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Abstract

:

Millions of contaminated sites worldwide need to be remediated to protect the environment and human health. Although numerous remediation technologies have been developed, selecting optimal technologies is challenging. Several multiple criteria decision-making methods for screening the optimal remediation technology have been proposed, but they mostly focus on a specific area rather than the whole contaminated site. In recent years, the “contamination source control—process blocking—in situ remediation” technology mix model has gradually gained high appreciation. Nevertheless, the screening of technologies within each chain of this model relies heavily on arbitrary personal experience. To avoid such arbitrariness, a petroleum-contaminated site containing light non-aqueous phase liquids (LNAPLs) was used as an example, and a scientific screening and combination procedure was developed in this study by considering the distribution characteristics of contaminants. Through the procedure, a technology mix, which includes institutional control, risk monitoring, emergency response, multiphase extraction, interception ditch, monitoring of natural attenuation, hydrodynamic control, as well as some alternative technologies, was found, aiming at different locations and strata. The clear spatial relationship concept promises to enhance the effectiveness of contaminated site remediation. The proposed method only gave us a technical framework and should be tested and enriched in future studies.






Keywords:


contaminated site; contaminants distribution; remediation technology; integrated mix method












1. Introduction


Contaminated sites and the environmental problems they bring are issues of major global concern. Taking petrochemical sites as an example, Europe and the US have approximately 342,000 and 200,000 petrochemical-contaminated sites, respectively [1]. China has approximately 120,000 filling stations, 300 refineries, and bulk factories occupying 78 million m3 in our previous statistics in 2020. The soil and groundwater at these sites are all laden with potential contaminants. The US EPA and other national environmental agencies emphasize that contaminated sites must be remediated in order to restore and protect groundwater resources, and thereby create a safe living or working environment [2,3].



There are many types of contaminated site remediation technologies. For instance, nearly 30 soil and groundwater contamination remediation and control technologies have been used in the remediation of the 1468 Superfund sites in the US [4,5,6]. The List of Contaminated Site Remediation Technologies (first batch) issued by China in 2014 lists 15 types of remediation and risk control technologies [7]. In most cases, these techniques have commonly been evaluated by experienced experts, but different technologies are often selected because they are familiar but not because they are the most applicable or cost-effective for a given site [8].



To emilite the arbitrary technology selection, several multiple criteria decision-making methods, including simple additive weighting (SAW), ordered weighted average (OWA), analytic hierarchy process (AHP), preference ranking organization method for enrichment evaluation (PROMETHEE), and technique for order preference by similarity to ideal solution (TOPSIS), have been used to screen the optimal technology [8,9,10,11,12,13].



These screening processes for remediation methods mainly focus on specific areas of contaminated sites, with technologies primarily selected or ruled out based on the type of contaminants, stratigraphy, and petrology [14,15,16,17]. However, contaminants in the soil and aquifers can migrate with groundwater flow [18], leading to variations in contaminants over time and space. Depending on the phase and concentration distribution of contaminants in different areas, contaminated areas or strata at a site can be classified as the contamination source zone and contamination plume [19]. The undifferentiated treatment of different strata and vague spatial delineation of remediation technology application tend to overlook the inhomogeneous and dynamic distribution of contaminants across sites, probably result in the excessive remediation of certain areas or post-remediation reappearance of contamination, and are not consistent with a precise and scientific control system.



In the currently recognized remediation framework, the ultimate goal is to prevent potential receptors from being contaminated or restore receptor risks within acceptable limits [20]. Therefore, within this framework, we only need to protect the receptors without considering non-receptors. However, in order to protect the receptors effectively, every link that contributes to receptor contamination should be taken into account. This means that when selecting remediation technologies, we should consider the entire chain of contamination—source zone, plume, and receptors—as a whole. Based on this understanding, researchers have recently proposed and lent widespread support to the “contamination source control—process blocking—in situ remediation” technology mix model [21,22,23]. However, the screening of technologies under the technology mix model is largely reliant on empirical methods, and the model lacks a scientific screening method of the combinatorial system.



To develop a valid site remediation technology mix method matching the “contamination source control—process blocking—in situ remediation” technology mix model, in the study, a petrochemical-contaminated site was set as an example. Based on the site contaminant distribution characteristics, and clear-cut “contamination source zone- plume—potentially contaminated area” linkage, an integrated site remediation technology mix method with a clear spatial relationship concept was established.




2. Materials and Methods


2.1. Technology Mix Method


Based on the site’s contaminant distribution characteristics, we adopt the “contamination source control—process blocking—in situ remediation” technology mix concept and then establish a list of remediation technologies classified by area in keeping with the standards and guidelines issued by various countries’ environmental agencies. After performing an assessment and ranking of each technology from technological, environmental, and social perspectives, we optimize the technology mix in accordance with ranking results, which yields a solution with an optimized technology mix. The specific steps include:




	(1)

	
Clarification of the contamination source zone, plume area, and formation process









Based on a site survey or collection of data, determine the site’s chief contaminant types and their distribution characteristics, analyze the hydrological and geological data including the site’s strata, lithology, and water table, and establish a conceptual model of the contaminant’s hydrological and geological characteristics. Identify the contamination source (including site contamination source and groundwater contamination source), contamination plume, and potentially contaminated area within the site and the peripheral area based on contaminant concentration or phase, and predict the contamination pathways.



Taking a site contaminated with non-aqueous phase liquids (NAPLs) as an example, the groundwater contamination source can be defined as the area containing NAPLs, the contamination plume can be defined as the area in which contaminants exist as a soluble phase [24], and the potentially contaminated area can be defined as the area of concern, i.e., the area which has not yet been contaminated, but which may be contaminated in the future.



	(2)

	
Establishment of a list of classified remediation technologies







In accordance with the contaminated source zone, plume area, potentially contaminated area, and contamination pathways identified in Step 1, analyze each area’s contamination control and prevention needs on the basis of remediation requirements and assess whether the migration of contaminants between different areas must be controlled. Determine the technologies that can be used for site remediation, including but not limited to source control, process blocking, contamination plume in situ remediation, and other assisting technologies. Generally, in the source zone, source control technologies can be selected; in the plume area, in-suit technologies can be selected; process blocking technologies are mainly used to block the contaminants migrating from the source zone to the plume area, and the plume area to the potentially contaminated area. Then, collect specific feasible contamination remediation techniques based on the foregoing technology types. It should also be noted that a certain specific remediation technique can be associated with multiple technologies.



	(3)

	
Assessment of the classified remediation technologies







Use assessment methods such as decision-making support system [25] and multicriteria decision system [26] to assess and rank specific contaminated source control, process blocking, and contamination plume in situ remediation technologies in accordance with technological, environmental, and social indicators.



Technological indicators chiefly consider technological feasibility. Assessment is generally performed on the basis of a hydrological and geological conceptual model of site contamination and reflects technological principles and applicable conditions. The applicability of site contaminant characteristics, stratigraphy, lithology, contamination strata, and water table conditions is then assigned points, where full applicability is assigned 3 points, basic applicability 2 points, conditional applicability 1 point, and no applicability 0 points. A sample site condition assessment matrix is shown in Table 1. The specific number of points assigned for each condition will reflect the actual contaminated site and contaminant types.



Environmental indicators chiefly consider the impact of the remediation technologies on peripheral safety and the environment during the design, construction, operation, and maintenance processes. These indicators consist of safety, environmental friendliness, low resource/energy consumption, and sustainability. See Table 2 for the content and assessment standards for each indicator. High, moderate, and low are assigned respective scores of 3 points, 2 points, and 1 point.



Social indicators chiefly consider the feasibility of technology implementation. The indicators shown below have been adapted and revised from the guidelines in the contaminated site remediation technology screening matrix issued by the US Department of Defense Environmental Technology Transfer Committee (DOD ETTC) [27], and chiefly consist of the five aspects, including technological maturity, social acceptability, technology complexity, time frame, and capital investment. The content and scoring standards of each indicator are shown in Table 3.



Among the technological, environmental, and social indicators, technological indicators are the most fundamental; if a technology is completely infeasible (a score of 0), no further assessment will be conducted.



In the assessment standard tables, the technology’s resource/energy consumption among environmental indicators and economic cost among social indicators should be “equivalent to that of other comparable technologies.” As a consequence, the same remediation technology may have different final scores in different contaminated areas. For example, although multiple extraction technologies can be applied to contamination source and contamination plume areas when compared with such other technologies as natural attenuation and enhanced bioremediation, its economic cost is relatively high when applied to the contamination plume, giving it a lower score, but its economic cost is relatively low when applied to contamination source areas, giving it a higher score.



	(4)

	
Preferred technology mix: Follow the principle of “optimize each item, seek mutual compatibility; if not compatible, score again.”







The implementation process involves the selection of optimal technologies from source control, process blocking, and in situ remediation technologies, and the assessment of their mutual compatibility; if they are compatible, they constitute an optimal solution. A compatible technology mix implies that the implementation of these technologies in tandem will not affect the original scores of these technologies in Step 3; if the implementation of any one technology causes changes in environmental conditions, which makes it impossible to satisfy the conditions for use of another remediation technology, or if it causes the technological, environmental, or social suitability of another technology in the mix to decrease, then the implemented technology does not meet the requirement for compatibility. For instance, the implementation of certain chemical oxidation technologies may affect the activity of microbes within an aquifer [28], which will cause the suitability of natural attenuation and microbial augmentation methods to decline. This implies that chemical oxidation technology is incompatible with the natural attenuation and microbial augmentation methods.



If optimal technologies are not compatible, continued screening should be performed via the following two approaches: (1) sequentially substitute suboptimal technologies in a certain item and re-assess compatibility, until mutual compatibility has been achieved; then calculate the total score for the compatible technologies; (2) re-assess the score of each technology of other types in Step 3 after changing the implementation conditions of an incompatible technology, select the optimal mix, and calculate the total score. Compare the total scores in (1) and (2) and take the mix with the highest score as the optimal solution.




2.2. Site Situation


The case site consists of the gasoline and diesel tank area at a certain in-production refining enterprise on the mid-stream section of China’s Yangtze River. The tank area rests on a 1–2 m layer of fill; an approximately 5 m layer of silty clay lies below the fill, with a layer of fine sand in some places; a roughly 20 m layer of fine sand lies below this layer; the fine sand layer is underlain by clay. The water table lies 2–3 m below the surface. The aquifer has a classic floodplain binary structure, with the upper portion consisting of a silty clay phreatic aquifer and the lower portion consisting of an underlying fine sand micro-confined aquifer, where the clay layer below the aquifer can be considered an impermeable layer. The main groundwater flow direction is from south to north. Contaminants at the site chiefly consist of petroleum hydrocarbons, and contaminants consisting of light non-aqueous phase liquids (LNAPLs) in the form of gasoline and diesel components are present near the water table. A conceptual hydrological and geological model of contamination at the site is shown in Figure 1.





3. Results


3.1. Identification of Contamination Source, Contamination Plume, and Contamination Pathways


It can be seen from the foregoing conceptual model that the source of contamination consists of oil storage tanks, and the source of groundwater contamination consists of the non-aqueous phase petroleum hydrocarbons leaking into the ground from the oil storage tanks. The source area is chiefly located in the clay phreatic aquifer constituting the upper portion of the aquifer, and the contamination plume is largely distributed in the downstream micro-confined fine sand aquifer constituting the lower portion. The potentially contaminated area, namely, the acceptor, chiefly consists of soil and groundwater outside the boundaries of the plant and also includes downstream surface water bodies. The chief contaminant migration pathway consists of the lower micro-confined aquifer.




3.2. Establishment of a Classified Remediation Technology List


In accordance with the results of the assessment in Step 1, since a source of contamination and source of groundwater contamination existed at the site, it was necessary to eliminate the source in order to prevent the continued leakage of contamination; the pathway by which contamination would migrate into the potentially contaminated area could be obstructed by process blocking, and the lower micro-confined aquifer is the chief migration strata of contaminant migration which requires key point control; if the risk that the contamination plume would still contaminate the potentially contaminated area continue to exist after eliminating the source and blocking pathways, in situ remediation of the contamination plume could be performed. Since the contaminant chiefly migrated vertically in the vadose zone, and the migration of contaminant into the groundwater aquifer might cease after the site’s contamination source was eliminated, so that contaminant would have almost no effect on the potentially contaminated area, contamination of the vadose zone could be ignored for the time being. Based on this understanding, remediation of the site could employ the following approaches: site source control, groundwater contamination source elimination, process blocking (of contaminant migration in the lower micro-confined aquifer), and in situ remediation of the contamination plume. We consequently gathered various usable technological methods (Table 4).




3.3. Assessment of the Classified Remediation Technologies


We used a decision-making support system (Figure 2) to assess contaminated source control, process blocking, and in situ remediation technologies in different strata in accordance with technological, environmental, and social indicators (Table 1, Table 2 and Table 3). Addressing this petrochemical site, we referred to the applicable conditions for remediation technologies in the US EPA’s Underground Storage Tank Sites [17]; the resulting technology score matrix is shown in Table 5.



It is assumed that in this case that technological indicators, environmental indicators, and social indicators are equally important, and the secondary indicators and various links within the technological indicators, environmental indicators, and social indicators are also equally important. If the technological indicator score is 0, it is assumed that the technology is not suitable for this site, and no further assessment will be performed. A summary of assessment results and ranking of contamination source control—process blocking—in situ remediation technologies is shown in Table 6.



From the table, institutional control, risk source monitoring, and emergency response all gained the full mark. That is because the site is located in an in-production plan, and all the site contamination source control procedures should be carried out. Assisting technologies gained scores of zero, for the remediation work condition was good and no additional assisting technologies were needed.



For other types of technologies, many factors affected the final scores. For example, for process blocking, the upper (phreatic) aquifer, both interception ditch and hydrodynamic control gained higher scores. In environmental factors, they obtained the same score, 2.85 (See Table S1). In social factors, the interception ditch obtained a lower score (2.40) than hydrodynamic control (2.53), for the lower development status of the interception ditch (See Table S2). In technical factors, the interception ditch obtained a higher score (2.50) than the hydrodynamic control (2.25), for the hydrodynamic control is hardly used in clay stratum (See Table S3).




3.4. Preferred Technology Mix


The mix when selecting the technologies ranked first in Table 6 is as follows: site contamination source control technologies consist of institutional control, risk monitoring, and emergency response; for upper phreatic aquifer remediation, the groundwater contamination source control technology consists of multiphase extraction, process blocking technology consists of interception ditch, and in situ plume remediation technology consists of monitoring of natural attenuation; for lower micro-confined aquifer remediation, the groundwater contamination source control technology consists of multiphase extraction, process blocking technology consists of hydrodynamic control, and the in situ plume remediation technology consists of monitoring of natural attenuation. These technologies are mutually compatible, and, therefore, form an optimal technology mix for this site.





4. Discussion


4.1. The Screened Technologies for the Case Site


The screened technologies include institutional control, risk monitoring, emergency response, multiphase extraction, interception ditch, monitoring of natural attenuation, and hydrodynamic control. These technologies have been selected and widely used in managing various contaminated sites [33,34,35,36], but combining these technologies together to remediate one site is seldom performed.



Previous studies always aimed at a certain layer of the aquifer or considered several layers as a whole [37,38,39]. Therefore, there was always only one optimal technology for each location. In the present study site, two aquifer layers have been contaminated. According to the present developed method, the different layers should be treated discriminately, which resulted in the two optimal technologies at one location. For example, for blocking the transportation of contaminates, interception ditch and hydrodynamic control were both selected, but the former is for the upper (phreatic) aquifer and the latter is for the lower (micro-confined) aquifer. The interception ditch is hardly operated when the depth is greater than 15 m and, therefore, was not suitable for the lower aquifer, while in the shallow aquifer, it is easily developed, operated, and maintained [40,41,42], and, therefore, was selected for upper aquifer in the study. The other technology, hydrodynamic control, is not suitable for the clay medium [43] and, therefore, was not been selected for the upper aquifer, but is suitable for the sandy lower (micro-confined) aquifer. Separately treating for different characteristic stratum or contaminant concentrations is the precondition for precise remediation and can avoid ineffective remediation.



In practice, combining more than one technology to remediate contaminated soil and aquifer is not rare [44]. For example, Fenton processes and biotreatment were combined for soil remediation [45]; microbial combined methods, including microbe-biochar, microbe–nutrition, and microbe–plant technologies were used to remediate the petroleum-contaminated soils [46]; a plant–microbial combined bioremediation of polychlorinated naphthalene-contaminated soil was established using the intelligent integration of analytic hierarchy process and formula evaluation methods [47]; a sustainability assessment methodology for prioritizing the technologies of groundwater contamination remediation was established [48]. In comparison, combining multiple techniques to remedy a contaminated site is rare. A classic case is combining five technologies to remediate a PHC site, which was a former gasoline service station located in southwest Ohio [49]. At first, the remediation plan consisted of a combined groundwater pump and treat and soil vapor extraction. However, accompanied by the remediation processes, to meet the requirements, the plan had to be adjusted, and natural attenuation needed to be monitored, so surfactant-based soil washing and catalytic oxidation had been added empirically. The case represents most remediation projects that choosing the techniques is experiential and lacking systematicness. In our study, the contaminated soil and groundwater, as well as the receptors, were deemed as a system, and the techniques can be chosen systematically. Combining with the assessment methods and compatibility evaluation, an effective and reasonable approach is expected to be found.




4.2. Implications


Protecting the receptor is the terminal goal, and, therefore, the screened optimal technology mix does not necessarily include the site’s ultimate remediation technologies; these technologies can be selected after reviewing them in the order of their scores during subsequent effectiveness modeling [50,51]. For instance, in this case study, the preferred in situ contamination plume remediation technology consists of natural attenuation monitoring; if it is found during modeling that natural attenuation monitoring will not yield the desired remediation effects during the period of validity, enhanced bioremediation can be assessed. If funding permits, different types of technology can be employed jointly; the technologies employed jointly can be selected in accordance with their ranking order. This principle can be also used to adjust the technologies during the course of a remediation project, especially when the initially selected technologies may not yield the desired results.



During the technology screening process, attention must be paid to the spatial distribution characteristics of contamination and contamination migration processes in order to clarify the spatial locations and relationships of the contamination source, contamination plume, and potential receiving bodies. In order to enhance the specificity of technology screening, each remediation technology must be assessed on the basis of different standards when used in different contaminated areas or for different remediation links.



Compatibility assessment must be performed for technologies in the preferred technology mix, and a dynamic score adjustment and re-screening plan must be made when technologies are incompatible. The goal is to enhance the compatibility of the remediation mix as a whole and realize an integrated remediation solution.



With regard to the establishment of an easy-to-implement technological and environmental indicators system, the technology score matrix can be used directly in the case of most petrochemical-contaminated sites; in the case of environmental indicators, the safety, environmental friendliness, resource/energy consumption, and sustainability of remediation technologies during the four stages of design, construction, operation, and maintenance can be assessed.



By providing ideas and principles concerning technology screening via classified assessment, the technology screening mix method presented in this paper offers powerful expandability. For example, during the classified assessment of remediation technologies in Step 3, various types of decision-making support systems can be employed, and other screening techniques can be used as well. These methods can be used in a flexible manner in light of the actual situation. The proposed procedure is not only suitable for hydrocarbon-contaminated unconsolidated sediment sites but also suitable for other contaminants and lithologies. When the contaminated sites or conditions vary, we simply need to follow the procedure and construct a new mix.





5. Conclusions


This study proposed a method of screening the optimal technologies for site remediation. The method is rooted in the “contamination source control—process blocking—in situ remediation” site remediation principles and the distribution characteristics of contaminants, as well as relationships among different areas including the source zone, plume area, and potentially contaminated area. The clear spatial relationship concept promises to enhance the effectiveness of contaminated site remediation. When using the procedure in an in-production petrochemical-contaminated site where LNAPLs are present, a technology mix, which includes institutional control, risk monitoring, emergency response, multiphase extraction, interception ditch, monitoring of natural attenuation, hydrodynamic control, as well as some alternative technologies, was found, aiming at different locations and strata. The technologies in the mix may not be the final ones and should be tested using computer simulation or pilot scale tests before carrying out the remediation work. The proposed method only gave us a technical framework and should be tested and enriched in future studies.
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Figure 1. Conceptual hydrological and geological model of contamination at the case site ((a) is a plan, (b) is a cross-section along A-A′, and (c) is a cross-section along B-B′). 
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Figure 2. Technology screening decision-making support system model. 
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Table 1. Meaning of technological indicators for site contamination control technologies and scoring standards.
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	Indicator
	Meaning
	High (3 Points)
	Moderate (2 Points)
	Low (1 Point)
	Not Applicable (0 Point)





	Contaminant characteristics
	Whether the technology is able to remove the contaminant
	Applicable to all contaminants
	Applicable to most contaminants or applicable to all contaminants in conjunction with other technologies
	Applicable to some contaminants in conjunction with other technologies
	The method cannot remove the contaminants



	Stratigraphy and lithology
	Lithology can satisfy the technology’s application requirements
	Fully satisfies requirements
	Basically satisfies requirements, but may extend remediation time or increase remediation cost
	Requires other accompanying technologies to basically satisfy requirements
	The method is not applicable to stratigraphic conditions



	Target strata
	Applicability of the technology to the target strata (vadose zone, water table fluctuation zone, aquifer, impermeable layers)
	Applicable to target strata
	Basically applicable to target strata
	Applicable to the target strata in a minority of situations
	The technology is not applicable to target strata



	Other conditions
	Conditions such as deployment location, water table, and depth of target strata
	Fully satisfies the conditions
	A condition is near the critical value
	Two or more conditions are near the critical value
	A condition is below the critical value










 





Table 2. Meaning of environmental indicators for site contamination control technologies and scoring standards.
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	Indicator
	Meaning
	High (3 Points)
	Moderate (2 Points)
	Low (1 Point)





	Safety
	Whether it will affect the safety of personnel at the site and peripheral areas during the project implementation process
	No significant impact
	Possibly some impact
	Significant impact



	Environmental

friendliness
	Whether it will worsen contamination in some areas or cause secondary contamination
	Will not worsen contamination in some areas or cause secondary contamination
	May worsen contamination in some areas or cause secondary contamination
	Will worsen contamination in some areas or cause secondary contamination



	Low resource/energy consumption
	Cost expenditure and energy consumption
	Relatively little energy consumption compared to other methods
	Moderate energy consumption compared to other methods
	High overall energy consumption compared to other methods



	Sustainability
	Whether it will affect land, soil, or groundwater ecology and reuse
	Will not affect land, soil, or groundwater ecology or reuse
	May affect land, soil, or groundwater ecology or reuse
	Will affect land, soil, or groundwater ecology or reuse










 





Table 3. Meaning of social indicators for site contamination control technologies and scoring standards [27].
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Indicator

	
Meaning

	
High (3 Points)

	
Moderate (2 Points)

	
Low (1 Point)






	
Technological maturity

	
Status and scale of the usable technology

	
Has been used in multiple site-scale applications as a part of remediation projects and there are complete and clear records and descriptions

	
Has been used in site-scale applications, but still requires further improvement and verification

	
Has not yet been used in site-scale applications, but has been used in pilot projects or laboratory test equipment experiments (such as sandbox or soil column experiments), and laboratory-scale testing (such as static micro-scale testing), and has been verified to have application potential




	
Technological complexity

	
Independence

	
Whether it can be independently used as a remediation technology

	
Independent technology (not complex in terms of material/number of technologies, can serve as a “routine” technology)

	
Relatively simple (around two technologies), easy to master, widely used

	
Complex (relatively complex technologies/materials, produces relatively more waste products)




	
Implementability

	
Number of suppliers able to design, construct, and maintain the technology

	
More than 4 suppliers

	
2–4 suppliers

	
Fewer than 2 suppliers




	
Ease of operation/maintenance

	
Intensity of operation and maintenance work

	
Low operation/maintenance intensity

	
Average operation/maintenance intensity

	
High operation/maintenance intensity




	
Social acceptability

	
Whether the technology can be accepted by surrounding residents

	
Will be accepted by surrounding residents

	
May be accepted by surrounding residents

	
Not readily accepted by surrounding residents




	
Economic cost

	
Cost of design, construction, operation, and maintenance

	
Low overall cost when compared with other technologies with equivalent effectiveness

	
Equivalent cost when compared with other technologies with equivalent effectiveness

	
High overall cost when compared with other technologies with equivalent effectiveness




	
Time frame

	
Time necessary for the implementation

	
Soil

	
Fewer than 1 year

	
1–3 years

	
More than 3 years




	
Groundwater

	
Fewer than 3 years

	
3–10 years

	
More than 10 years











 





Table 4. List of petrochemical site contamination control technologies.
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Type

	
Technology






	
Source control

	
Site contamination source

	
Institutional control [29], risk monitoring (of production installation leaks) [30], emergency response [31]




	
Groundwater contamination source

	
Natural source zone depletion [32], soil gas phase extraction, multiphase extraction, pump and treat, enhanced soil solubilization, in situ thermal desorption, vitrification immobilization




	
Process blocking

	
Containment barrier, interception ditch, permeable reactive barrier, hydrodynamic control




	
In situ remediation of contamination plume

	
Monitoring of natural attenuation, soil gas phase extraction, multiphase extraction, pump and treat, enhanced soil solubilization, in situ thermal desorption, vitrification immobilization, bioventing, enhanced bioremediation, phytoremediation, chemical oxidation, aeration, well stripping




	
Assisting technologies

	
Pressure fracturing, directional wells











 





Table 5. Scoring standards for petrochemical site contamination control technologies.
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Technology

	
Contaminant C1

	
Stratigraphy and Lithology C2

	
Target Strata C3

	
Other Conditions C4




	
Gasoline

	
Kerosene

	
Diesel

	
Fuel Oil

	
Lubricating Oil

	
Gravel and Cobble

	
Coarse Sand

	
Medium Sand

	
Fine Sand

	
Silt

	
Silty Soil

	
Silty Clay

	
Clay

	
Vadose Zone

	
Water Table Fluctuation Zone

	
Aquifer

	
Impermeable Layer






	
Institutional control

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	




	
Risk monitoring

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3




	
Emergency response

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3




	
Natural source zone depletion

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	




	
Soil gas phase extraction

	
3

	
2

	
2

	
2

	
0

	
2

	
2

	
3

	
3

	
2

	
2

	
1

	
0

	
3

	
1

	
0

	
0

	
Generally, requires water table > 3 m below surface




	
Multiphase extraction

	
3

	
3

	
3

	
3

	
2

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
2

	
2

	
3

	
3

	
0

	




	
Pump and treat

	
3

	
3

	
3

	
3

	
2

	
3

	
3

	
3

	
3

	
3

	
2

	
1

	
0

	
0

	
2

	
3

	
0

	




	
Enhanced soil solubilization

	
3

	
3

	
3

	
3

	
2

	
1

	
2

	
2

	
3

	
3

	
3

	
2

	
1

	
3

	
3

	
3

	
0

	




	
In situ thermal desorption

	
3

	
3

	
3

	
3

	
2

	
3

	
3

	
3

	
3

	
3

	
2

	
2

	
0

	
3

	
3

	
3

	
3

	




	
Vitrification immobilization

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
2

	
0

	
0

	




	
Containment barrier

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
2

	
2

	
3

	
3

	
3

	
2

	
Generally, installed between the source and source zone, or between the source zone and plume zone




	
Interception ditch

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
Generally, installed between the source zone and the plume zone




	
Permeable reactive barrier

	
3

	
3

	
3

	
3

	
2

	
3

	
3

	
3

	
3

	
3

	
2

	
2

	
1

	
0

	
1

	
3

	
0

	
Generally, has a depth of <15 m, installed between the source zone and the plume zone




	
Hydrodynamic control

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
2

	
1

	
0

	
0

	
2

	
3

	
0

	
Can be installed between the source and source zone, between the source zone and plume zone, and between the plume and receiving body




	
Monitoring of natural attenuation

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	




	
Bioventing

	
3

	
3

	
3

	
3

	
2

	
3

	
3

	
3

	
3

	
2

	
2

	
2

	
0

	
3

	
2

	
0

	
0

	
Generally, requires water table > 3 m below surface




	
Enhanced bioremediation

	
3

	
3

	
3

	
3

	
2

	
3

	
3

	
3

	
3

	
3

	
2

	
2

	
0

	
3

	
3

	
3

	
2

	




	
Phytoremediation

	
3

	
3

	
3

	
3

	
2

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
2

	
3

	
3

	
3

	
3

	
Contamination within the scope of plant root systems




	
Chemical oxidation

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
2

	
2

	
0

	
3

	
3

	
3

	
2

	




	
Aeration

	
3

	
2

	
2

	
2

	
0

	
3

	
3

	
3

	
3

	
3

	
2

	
2

	
0

	
2

	
2

	
3

	
2

	




	
Well stripping

	
3

	
2

	
2

	
2

	
0

	
3

	
3

	
3

	
3

	
3

	
2

	
2

	
0

	
0

	
2

	
3

	
2

	




	
Directional wells

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
3

	
2

	
3

	
3

	
3

	
2

	




	
Pressure fracturing

	
3

	
3

	
3

	
3

	
3

	
0

	
0

	
0

	
2

	
2

	
2

	
3

	
3

	
3

	
3

	
3

	
3

	








If fully feasible, 3 points; if feasible under most situations, 2 points; if feasible under some situations, 1 point; if completely infeasible, 0 points. C4 is scored according to this standard.













 





Table 6. Ranking of petrochemical site contamination remediation technologies.
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Type

	
Upper (Phreatic) Aquifer

	
Lower (Micro-Confined) Aquifer




	
Remediation Technology

	
Score

	
Rank

	
Remediation Technology

	
Score

	
Rank






	
Source control

	
Site

contamination source control

	
Institutional control

	
3.00

	
1

	
Institutional control

	
3.00

	
1




	
Risk source monitoring

	
3.00

	
1

	
Risk source monitoring

	
3.00

	
1




	
Emergency response

	
3.00

	
1

	
Emergency response

	
3.00

	
1




	
Groundwater

contamination source control

	
Multiphase extraction

	
2.68

	
1

	
Multiphase extraction

	
2.68

	
1




	
Natural source zone depletion

	
2.52

	
2

	
Pump and treat

	
2.54

	
2




	
In situ thermal desorption

	
2.51

	
3

	
Natural source zone depletion

	
2.52

	
3




	
Enhanced soil solubilization

	
2.51

	
3

	
In situ thermal desorption

	
2.51

	
3




	
Pump and treat

	
2.38

	
5

	
Enhanced soil solubilization

	
2.42

	
5




	
Soil gas phase extraction

	
0.00

	
/ *

	
Soil gas phase extraction

	
0.00

	
/




	
Vitrification immobilization

	
0.00

	
/

	
Vitrification immobilization

	
0.00

	
/




	
Process blocking

	
Interception ditch

	
2.59

	
1

	
Hydrodynamic control

	
2.80

	
1




	
Hydrodynamic control

	
2.55

	
2

	
Interception ditch

	
0.00

	
/




	
Permeable reactive barrier

	
2.53

	
3

	
Permeable reactive barrier

	
0.00

	
/




	
Underground barrier

	
2.31

	
4

	
Underground barrier

	
0.00

	
/




	
In situ remediation of contamination plume

	
Monitoring of natural attenuation

	
2.82

	
1

	
Monitoring of natural attenuation

	
2.82

	
1




	
Enhanced bioremediation

	
2.72

	
2

	
Enhanced bioremediation

	
2.63

	
2




	
Phytoremediation

	
2.69

	
3

	
Multiphase extraction

	
2.61

	
3




	
Multiphase extraction

	
2.61

	
4

	
Chemical oxidation

	
2.57

	
4




	
Chemical oxidation

	
2.49

	
5

	
Pump and treat

	
2.54

	
5




	
In situ thermal desorption

	
2.44

	
