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Abstract: Promoting the diffusion of remediation technologies is an attractive solution to environ-
mental protection and urban sustainability challenges. To better understand technology diffusion,
we reviewed the engineering practices of cement kiln co-processing (CKC) of contaminated soil and
obtained diffusion parameters using the Bass model in three provinces of China. Our results show
that CKC has been adopted for the disposal of multiple contaminants and that the optimal feed rate
of contaminated soil is 4-5%. The obtained diffusion parameters can be used to analyze and predict
CKC diffusion. Driving factors analysis suggest that CKC diffusion is regulation-driven and obeys the
S-curve pattern. Policies at the national level shape the basic pattern of the diffusion curve, while local
policies, market scales, and contaminant types produce variations in diffusion rates across provinces.
Results also reveal that the co-processing quota management on contaminated soil has little impact on
CKC adoption. This study provides insights into contaminated soil remediation technology diffusion
and the effectiveness of environmental policy implementation at home and abroad.

Keywords: contaminated soil; cement kiln co-processing; engineering practices; technology diffusion;
driving factors; environmental policies

1. Introduction

More than one million potentially contaminated sites are estimated to be present in
China, tens of thousands of which require soil remediation [1]. In 2016, China promulgated
the Action Plan for the Prevention and Control of Contaminated Soil, striving to achieve
a safe >95% utilization rate of contaminated land by 2030. Achieving this goal requires
the broad participation of multiple stakeholders and a joint implementation of various
pathways. In all efforts, contaminated soil remediation technology is crucial. The diffusion
of remediation technologies offers a solution to the challenges of environmental protection
and urban sustainability.

Technology diffusion is the process whereby new technology penetrates the mar-
ket and eventually spreads through certain channels to members of a social system [2].
An ongoing phenomenon in diffusion research is that the cumulative adoption curve of
technology gradually follows an S-shape. The curve generally consists of three distinct
phases, a: (i) long, slow growth; (ii) fast takeoff; and (iii) flattening of the curve. Multiple
studies focusing on the factors that determine the adoption rates of a range of technolo-
gies, such as agriculture, renewable energy, and pollution control technologies, have been

Sustainability 2022, 14, 14887. https:/ /doi.org/10.3390/su142214887

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su142214887
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-6640-4572
https://doi.org/10.3390/su142214887
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142214887?type=check_update&version=2

Sustainability 2022, 14, 14887

20f13

conducted [3-5]. Literature has shown that the rates and drivers of diffusion vary widely
across regions and technologies. Hence, a scientific analysis of the remediation technology
diffusion process is of great importance for a better understanding of the driving factors
and promoting technology diffusion.

Several models describe the process of diffusion [6-9]. The most widely employed
technology diffusion model is the Bass model. The original Bass model assumes that
the diffusion rate in the initial growth phase depends on many external factors, such
as advertisements, government initiatives, and product awareness [10-12]. Customers
who adopt the innovation at this stage are called initial adopters, and the factors that
influence this stage are called innovation externals or enablers. This stage is followed by a
latter group of adopters who tend to imitate early adopters and want to benefit from the
technology. Factors that influence subsequent growth stages are called mimetic internal
factors or pull factors [13]. For many consumer products, the Bass model successfully
explains and predicts the number of products sold. However, with the increase in research
objects over time, from ordinary consumer products such as refrigerators and TV, to capital
knowledge-intensive products such as computers and electric vehicles, and innovative
technologies such as wind power and carbon capture and storage, the explanatory power
of the Bass model has declined. Several researchers have expanded and improved the
model. Due to tacit knowledge, the diffusion rate of in situ bioremediation is lower than
that of in situ chemical treatment [14]. Zambrano-Gutiérrez et al. emphasized the role of
public policy in electric vehicle diffusion in the US [15]; Van Ewijk and McDowall analyzed
the stepwise adoption phenomenon in sulfur control technologies diffusion and confirmed
the regulation-driven nature of end-of-pipe abatement technology [16].

The focus on finding solutions to curb city expansion and decreasing the impact
on human health and the environment has led to the innovation of contaminated land
remediation strategies. Cement kiln co-processing (CKC) is one of the widely adopted
technologies in China [17]. In 2005, China first used cement kilns to dispose of 16,000 m3 of
pesticide-contaminated soil in Songjiazhuang subway station. This marked the beginning
of contaminated land remediation [18]. The cumulative frequency of using CKC in China
has exceeded 200 times in 2021, ranking third among China’s contaminated soil remediation
technologies. CKC is extremely dependent on cement production facilities. The success of
co-processing presumes that market demand and precision management exist at that point
of time.

Currently, 19 provinces of China, namely Anhui, Beijing, Chongqing, Fujian, Guang-
dong, Guangxi, Guizhou, Hebei, Henan, Hubei, Hunan, Jiangsu, Liaoning, Shandong,
Shanxi, Sichuan, Tianjin, Yunnan, and Zhejiang have adopted CKC. However, only Beijing,
Chongqing, and Jiangsu account for 69.8% of the total cases (Figure S1) and comprise
66.2% of the total co-processed contaminated soil volume [17]. Although a set of policies
and guidelines promote contaminated soil remediation at the central government level,
individual provinces also make their own policies. The provincial environmental protection
supervision department formulates and implements CKC promotion policies, such as gov-
ernment and departmental regulations, guidelines and standards, and exemption clauses.
Province-specific issues such as contaminant complexity, remediation cost, contaminated
sites count, and cement plant capacity necessitate special permissions for contaminated
soil disposal. Consequently, the rate and drivers of diffusion vary for different provinces.
Due to a lack of aggregated data, research on diffusion of contaminated soil remediation
technologies is still developing. This paper attempts to study the law of diffusion of con-
taminated soil remediation technologies and explore the impact of provincial differences
on technology development. This comparative case study will contribute to better under-
standing the diffusion of CKC and promoting the sustainable remediation of contaminated
soil at both national and local levels.

The remainder of the paper is organized as follows: Section 2 describes the data
sources and the Bass diffusion model. Section 3 presents the engineering practices of
CKC adoption for contaminated soil remediation, pattern modeling of CKC diffusion, and
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cement plant disposal capacity analysis and its potential drivers. Finally, Section 4 offers
our concluding remarks.

2. Materials and Methods
2.1. CKC Data

The data of remediation cases were derived from open-access resources of the Internet
and the National Soil Environmental Management System for Contaminated Land [19].
We used the keywords “soil” and “co-processing” to conduct a systematic search through
the Baidu search engine (www.baidu.com, accessed on 10 November 2022). The data
were obtained from remediation reports, literature, news reports, and project bidding
information, etc.

2.2. Data Cleaning

The main concern of the study is to provide an understanding of CKC adoptions
in the history of remediation in China. Therefore, the obtained data cover remediation
time and costs, contaminated site and cement plant locations, contaminants, contaminated
soil volume, and other factors (Table S1). We verified the accuracy of the data by cross-
validating multiple information sources of the same case. For ease of comparison, we
unified the measurement units of the data in different cases. The detailed transformation
process is provided in the footnotes of Table S1.

2.3. Diffusion Model

The Bass model is the most widely employed environmental technology diffusion
model. It presumes that the adaptors are divided into innovators and followers, which
derives from the internal and external influences of technology diffusion, respectively [20].
For contaminated soil technology CKC, we assumed that: (1) at a certain moment, the total
number of contaminated sites in a region is constant, representing the highest possible
adoption number of this technology; and (2) the diffusion rate is correlated with the number
of total cases rather than the total number of technology users, as one user may adopt
this technology multiple times but the remediation technology decision-making process
in each contaminated site is relatively independent; (3) there are adequate cement plants
nationwide to carry out co-processing of contaminated soil; (4) remediation technology
decision making is not affected by external factors. Based on these assumptions, the
diffusion functions can be derived as:

dN(¥) _ {
dt

AN®] x m =N (1)
where N(1) is the cumulative number of remediation cases that adopted CKC at time t; p is
the coefficient of innovation; g is the coefficient of imitation; and m is the estimated number
of CKC adopters defined as the “market potential.” With the initial condition of f = t,
N = Ny, the equation can be shown as:

p(m — No)
N(H) = m— e =y P (=(p + 9)(t =) )
1-Np/
S s exp(—(p + q)(t—to)
The inflection time was defined as the time when the cumulative diffusion curve
changes from being concave to convex. The point of inflection(t) owns the maximum

diffusion rate; ¢ and the diffusion rate at ¢* are given by Equations (3) and (4).

q+p

(dN> _ (p+9)*((p/9) + (No/m))pm(1 — No/m) @)
t=t*

dt (2p + (g — p)(No/m))?
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Technology takeoff time is defined as the time when the adoption rate increased
dramatically following the resolution of technology uncertainty [21,22]. It is the point of
distinction between the fermentation and growth stages of the technology life cycle. Con-
sidering that the volume of contaminated soil varies greatly between different remediation
cases, the takeoff time should meet the: (1) volume of soil disposed, which exceeds the
average of the three previous years, and (2) growth rate of the volume of soil disposed,
which exceeds 100%.

3. Results and Discussion
3.1. Changes in Contaminants, Volume, Feed Rate, and Price over Time

Heterogeneity is one of the crucial factors influencing innovation diffusion [23,24].
The literature has studied the impact of heterogeneity of adopters on product diffusion and
agriculture technology adoption. In this section, we discuss changes in the characteristics
of contaminants, volume, feed rate, and disposal cost of CKC over time and differences
between provinces.

In our study, contaminants are categorized into seven groups based on general treata-
bility: metals, semivolatile organic compounds (SVOC), and volatile compounds (VOC),
and the combination of these three basic categories. Figure 1 shows the three provinces’
volume and category of contaminated soil disposed by CKC. The results show that CKC
can be adopted to dispose all categories of contaminants and has great advantages over
other technologies. In the first few years of diffusion, CKC co-processed only a single type
of contaminant. In recent years, multiple categories of contaminants were co-processed
simultaneously. The same pattern was observed in all the three provinces. This is because,
although cement kilns can safely dispose of a variety of contaminants, there are still varia-
tions in different types of contaminated soil pretreatment and feeding processes [17]. In
the early stage of CKC adoption, cement plants had difficulty mastering a variety of treat-
ment processes and completing the matching equipment transformation simultaneously.
Another possible reason is that in the early years of technology diffusion, the number of
cases was small, and the sample size affected the statistical results. In terms of the volume
of different types of contaminated soil disposed, Beijing, Chongqing, and Jiangsu disposed
the highest proportion of SVOCs and metals (32%), SVOCs and metals (42%), and VOCs
and SVOCs (31%) (Table S2). As the most complex types—VOCs, SVOCs, and metals—the
disposal volume of Jiangsu is much higher than those of Beijing and Chongqing. This is
related to the industrial history of the three provinces. Metal smelting is more developed in
Chonggqing and Beijing, while organic industries are more developed in Jiangsu [25].

The volume of co-processed soil gradually decreased at each site (Figure 2a—). A
downward trend is evident among the three provinces. In Beijing, the primary sources of
contamination are metal smelting and coking, which might cause widespread pollution
and a massive amount of contaminated soil. In order to speed up the remediation and
redevelopment of contaminated lands, a large, contaminated area is divided into smaller
sections. Each small section is transferred to the development stage after remediation
is completed. This is an effective measure to shorten the time interval between their
remediation and redevelopment. Contaminated land management causes a reduction
in the volume of contaminated soil. For Chongging and Jiangsu, the decrease in the
volume of contaminated soil is attributed to a thorough remediation strategy. Multiple
remediation technologies have been adopted in a case, and CKC is only used to dispose
contaminated soil from compound pollution or has a high concentration of contaminants.
In addition to the management strategy and the contamination sources discussed above,
the results are also relevant to regional policies; see Section 3.4 for a detailed discussion of
the policy implications.
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Figure 1. Annual contaminated soil volume and categories disposed by cement kiln co-processing
(CKC) for the provinces of Beijing, Chongqing, and Jiangsu. The categories increase over time, especially

in Jiangsu Province. SVOC: semivolatile organic compounds; VOC: volatile organic compounds.
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Figure 2. Relationships between volume, feed rate, cost, and time of adoption of cement kiln
co-processing (CKC). The relationships between the (a—c) disposed volume of contaminated soil,
(d—f) proportion of contaminated soil added to the raw material for cement production, and
(g-i) price per cubic meter of contaminated soil disposal and the adoption time are presented.
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Figure 2d—f presents the proportion of contaminated soil added to raw materials for
clinker production (feed rate) in the three provinces. Beijing and Chongqing exhibited
an upward trend, while Jiangsu demonstrated a slight downward trend. The changes in
Beijing and Chonggqing are due to the increasing proficiency in technology over time, which
improves the disposal efficiency of contaminated soil without affecting system operation
and cement quality. The decline in Jiangsu is mainly caused by the relatively high but
reasonable feed rate in the early stage. This is confirmed by the average feed rate ranking
Jiangsu > Chonggqing > Beijing (Figure S2). The results indicated that the most economical,
safe, and effective feed rate range was 4-5% [26].

Figure 2g—i show the price of CKC in the three provinces over time. The results reveal
that prices have risen in all the provinces. Chongqing’s disposal price rose the fastest while
Beijing’s growth was the slowest. A particular case of co-processing is that when the con-
taminant concentrations are too high to reach the standard of hazardous waste, the disposal
price of ordinary contaminated soil will increase by eight times its average disposal price.
According to the general rules of the identification standards for solid wastes, transporting
contaminated soil for CKC disposal requires an extra identification process. It will increase
the time and economic cost of CKC and weaken the market competitiveness [17]. Consid-
ering the average disposal price in the three provinces, Jiangsu’s is higher than those of
Chonggqing and Beijing. The price difference in different provinces is the combined effect
of many influencing factors, including supply and demand, cement price, environmental
protection policy, and the cost of other restoration technologies, which are beyond the scope
of this paper [27]. Furthermore, the ban on interprovincial transportation of contaminated
soil has further widened the price gap between different provinces.

In Figure 2, most fitted curves have relatively low correlation coefficients due to
outliers. These outliers are attributed to the variety of pollutant types and concentrations
from site to site. In reference to other studies of environmental technology diffusion [16],
we retain these values in the statistical analysis, although they may reduce the reliability of
the statistical results.

3.2. Diffusion Characteristics of CKC in Different Provinces of China

Generally, accumulation curve growth involves near-exponential growth in the early
stages of diffusion, followed by slower growth rates as the market approaches satura-
tion [28]. We regressed the Bass model curve and calculated the parameters. The constants
p and q are coefficients of innovation and coefficients of imitation, respectively. The m
denotes the extent of diffusion expressed by the saturation level of the S-shape curve. The
tables in Figure 3 summarize the regression results.

An examination of Figure 3 reveals that the p values for Chongqing and Jiangsu are
lower compared to that of Beijing, while the g value for Beijing is lower than those of
Chonggqing and Jiangsu. This indicates a higher introductory stage for Beijing, whereas
Chonggqing and Jiangsu experienced lower growths during the introduction stage of dif-
fusion. In the early stage of urban industrial contaminated land remediation, not only
was the selection of remediation technologies limited, but the management and operation
experience of remediation technologies was also lacking. Technology adopters required
time to become familiar with technology and reduce technology uncertainty [29]. Although
Beijing’s p value was relatively high, the low growth in the number of cases and total
volume of contaminated soil before 2009 reflects the cautious attitude of early adopters to
the new technology. In contrast, the higher g values of Chongging and Jiangsu demonstrate
that external drivers accelerate the diffusion process in these two provinces. Chongging
and Jiangsu disposed of more contaminated soil in the first year than Beijing (1.56 and
8.56 times, respectively), indicating that later technology adopters are bolder and more
aggressive in their behavior and attitudes.
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Figure 3. Cumulative amount and fitted line of the cement kiln co-processing (CKC) adoption. The

cumulative (a) number of cases and (b) volume of treated contaminated soil are presented. The

provinces of Jiangsu and Chonggqing have the same time period for analysis (2009-2021) while the
diffusion of Beijing started much earlier (2005).

The takeoff and inflection times of technology diffusion are shown in Table 1. The
results show that Beijing had shorter takeoff and inflection times than Chongqing and
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Jiangsu. Literature has reported that the takeoff time is more correlated to the coefficient
of innovation [30]. In our study, the coefficient of innovation in Jiangsu is greater than
that of Chonggqing. Still, the takeoff time is longer than that of Chongqing, which may be
due to Jiangsu’s more complex pollution situation, resulting in a long time to employ the
technology (Figure 3b). The time of the inflection point of the diffusion curve is positively
correlated with the coefficient of imitation, which is consistent with the results of previous
studies [31]. Mathematically, two curves with similar ¢ can have very different growth
rates at the inflection point. In our study, the curve inflection points in Chongqging and
Jiangsu are similar in time, but the growth rates differ by 14.5 times. This is consistent with
the result that the g value of Chonggqing is larger than that of Beijing, indicating that the g
value of Jiangsu has a more significant correlation with ', and the driving factors mainly
affect the inflection points of each province.

Table 1. Time of takeoff and inflection points and the diffusion rate at the time of inflection points for
the three provinces. The data are based on the cumulative volume of contaminated soil co-processed
by cement kiln. More detailed information is presented in Table S3.

Province Period Takeoff Time 2 t* (dN/dt)¢ - ¢+

Beijing 2005-2021 2 7 5.9 x 10*
Chongqing 2009-2021 4 64 1.6 x 10°

Jiangsu 2009-2021 7 55 1.1 x 108

Note: a indicates the interval between the year diffusion began and the time of the takeoff point and t* indicates
the year when the inflection point occurred.

Based on the obtained model parameters, we predicted the technological diffusion
of CKC, shown in the gray zone of Figure 3. Numerous studies have demonstrated the
policy-driven nature of environmental technologies, and therefore a reasonable forecast
must be based on a stable environmental policy over time. Considering the stability of the
policy, we set the forecast time to 2022-2025. The results show that Beijing has gradually
approached market saturation, both in terms of the number of cases and the volume of
contaminated soil disposed, while Chongging and Jiangsu are still undergoing a rapid
technological development stage.

3.3. Capacity of Cement Plants to Co-Process Contaminated Soil

Contaminated soil co-processing at a cement plant requires the construction of a
contaminated soil storage warehouse, modification of existing facilities for contaminated
soil feeding, and approval from the local government. The maximum disposal amount of
contaminated soil permitted by the government and the actual disposal amount of con-
taminated soil as a percentage of clinker production are presented in Figure 4. The results
revealed that the maximum feed rate of contaminated soil allowed by the management
department in Beijing, Chongqing, and Jiangsu were 6.55%, 3.68%, and 6.03%, respectively.
The values of Beijing and Jiangsu are similar and higher than that of Chongqing because
Beijing and Jiangsu treat contaminated soil as general solid waste. When the quota is
approved, only the total amount of general solid waste disposal of each year is limited,
not the type. In Chonggqing, the quota for contaminated soil is listed separately, so the
average disposal quota is lower. Considering the actual amount of co-processed soil as a
percentage of clinker production, Beijing’s is larger than those of Jiangsu and Chonggqing,
but all of them are <4%. This is the maximum recommended value for contaminated
additions in the Contaminated Site Remediation Technology Catalogue. Beijing has the
highest proportion of contaminated soil disposal because its cement production capacity is
small and only two cement plants currently remain operational. Jiangsu and Chongqing
have similar proportions of contaminated soil disposal, indicating that in the long run,
individual limiting contaminated soil disposal quotas have little effect on the total amount
of disposed polluted soil.



Sustainability 2022, 14, 14887

90f13

100%

95%

90%

20%

Proportion
a
X

10%

5%

T T T T T T T T

Province Period Cumulative clinker ~ Maximum allowable  Actual addition Clinker
production (x10*t) addition rate (%) ratio (%)
Beijing 2005-2021 4125 6.55 3.13 B Quota
Chongging 20092021 9417 3.68 1.30
Jiangsu 2011-2021 11906 6.03 1.41 B Soil

0%

Beijing I

Chongqing
Jiangsu
Jiangsu

LS
s

Beijing [N
[¢]

=

=

Chongqing

2005 2006 2007 2008 2009 2010 2011 2012 2013

Beijing SN

Beijing

EEEEEEEE EE
T EST 2i5E g =T gl
ch = Sh sl oha L o=
S ESE £ £
= = = =
@] o] Q Q

2016 2017 2018 2019 2020 2021

2014 2015

Year

Figure 4. Quota of contaminated soil permitted by the government and the actual disposal amount
of contaminated soil as a percentage of clinker production over time in the three provinces. The
maximum allowable addition amount and the actual addition ratio are the cumulative quota and
cumulative disposal amount divided by the cumulative cement clinker output, respectively. Data are
shown in Table S4.

Except for a few years, the proportion of the three provinces’ disposal of contaminated
soil accounted for <50% disposal quotas. The actual disposal amount exceeds the quota
because data statistics are calculated according to the amount of contaminated soil that is
planned to be co-processed by the cement kiln, rather than the amount of contaminated
soil actually co-processed each year. Chongging, which is the most meticulously managed,
had the largest contaminated soil disposal quota usage of 43% (Table S4). This is due to the
uncertainty in the timing of the discovery of contaminated soil, resulting in a poor match
between the need for remediation of the contaminated soil and the disposal capacity of the
cement kiln.

3.4. Drivers for CKC Diffusion

Figure 3 reveals that CKC was first adopted in 2005 and its use increased dramatically
in 2016, especially in Chongqing and Jiangsu. Many studies have shown that the diffusion of
environmental technologies is policy-driven. Over the past decade, the Chinese government
has issued a series of policies and regulations to curb and remediate soil pollution [32].
The first major piece of regulation was the 2004 Notice on Prevention and Control of
Environmental Pollution in the Process of Enterprise Relocation, followed by the 2016 Soil
Pollution Prevention and Control Action Plan and the 2018 Soil Pollution Prevention Law.
Contaminated soil remediation was gradually executed after the regulation was issued in
2004. The 2016 action plan required contaminated land remediation and led to the rapid
adoption of CKC in the three provinces. In our previous study, we discussed the inhibitory
effect of regulations that required hazardous waste identification on contaminated soil in
the diffusion of CKC technology in 2019 [17], Recent data suggest that the long-term impact
of this regulation is limited.

National policies can explain the basic trend of CKC diffusion but cannot explain the
differences in diffusion rate between provinces. Because Beijing, the capital of China, has
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small areas and a limited market capacity, we will focus on the impact of local policies
on CKC diffusion in Chongqing and Jiangsu. In the early stage of technology diffusion,
Chongging and Jiangsu were mainly affected by national policies and their patterns were
similar. In 2018, Chongging issued detailed rules for the identification of hazardous waste.
In 2021, an exemption policy was issued stating that contaminated lands should only be
converted to residential areas, schools, and hospitals and the identification of contaminated
soil is required (Table S5). These two policies improve the identification process of haz-
ardous waste in contaminated soil, reduce the cost of remediation, shorten the time for
remediation of contaminated land, and promote the diffusion of CKC, especially for con-
taminated lands with small amounts of contaminated soil. During the same period, Jiangsu
did not introduce similar policies, explaining why the number of cases in Chongqing grew
faster than those in Jiangsu after 2018.

The disposal capacity of cement kilns hinders the diffusion of CKC. As Beijing has
only retained two cement plants for the sake of improving air quality, the focus is on the
relationship between clinker production capacity and the amount of contaminated soil
disposal in Chongging and Jiangsu. The results show that as the number of qualified
cement plants (approved for disposal of solid waste) increases, the disposal amount of
contaminated soil also increases (Table S4). However, the proportion of disposal of con-
taminated soil in clinker production capacity shows a slight downward trend (Figure 5)
because the cement kiln not only disposes contaminated soil, but also undertakes the task
of other solid waste treatments, such as domestic waste and sludge treatment. The amount
of other solid wastes has steadily increased in recent years [33]. Under the condition that
the disposal efficiency of cement kilns remains unchanged, the growth of other wastes will
inhibit the diffusion of CKC.
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Figure 5. Downward trend in the proportion of the actual disposal of contaminated soil to the quota

in the three provinces over time. The actual disposal amount of contaminated soil comes from
remediation reports.

Compound contaminants and soil heterogeneity accelerate the diffusion of CKC.
Typically, remediation technology can only deal with one or one group of contaminants.
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Compound pollution requires the combined use of multiple remediation techniques, which
increases the cost and time of contaminated land remediation. Concurrently, differences in
soil properties within and between sites can also affect the efficiency of the same remedi-
ation technique. Cement kilns can dispose multiple pollutants at the same time, and the
high temperature in the rotary kiln can decompose organic pollutants into simple inorganic
substances. Heavy metals are fixed in the lattice of cement clinker [34], which realizes the
harmless disposal and resource reutilization of contaminated soil. Among the contaminated
soils co-processed by cement kilns in the three provinces, compound pollution accounts for
61.73% (Table S2). For Jiangsu, compound pollution of organic contaminants and heavy
metals accounts for 39.85%, which can explain how despite the lack of policy incentives,
the number of cases in Jiangsu is less than that in Chongqing, but the cumulative amount
of earthwork disposed in Jiangsu exceeds that in Chongqing. In terms of disposal costs,
Jiangsu is also willing to pay higher remediation prices.

4. Conclusions

This study investigated the diffusion process of CKC using data from remediation
reports. A mixed influence model (Bass model) was used to obtain the diffusion parameters
in selected provinces in China. The key findings are as follows:

(1) CKC was effectively adopted for the disposal of multiple contaminants in soil. In
the early stage of technology adoption, the contaminated soil in a site generally had large
volumes and single types of contaminants. In the later stage, CKC was primarily used to
dispose of composite pollutants with small volumes, indicating the strong disposal capacity
of cement kilns.

(2) The disposal capacity of cement plants limits the adoption of CKC. The optimal
range of contaminated soil feed rate in a single case is 4-5% and the multiyear average feed
rate is 1.3-3.2%.

(3) The results of the Bass model show that CKC diffusion in Beijing is almost at
saturation. In contrast, Chongging and Jiangsu will continue to experience rapid diffusion
over the following five years.

(4) An analysis of the driving factors revealed that the critical drivers of CKC diffusion
are policies at the national level. The diffusion differences among provinces were caused
by other drivers including regional policies, market scales, and pollutant characteristics.

Our research shows that policies are critical to the diffusion of environmental tech-
nologies. Other countries can promote the remediation of contaminated soils by enacting
national soil protection laws. At the local level, the Bass model can be used to study and
predict remediation technology diffusion; exemptions on contaminated soil testing and
transportation can be developed to promote the adoption of remediation technologies.

Due to the difficulty in collecting the remediation data of contaminated soil, our
study used the data from cement plant remediation reports instead of operation reports,
which made it difficult for us to assess the impact of cement kiln disposal capacity on
technology diffusion. Future research should consider incorporating other remediation
technologies and evaluating the disposal capabilities of each to enhance the understanding
of remediation technologies diffusion.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su142214887/s1. Figure S1 Distribution of studied cases (Beijing,
Jiangsu and Chonggqing). Figure S2 Trend of feed rate in the three provinces over time. The feed
rate is calculated from the proportion of contaminated soil to cement raw meal. Table S1 Summary
of 162 remediation cases in Beijing, Jiangsu, and Chongqing provinces. Feed rate denotes the
proportion of contaminated soil added to raw materials for clinker production. PAHs, Polycyclic
Aromatic Hydrocarbons, VCHs, Volatile Chlorinated Hydrocarbons, BTEX, benzene (B), toluene (T),
ethylbenzene (E), and p -xylene (X), TPH, Total Petroleum Hydrocarbons. Table S2 Proportion count
by volume of contaminated soil co-processed by CKC in each category of three provinces. Table S3
The volume and growth rate of co-processed soil in three provinces of China. Volume, x103 m3.
Table 54 The clinker production capacity, the quota for disposal of contaminated soil, and the actual
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disposed amount of contaminated soil in three provinces. The data only includes cement plants that
have or are conducting co-processing of contaminated soil with cement kilns. (x 10* tone). Table S5
Key policies affecting the diffusion of cement kiln co-processing of contaminated soil in China.
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