26 Mtce in 2020 to 8.76 Mtce in 2035, a decrease of 7.79-12.58% compared with the
CP scenario. Among them, coal consumption accounted for 59.43-62.25%, and electricity
consumption accounted for 8.22-9.04%.
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Figure 3. Energy consumption of cement industry in Shandong Province from 2020 to 2035.

The promotion and application of low-carbon technology measures in the cement
industry plays a vital role in reducing energy intensity; the energy intensity of the cement
industry in Shandong Province under different scenarios is shown in Figure 4. Under the
BS scenario, the energy intensity will drop from 96.83 kgce/tc in 2020 to 89.99 kgce/tc
in 2035, and according to the cement unit product energy consumption limit level, the
energy intensity of the cement industry in Shandong Province in 2035 all reached the third
level. Under the CP scenario, the energy efficiency of the cement industry will be further
improved, and the energy intensity of the cement industry in 2025, 2030, and 2035 will be
93.86, 90.45, and 85.93 kgce/tc, respectively. Compared with the BS scenario, the average
decline rate is 2.18%, and the energy intensity of the cement industry will reach the second
level of the energy consumption limit per unit product in 2035. Under the EL scenario,
the industrial development goals of the cement industry shrink, and the requirements for
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energy conservation are stronger than those in the LC scenario. Energy intensity drops
rapidly from 96.83 kgce/tc in 2020 to 85.93 kgce/tc in 2035. If transportation energy
consumption is not considered, the energy intensity of the cement industry in Shandong
Province under the EL scenario in 2035 is 58.14 kgce/tc, which is 27.33% lower than the
first-level level of cement energy consumption limit per unit product.
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Figure 4. Energy intensity of cement industry in Shandong Province from 2020 to 2035.

4.3. CO, Emission and Carbon Intensity

Cement demand and energy structure are the main factors affecting CO, emissions
from the cement industry. Figure 5 shows the CO; emissions from the cement industry
in Shandong Province under different scenarios from 2020 to 2035. From the perspective
of time change characteristics, under the four scenarios, the CO, emissions of the cement
industry generally show a downward trend, but the change rates are different. With
the continuous increase in the penetration rate of cement low-carbon technology, the
carbon intensity of the cement industry in Shandong Province has gradually decreased (see
Figure 6). Under the BS scenario, the CO, emissions of the cement industry in Shandong
Province are 78.24, 66.64, and 57.56 Mt in 2025, 2030, and 2035, respectively; during the
“14th Five-Year Plan” period, the decline in CO; is the most significant, with a reduction
rate of about 15.84%. Under the LC scenario, the CO, emissions of the cement industry
are the most remarkable among the four scenarios, rising sharply from 92.96 Mt in 2020
to 97.68 Mt in 2021, and 86.26 Mt in 2025, before falling back steadily to 66.07 Mt in 2035,
with the CO; emissions of the cement industry increasing by 8.44-14.39% compared with
the BS scenario. The carbon emission structure and carbon intensity of the LC scenario
and the BS scenario are the same, among them, the CO, emissions of processing and
fuel account for 50.89-52.95% and 26.08-27.76%, respectively, and the CO, emissions of
transportation account for more than the CO, emissions of electricity, and the carbon
intensity of the cement industry in Shandong Province will be reduced from 589.57 kg /tc
in 2020 to 566.57 kg/tc in 2035. Under the CP scenario, due to the efficient promotion of
low-carbon energy-saving technologies in the cement industry, the CO, emissions of the
cement industry in Shandong Province will reach a high point of 97.53 Mt in 2021, and
the CO; emissions in 2035 will be 64.41 Mt, and the proportion of CO, emissions from
fuel combustion is 25.12-27.76%. The relatively high binding force of terminal energy
consumption contributes to the decline in carbon intensity, and the carbon intensity of
the cement industry in Shandong Province drops rapidly from 581.32 kg/tc in 2020 to
2035. Under the EL scenario, the CO, emissions of the cement industry will decrease
from 92.96 Mt in 2020 to 56.31 Mt in 2035, a decrease of 7.79-12.58% compared with the
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CP scenario, of which CO, emissions from the process account for 50.89-54.32%. In the

four scenarios, electricity CO, emissions account for 9.20-10.71% and transportation CO,
emissions account for 10.65-11.36% of total CO, emissions.
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Figure 6. Carbon intensity of cement industry in Shandong Province from 2020 to 2035.
4.4. Cement Lowcarbon Technology Roadmap

In the process of industrialization, the cement industry is the main driver of carbon
emission growth in Shandong Province. In the short term, the cement industry is con-
strained by energy and resource constraints, ecological and environmental constraints,
and low-carbon technologies, making it difficult for the cement industry to release its
development capacity quickly, thus leading to an important adjustment period and transi-
tion period for the cement sector. Supply-side structural reform and the promotion and
application of efficient low-carbon technologies are important means to achieve energy
saving and carbon reduction in the cement industry. At present, Shandong Province is in
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an important period of promoting new urbanization and new industrialization, and cement
is an indispensable and just-needed product on the demand side. In the case of reasonable
economics, the application of cement low-carbon technology can not only meet the eco-
nomic benefits of enterprises, but also promote the green and low-carbon transformation
of the cement industry and avoid the lock-in effect of cement carbon emission reduction
path. Therefore, the low-carbon development path of cement discussed in this study is
mainly aimed at green, efficient, and low-carbon cement technologies. Based on the EL
scenario, the low-carbon technology route of the cement industry is drawn (see Figure 7).
By calculating the carbon emission reduction potential of 15 energy-saving technologies
in the cement industry from 2020 to 2035, the cement industry in Shandong Province still
has a large space for carbon emission reduction. The CO; emission reduction potential
of the cement industry in Shandong Province increases from 3.60 Mt in 2020 to 6.13 Mt
in 2035, accounting for 3.88% and 10.88% of the total CO, emissions in 2020 and 2035,
respectively, and the cumulative CO, emission reduction potential is 77.59 Mt, equivalent
to 83.46% of the total CO, emissions in 2020. The carbon emission reduction potential of
low-carbon technologies mainly depends on the baseline efficiency level and the influence
of the technology promotion rate. In terms of improving thermal efficiency and electrical
efficiency, a ball mill + high pressure roller press for cement grinding (N2), precalcination
with high solid to gas ratio (N4), and cement clinker firing system optimization technology
(N8) have the greatest potential for CO, emission reduction. Among them, the precalci-
nation with high solid to gas ratio (N4) has an energy-saving potential of about 16 kgce
per ton of clinker, and the CO, emission reduction potential increases from 0.12 Mt in
2020 to 0.88 Mt in 2035. It has outstanding advantages in heat exchange efficiency and
system stability, and the government should increase the promotion of this technology in
the future. In terms of alternative raw materials and fuels, the utilization of steel slag as an
alternative raw material for cement production (N11) and the production of cement clinker
using fly ash instead of clay (N13) have the greatest CO, emission reduction potential.
Alternative raw materials are an important starting point for CO, emission reduction in
the cement industry. The above two energy-saving technologies have high potential for
emission reduction, but the current popularity is low. In the future, we should focus on
the improvement and application of alternative raw material technologies. In terms of
comprehensive resource and energy utilization technology, low temperature waste heat
recovery for power generation (N10) has the greatest potential for CO, emission reduction,
with a current power generation capacity of around 35 kWh per ton of clinker and a CO,
emission reduction potential of 1.80 Mt in 2035 for this technology, making it a green power
technology in line with the national clean production policy.
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Figure 7. The 2020-2035 Shandong cement industry low-carbon technology roadmap.
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5. Conclusions

(a)

(b)

(0)

(d)

Under the LD scenario and the MD scenario, the cement demand in Shandong
Province reached a historical peak of 164.06 Mt in 2014, and the per capita cement
consumption was 1.67 t. Under the HD scenario, the cement demand in Shandong
Province reached a historical peak of 166 Mt in 2021, and the per capita cement con-
sumption was 1.63 t. Although the demand for cement and clinker is still likely to
increase due to the large-scale construction of real estate and infrastructure in the
near future, once the investment and construction demand of the construction sector
and industrial sector reaches saturation, the cement industry in Shandong Province is
bound to have overcapacity. In the future, Shandong Province should focus on ad-
justing the structural imbalance between the supply and demand sides of the cement
industry, revitalizing the stock, and optimizing the increase.

In terms of CO, emission structure, the industrial production process CO, accounts
for 50.89-54.32%, fuel combustion CO, accounts for 25.12-27.76%, transportation CO,
accounts for 10.65-11.36%, and electricity CO; accounts for 9.20-10.71%. In terms
of energy structure, coal consumption accounts for about 59.43-62.25%, electricity
consumption accounts for 8.22-9.04% of final energy consumption, and transportation
energy consumption accounts for 28.72-32.34%.

When the penetration rate of low-carbon technologies remains unchanged, supply-
side structural reform is the most direct way to reduce energy consumption and CO,
emissions. Compared with the CP scenario, the energy consumption and CO, emis-
sions in the EL scenario are reduced by 7.79-12.58%, respectively. When the demand
for cement and the penetration rate of low-carbon technology changes at the same
time, the relatively high intensity of capacity reduction and low-carbon technology
penetration rate are conducive to curbing final energy consumption and CO, emis-
sions, while significantly reducing energy intensity and carbon intensity. Compared
with the LC scenario, the EL scenario reduces CO, emissions by 7.93-14.78%, energy
consumption by 8.02-16.51%, and the average reduction rates of energy intensity and
carbon intensity are 2.18% and 1.25%.

From the perspective of the low-carbon technology roadmap, the CO; emission re-
duction potential of the cement industry in Shandong Province has increased from
3.6 Mt in 2020 to 7.01 Mt in 2035, and the cumulative CO; emission reduction po-
tential is 85.38 Mt, which is equivalent to 91.84% of the total CO, emissions in 2020.
From a short-term perspective, the carbon emission reduction technology path of the
cement industry in Shandong Province is mainly based on improving energy efficiency
and comprehensive utilization of resources and energy. In the future, the Shandong
provincial government should promote the green and low-carbon transformation of
the cement industry through demonstration projects.
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