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ABSTRACT 

WHEN EVALUATING REMEDIATION TECHNOLOGIES FOR CONTAMINATED SOIL AND 
GROUNDWATER, THE BENEFICIAL EFFECTS OF THE REMEDIATION ARE MOSTLY EMPHASIZED 
WITHOUT CONSIDERATION OF  THE ENVIRONMENTAL IMPACT OF THE REMEDIATION ACTIVITIES 
THEMSELVES. NEVERTHELESS, DIFFERENT  (SEMI)-QUALITATIVE AND QUANTITATIVE METHODS 
TO ESTIMATE THE ENVIRONMENTAL IMPACT OF SOIL REMEDIATION ACTIVITIES ARE AVAILABLE. 
IN THE PRESENT STUDY, 3 CASE STUDIES WERE WORKED OUT, FOR WHICH SEVERAL 
REMEDIATION OPTIONS WERE EVALUATED, BASED ON DATA OF THE SOIL REMEDIATION PROJECT 
ITSELF OR ON DATA FROM PILOT PROJECTS. THE EVALUATION TOOLS THAT WERE USED 
CONSISTED OF A MULTICRITERIA ANALYSIS, DIFFERENT TYPES OF  CO2 CALCULATORS AND A 
LIFE CYCLE-BASED EVALUATION METHOD. THE RESULTS OF THE COMPARISON HIGHLIGHT THE 
MOST IMPORTANT ASPECTS TO TAKE INTO ACCOUNT FOR THE EVALUATION OF THE 
ENVIRONMENTAL FOOTPRINT OF SOIL REMEDIATION ACTIVITIES AND PROVIDE A GUIDANCE FOR 
ENVIRONMENTAL IMPACT ASSESSMENT WITHIN THE FRAMEWORK OF CONTAMINATED SITE 
MANAGEMENT. 

INTRODUCTION    
Approximately 250 000 sites in Europe require cleanup, while the European Environmental 
Agency estimates that nearly 3 million sites are potentially polluted [1]. Although several EU 
directives support the prevention and cleanup of soil contamination (e.g. EU Directive on  
Environmental Liability, EU Waste Framework Directive, EU Water Framework Directive, 
EU Integrated Pollution Prevention and Control Directive), there is no general European 
directive with regard to Soil Remediation and cleanup. Because the cleanup of all historically-
contaminated sites to background concentrations or levels suitable for all types of land use is 
not considered technically or economically feasible, cleanup strategies are more and more 
designed to use sustainable, long-term solutions, often using a risk-based approach to land 
management. The cleanup level, the time required for the remediation, economic resources 
and the best available technologies are the most important factors that are traditionally taken 
into account when a soil remediation technique has to be selected. More and more, the 
environmental impact of the remediation process itself is also taken into account. During the 
last few years, several tools have been developed to asses the environmental impact of 
processes and products, both in a qualitative and a quantitative way. In Flanders, the 
BATNEEC (Best Available Technique not Entailing Excessive Costs) method is commonly 
used to select adequate soil remediation techniques, but environmental aspects are only 
addressed in a very limited way. Since the last decade, LCA has been gaining wider 
acceptance as a tool for the quantification of environmental impacts and evaluation of 
improvement options throughout the life cycle of a process, product or activity [2]. Several 
examples and case studies that have been worked out during the last few years show that a life 
cycle framework, including a life cycle management (LCM) approach structuring 
environmental activities and life cycle analysis (LCA) for a quantitative examination, can be 
helpful for the selection of site remediation options with minimum impact on the ecosystem 



and human health [3]. Because total life-cycle assessments, when performed properly, are 
very detailed, carbon footprint calculators have been developed to calculate the contribution 
of a wide variety of products and processes to climate change in terms of the carbon dioxide 
emitted. The carbon footprint calculators are generally limited to CO2 emissions related to 
energy use and to the oxidation of contaminants and chemical substrates. Moreover, several 
calculators have specifically been designed to evaluate the environmental impact of soil 
remediation processes. In the present paper, attention is paid to the assessment of the 
environmental impact of the soil remediation process and on the way this environmental 
impact is quantified by means of life cycle assessment (LCA) methodology, the BATNEEC 
(Best Available Technology Not Entailing Excessive Costs) methodology and by the 
calculation of the carbon footprint. The objective of this paper is twofold: first, we want two 
quantify and compare the environmental impact of an in situ and an ex situ soil remediation 
option for 3 different case studies. Secondly, different methods that can be used to assess the 
environmental performance of a soil remediation process, will be compared and evaluated.  

METHODOLOGY 

Description of case studies 
Case I: Industrial site contaminated with diesel fuel

 

  The first case concerns an industrial site 
that is used  for the restoration and maintenance of train engines. The industrial site was 
established in 1835, has a total area of 35 ha and is located in the middle of an urban 
residential area. Soil and groundwater are contaminated with diesel (C12-C20), which occurs 
as a L-NAPL (light non-aqueous phase liquid) layer with an average thickness of 30-40 cm on 
top of the groundwater  table and also minor concentrations of phtalates and bifenyls at the 
border of the contamination plume. Part of the L-NAPL layer (with a length of 100 m, a width 
of 3 m  and a thickness between 10 and 50 cm) is situated underneath a building. The 
contamination of soil and groundwater was caused by a leakage in the supply line of the fuel 
tanks  in 1988. The tank with a volume of 63 000 liter completely drained twice before the 
leakage was discovered.   Diesel fuel contains some volatile components, but is mainly non 
volatile. Diesel can be removed by biological degradation, but the diesel concentrations at this 
site are too high to allow biological degradation to occur [4]. Average diesel concentrations 
underneath the building are 7300 mg/kg in the soil and 10000 µg/l in the groundwater. The L-
NAPL layer contains  146200 kg of diesel. Outside the build area, the average diesel 
concentration amounts to 2700 mg/kg in the soil and 10000 µg/l in the groundwater, with a 
total load of 400 kg diesel in the L-NAPL layer. The  site has been heightened by ash 
material, stones,… resulting in a very heterogeneous composition of the soil. At a depth of  
2.5 – 3 m, glauconite sands (Ruisbroek Formation) are found. 

Case II: Brownfield contaminated with BTEX, mineral oil and PAH’s.  This case concerns the 
remediation of a Brownfield with a surface of 1.6 ha where a former oil and fat processing 
plant has been operating in the beginning of the 20th century.  The activities of this plant 
resulted in a contamination of soil and groundwater with oil and fat. Additionally, the leakage 
of fuel tanks has contributed to the contamination of the site after closure of the oil and fat 
factory. The soil is characterized by a severe contamination with mineral oil, a moderate to 
high contamination with PAH’s (polyaromatic hydrocarbons) and BTEX ((benzene, toluene, 
ethylbenzene and xylene) and a minor contamination with heavy metals. The maximum depth 
at which contamination occurs is 5 meter. The depth of the groundwater table is between 0.5 
and 1 m and groundwater is also contaminated with mineral oil, polyaromatic hydrocarbons 
and BTEX. At some locations, mineral oil occurs as a L-NAPL layer with a thickness of 
approximately 10 cm on top of the groundwater table 



In the near future, the site will be redeveloped into a residential area with apartments.  
The soil on the site is a sandy soil, with a lot of debris in the upper two meters. Below this 
sandy soil layer the grain size of the soil is becoming more silty, until a depth of 3.4 to 7 m, 
depending on the exact location on the site. Finally,  at a depth of 3.4 m to 7 m, a clay layer is 
encountered.  
 
Case III: Industrial site contaminated with Exxsol

Life cycle analysis: general approach 

.  This case concerns a former industrial site 
where a distribution centre for new and second-hand cars has been operating since 1970. For 
the removal of a protective wax layer from new cars, several solvents have been used since 
1970: initially, a mixture of 1.5% petroleum in water was used, but in 1988 petroleum was 
replaced by Finalan, a solvent consisting of aliphatic hydrocarbons. In 1990, Finalan was 
replaced by another solvent, namely Exxsol, which was easier to recycle after use. During 
removal of the wax layer from the cars, a suspension of Exxsol in water is sprinkled on the 
cars. The emulsion that is released after washing is collected in a gut. Because of a leakage in 
the gut, soil and groundwater have been contaminated with Exxsol. Since Exxsol is 
characterized by a density of less than 1 g/cm3, it forms an L-NAPL layer on the groundwater, 
situated at a depth of 2.5-3 m below the ground surface. The L-NAPL contamination occurs 
in unconsolidated deposits consisting of landfill and loess. Loess consists of windblown silt 
and clay and is the predominant soil lithology in the area. 

A Life cycle cnalysis is carried out in four distinct phases: (1) definition of goal and scope, (2) 
life cycle inventory, (3) life cycle impact assessment and (4) interpretation [5].  In this 
paragraph, we will describe the goal and scope of the study and the data collection, whereas 
the life cycle impact assessment and interpretation of the results will be assessed in the 
‘Results and discussion” section. 
 
Functional unit. 

 

 Based on the recommendations of Diamond et al. [6], the functional unit was 
set equal to the remediation of a site with an area of the same size as the contaminated sites in 
the case study (namely 0.3 ha (on a total site of 35 ha), 1.6 ha and 0.3 ha for Case I, II and III 
respectively), in a time frame of 100 days.  Comparison between case studies cannot directly 
been made because of the different areas of the sites. Taking the same are or volume of soil to 
be treated as a functional unit , might seem a solution to this problem. However, reducing the 
area or volume of contaminated soil with a given factor does not mean that all parameters that 
are relevant for the soil remediation operation, such as energy consumption, generation of 
waste,… are reduced with the same factor. Because a linear extrapolation is not correct, it is 
not completely straightforward to take another functional unit than the site itself. The amount 
of contaminated soil was comparable for Case II and III (resp. 15145 and 13940 m3 but higher 
for Case I (24821 m3). The estimated amount of contaminated groundwater was  290123, 
21600 and 12000 m3 for Case I, II and III respectively. 

Data used as input for the life cycle analysis.  The collection of data as input used in the 
models was carried out in collaboration with the project engineers in charge of the soil 
remediation projects. For Case I and Case III, data for the in situ remediation technology were 
also obtained from a pilot installation on the site. In order to obtain a better overview of the 
necessary input and to establish the boundaries of the study, a process tree (not presented in 
this paper) was constructed for the remediation technologies considered in each case.  For 
each case, one in situ soil remediation option was selected, which is discussed in more detail 
in the ‘Results and discussion’ section. The in situ remediation technologies that were 
analyzed were different for each case. For Case I, Vacuum enhanced recovery (VER) was the 



in situ remediation technique that had be evaluated, taking into account the energy demand of 
the different pumps (vacuum pump, groundwater pump), the purification of the extracted 
groundwater, and the purification of air and the generation of waste (mainly  activated coal 
and oil that has been pumped). For the in situ remediation with  steam extraction (Case II), the 
following processes were considered: the installation of the equipment for steam extraction 
(drilling of wells, the energy and fuel demand of the different engines used, the use of natural 
resources (water to produce steam, activated coal for the filter) and the generated waste 
streams (water, mineral oil),  fuel consumption by the groundwater pumps and the 
consumption of gases by the remediation installation. Finally, in the third case, where a new 
thermal treatment methodology (called ‘thermopile’) was evaluated, the consumption of fuel 
by the groundwater pumps and the consumption of natural gas by the thermopile installation 
were accounted for to estimate the environmental impact of the soil remediation process. 
The other remediation alternative, namely soil excavation, was investigated for the 3 cases 
because in Flanders 40% of soil remediation projects still rely on soil excavation and off-site 
cleaning. For soil excavation, the fuel consumption of the pumps used to lower the 
groundwater table was considered, plus the fuel necessary to operate the excavators and the 
fuel for the trucks that transport the soil on site and from the site to the remediation facility. 
Also the cleaning of the groundwater (active coal filter)  was taken into account. 
The total amount of soil and groundwater that has to be extracted and/or cleaned, and the 
target values for contaminants in soil and groundwater that have to be reached were also 
necessary constituents of the input used in at least one of the models. 
The production of the equipment necessary to perform the remediation (excavators, pumps, 
trucks, etc.) and the transport of equipment towards and from the site were not included in the 
analysis. The personal transport of the operators and workers, however, was included since 
information on this topic could be retrieved.   
 
Impact assessment

The SimaPro software version 7.3, which uses the ReCiPe impact assessment method [8], has 
also been used to calculate the environmental impact of soil remediation alternatives in Case 
II. However, it is more complicated to use and underlying assumptions, calculations, …  made 
by the software can not been verified by the user. Although a trained user, that understands 
the underlying models and assumptions should be able to easily distil the relevant information 
from the output, the routinely use of this evaluation tool does not seem evident. Therefore, 
only the results from the REC analysis will be discussed in this paper. 

.   Environmental merit in the REC (Risk reduction, Environmental Merit 
and Cost) model is designed to aggregate several types of environmental costs and benefits 
into an index, which shows the overall environmental balance of soil remediation [7]. The 
aspects which are included in Environmental merit index are based on the indications of a life 
cycle analysis (LCA) carried out for soil remediation  and on interviews with soil experts. 
Environmental aspects taken into account in REC include: clean soil and groundwater as a 
results of remediation, clean soil and groundwater used for remediation, energy consumption, 
surface water pollution, final waste, air pollution and space used by the remediation project. 
For weighing the contribution of each aspect, a panel of environmental experts has been 
interviewed and their weights have been used for computing the environmental merit index 
(E) of REC. 

BATNEEC analysis 
This tool is used in Flanders for the selection of soil remediation technologies. Consideration 
is given to the best available technical solutions that already have been successfully tested out  
in practice and whose cost is not unreasonable in proportion to the achievable result in terms 
of protecting people and the environment [9]. The BATNEEC tool uses a multicriteria 



analysis taking into account environmental, technical and  financial aspects. The outcome of 
this BATNEEC analysis is a global score, based on information on the estimation of cost, the 
expected results, the expected environmental impact (risk for surface- and groundwater 
contamination) and the restrictions for land use for a selection of 3 soil remediation 
alternatives. The 3 remediation alternatives analyzed in the present study were: (1) Soil 
excavation, without consideration of the groundwater remediation (because this cannot be 
assessed using this method), (2) application of an in situ remediation technology (VER, steam 
extraction and in situ thermal treatment for Case I, III and III respectively) (3) No active 
remediation, but monitoring of the groundwater pollution. A score has to be attributed to 
different criteria, in such a way that the sum of the scores for the 3 remediation options is 15. 
For example, if the 3 alternatives are equally good with regard to one aspect (criterion), they 
each will get a score of 5. The scoring was done by an expert in soil remediation projects. It is 
clear that the attribution of the scores is subjective and also dependent on the expertise and 
previous experiences of the evaluator. The only aspect that is quantified in a more objective 
way is the cost of the remediation, since this is open to precise calculation – at least as an 
estimate.  

Screening of tools for calculation of carbon footprint 
The concept of “carbon footprint” is described as "the total set of GHG (greenhouse gas) 
emissions caused directly and indirectly by an individual, organization, event or product"[10]. 
In this paper, 3 tools for the calculation of the carbon footprint and/or CO2 emissions were 
screened. 
 
SRT 

 

[11] The Soil Remediation Tool (SRT) has been developed by AFCEE, the US Air Force 
Center for Engineering and the Environment, to serve two general purposes: (1) planning for 
future implementation of remediation technologies at a particular site, as well as (2) a means 
to evaluate optimization of remediation technology systems already in place or to compare 
remediation approaches based on sustainability metrics. The SRT allows users to estimate 
sustainability metrics for specific technologies. The technologies, selected by AFCEE for 
inclusion in the SRT, include the following: excavation, soil vapor extraction, pump and treat, 
enhanced in situ biodegradation, thermal treatment, in situ chemical oxidation (ISCO), 
permeable reactive barrier (PRB), long-term monitoring (LTM)/monitored natural attenuation 
(MNA) . The sustainability metrics calculated include the following: emissions of CO2, NOx,  
SO2  and PM10, total energy consumed, change in resource service, technology cost, safety/ 
accident risk. 

SiteWiseTM (US)

 

 [12] The SiteWiseTM tool, developed jointly by the Navy, Army Corps of 
Engineers  and Battelle, is a publically available tool for conducting a baseline environmental 
footprint of a remediation technology. The environmental footprint is calculated based on a 
huge amount of parameters with regard to remedial action investigation, construction, 
operation and monitoring. For each of these four remediation steps, a carbon footprint is 
calculated, which is then combined into a global carbon footprint. The tool is a series of excel 
sheets and currently provides a detailed baseline assessment of several quantifiable 
sustainability metrics including: greenhouse gases (GHGs), energy usage, criteria air 
pollutants that include SOx, NOx and particulate matter, water usage, resource consumption, 
and accident risk. 

Tauw CO2 calculator [13] The CO2 calculator developed by Tauw has two main purposes: (1) 
to quantify the environmental impact of different soil remediation options and (2) to analyze 
the possibility of using renewable energy sources to decrease the overall environmental 



impact of a soil remediation operation. The tool is a series of excel sheets, including 3 
databases with conversion factors. The user can chose from the following remediation 
options:  soil excavation, groundwater extraction, groundwater purification, air sparging, soil 
vapour extraction, multiphase extraction, in situ chemical oxidation, biostimulation, thermal 
remediation (in situ) and monitoring and aftercare.  The environmental impact of the different 
aspects of the soil remediation option (transport, generation of waste,…) is expressed in tons 
of CO2 and a global carbon footprint is also calculated. 

RESULTS AND DISCUSSION 
The relevant aspects with respect to the environmental impact of the soil remediation 
technologies analyzed for the 3 cases will first be addressed in a qualitative way. A 
quantitative analysis will then be performed, allowing a comparison between the two 
remediation alternatives on each site. The discussion will mainly focus on the output of the 
calculations, as the rationale and assumptions behind the calculations has been given in the 
methodology section.  

Qualitative description of remediation alternatives for the different cases 
Soil excavation.

Because in Case I the contamination mainly occurs underneath a building that is still in use,  
soil excavation is not the most ideal remediation alternative. Moreover, the soil is too 
contaminated to be treated in a soil remediation facility and is thus considered as waste. The 
contaminated site in Case II is characterized by good accessibility and a hot spot 
contamination occurring at a limited depth (not deeper than 5 m), which makes soil 
excavation a feasible remediation option. Moreover, no buildings are left on the site, since the 
Brownfield will be completely redeveloped into a residential area.   The contaminated site in 
Case III is also characterized by good accessibility and a hot-spot contamination, However, 
the contamination does not represent an acute risk for the environment, since it is only 
moving very slowly through soil.  If excavation is selected as a remediation technology, part 
of the building where the wax layer is removed from cars has to be broken down and rebuilt 
afterwards. Because this building is not intensively used anymore, this will only have a small 
impact on other activities at the company. 

  During excavation, volatile emissions, odor nuisance and noise from 
excavators and transport equipment are possible adverse environmental effects. Additionally, 
fuel is used to operate the diesel engines from the excavators. If the contaminated soil is 
(periodically) stored on the site itself, precautions have to be taken to avoid secondary 
contamination of soil and groundwater by leaching of the contamination from excavated soil. 
If soil is transported to a soil remediation facility (off site), the transport of the contaminated 
soil also has be taken into account, as well as the treatment of the contaminated soil (e.g. use 
of chemicals, nutrients to stimulate biological degradation, and so on). The cost for soil 
excavation depend on the depth and amount of contaminated soil, the accessibility of the 
location and the capacity of the excavators used.  

 

Case I: Vacuum enhanced recovery (VER ) The very heterogeneous soil composition does not 
favor in situ soil remediation options, since local isolated contamination spots could possibly 
been left untreated. However, only a part of the contamination can be treated by excavation. 
By the removal of the L-NAPL layer, the majority of the contamination would also be 
removed. In order to evaluate the feasibility of vapor enhanced recovery (VER) remediation, 
which is also known as multiphase extraction, a pilot project was set up during 4 months. 
VER is an in situ technology that uses pumps to remove various combinations of 
contaminated groundwater, petroleum products that occur as separate phases (such as L-

In situ remediation methods.  



NAPLs), and hydrocarbon vapor from the subsurface. VER is often selected because it 
enhances groundwater and/or product recovery rates, especially in layered, fine-grained soils. 
The vacuum applied to the subsurface with the VER system creates vapor-phase pressure 
gradients toward a vacuum well. These vapor-phase pressure gradients are transmitted 
directly to the subsurface liquids present (water and L-NAPL), that will flow towards the 
vacuum well. The pilot installation for the VER treatment consisted of a pump, by which 
groundwater (and the L-NAPL layer) was pumped an cleaned over a skimmer and an active 
coal filter.  
Case II: Steam extraction  Steam extraction is a remediation technology that originally has 
been developed by the petroleum industry for the recovery of oil out of oil reservoirs. 
Nowadays, the technology has been further developed to be used in the removal of organic 
contaminants from soil. Steam is injected in the contaminated soil (above and/or below the 
groundwater table). During heating of the soil, the viscosity of the contaminants decrease and 
their solubility in water increases, together with a decrease of the capillary forces that retain 
the contaminants in the soil. Additionally, The residual contaminants are volatilized by the 
steam, and transported to the steam front. In the center of the remediation zone, composed of 
the different injection points, an extraction well is installed, by which the contaminated gas 
stream (steam) is collected by means of a vacuum pump. The steam is brought to a 
condensator, where contaminants and water can be separated. Non-condensed gasses are 
brought over an active coal filter [14]. The equipment necessary to perform a steam extraction 
mainly consists of a steam generator, distributions system towards the injection wells, an 
extraction system (pneumatic pumps and a vacuum pump, coolers and condensators and the 
purification equipment for gasses and water [15].  
Case III: thermal in situ remediation  A pilot test with a thermal soil remediation facility was 
performed on the site, from which the necessary input data for the LCA-model and carbon 
footprint calculators could be obtained.  
The thermal remediation technology applied here is based on thermal conduction, which can 
be used to remove organic pollutants from soil leaving very low levels of pollution behind.  
Therefore, a network of heating pipes (made of stainless steel) is placed into the soil. The 
heating elements consist of two coaxial steel tubes, of which the outer tube is perforated. 
During the remediation process, gases at high temperature (700-800°C), coming from the 
combustion chamber, circulate within the heating elements, resulting in the heating of the soil 
and the evaporation of volatile pollutants (boiling point < 550°C) contained in the soil [16].  
The desorbed pollutants migrate into the heating elements (by diffusion and convection) 
through perforations in the outer tubes, thanks to negative pressure generated by the Venturi 
effect. Once inside the heating elements, the desorbed gases (steam and contaminants) are 
conveyed into the combustion chamber, where they serve as fuel. The thermal remediation 
technology uses 5 to 10 times less energy than more traditional thermal systems because gases 
circulate within a closed system, resulting in the maximum re-use of gases and the minimum 
level of emission of gases. Additionally, the contaminants that are desorbed from the soil are 
captured by the gas stream and used as fuel in the thermal oxidator, which is used to produce 
gases at high temperatures. Besides the lower demand for energy, this technology results in 
lower emissions of CO2, NOx and SO2. Noise pollution is also minimal because no 
mechanical equipment is used to treat the soil [16]. 

 Quantification of the environmental impact by the different tools 
BATNEEC analysis of the 3 cases (with 3 remediation alternatives each).   Globally, in situ  
soil remediation obtains a better global score (no unit) than soil excavation for the 3 case 
studies (Figure 1). However, when the environmental aspects group is considered separately, 
soil excavation generally performs better than the in situ remediation technologies because it 



obtains a better score to meet the legal objectives (soil and groundwater remediation values) 
for soil and groundwater quality and for the decrease in the contaminant content in soil and 
groundwater. One exception to this is the application of steam extraction in Case II, resulting 
in lower final contaminant concentrations compared to soil excavation. Fewer secondary 
resources are used during the excavation activities, because the VER-, steam extraction-  and 
thermal remediation technologies involve a relatively high energy demand.  However, the 
transport of contaminated soil is not accounted for in the BATNEEC method. For the 
technical aspects, the in situ techniques score better because they cause less nuisance to the 
environment (e.g. noise, odor, ….), less damage to the site since no buildings have to be taken 
down and there is less risk of excavation-induced ground movements. Finally, for the 
financial aspects, all the in situ technologies score better, although the difference with 
excavation and off site treatment is minimal. Only for Case 3, soil excavation and off site 
cleaning is much more expensive than in situ steam extraction. “No action” (i.e. leaving the 
contaminated site as it is) is also considered in the BATNEEC calculations and this 
management option is attributed a lower environmental impact (lower score in figure 1) 
compared to the in situ remediation options and excavation. However, this score must be 
interpreted with care, since  there is still a considerable  pressure on the environment because 
soil and groundwater contamination remain in place and represent a risk for human and 
ecosystem health. 
 

 
 
Figure 1. Comparison of the BATNEEC scores for the in situ remediation options, excavation 

and ‘no action’ 
 
Life cycle-based environmental impact assessment.

 

  Environmental merit in the REC tool is 
designed to aggregate several types of environmental costs and benefits into an index, which 
shows the overall environmental balance of soil remediation [7]. A negative environmental 
merit score indicates an adverse effect for the environment, whereas a positive score points to 
an improvement. For the 3 cases considered in this paper, loss of groundwater, use of energy, 
emissions, generation of waste and use of space have a negative score, since the soil 
remediation process has an adverse effect on these impact categories. For reasons of clarity, 
the quality of soil (E1) and groundwater (E2) is not presented in Figure 2, but they improve 
with all remediation options and are thus characterized by a positive environmental merit. The 
in situ methods cause less nuisance to the neighborhood and the environment (e.g. noise from 
excavators, hinder from the transport of soil), but these effects are not valued in the REC 
method. 



 
 

Figure 2. Comparison of the environmental merit analysis with REC for the in situ 
remediation options and excavation 

 
In Case I, the loss of soil is the main contributor to the negative environmental impact of soil 
excavation, mainly because the soil is too contaminated to be treated in a soil remediation 
facility and has to be disposed off. Only taking into account the environmental impact of the 
remediation activities, in situ treatment with VER is by far the preferred remediation option. 
Transport of soil also has a considerable negative environmental impact, which is reflected in 
the use of energy (E5 in Figure 2), but is not clear in Figure 2 because of the dominant 
contribution of soil loss. 
For Case II, there are no emissions into the groundwater and the loss of soil is minimal (with 
the thermal remediation technology, a small amount of soil has to be withdrawn in order to 
insert the installation) or non-existent (with excavation as a remediation technique, the 
contaminated soil is cleaned and can be reused). Steam extraction gives better results for 
energy use, emissions and use of space. Soil excavation generates less waste (because the 
cleaned soil can be reused) but results in a groundwater quality that is slightly inferior to the 
quality obtained with steam extraction. Finally, steam extraction performs significantly better 
with regard to the energy used and the space used. From an environmental point of view, 
steam extraction is selected by the REC-model as the best remediation alternative, mainly 
because of the values for residual contaminants in soil and groundwater are better than the 
values obtained by excavation and off-site cleaning techniques.  
For Case III, it is clear that thermal remediation gives better results for ground water loss, 
energy use, emissions, and use of space. Soil excavation results in a slightly better soil quality 
and generates less waste. The environmental merit of the thermal remediation technology 
(Case III) is characterized by an absolute E-value that is 3 times less than in the case of soil 
excavation (Figure 2). From an environmental point of view, this technique is selected by the 
REC-model as the best remediation alternative, mainly because of the limited use of space 
and energy and because it causes fewer emissions. 
It is also important to notice the that the calculated environmental merit indeces (X-axis, 
Figure 2) vary greatly among the 3 case studies, whereas the BATNEEC scores were in the 
same range for the 3 cases.  
 
Carbon footprint. The calculation tool developed by Tauw [13] proved to be most appropriate 
for the case studies dealt with in this paper, for several reasons: (1) the remediation options 
included in the calculation tool are similar to the remediation options that were selected for 
the different cases; (2) this tool has been developed for use in The Netherlands, where the soil 
remediation sector is comparable to the situation in Flanders. The two other CO2 calculators, 



SiteWiseTM and SRT,  have been developed for use in the United States, which is not only 
apparent in the different units used (ft, lbt, yard, gallon) and which thus requires some 
conversion for European users, but also in different conversions of the use of fuel (diesel, 
gasoline) into CO2 emissions and also in the operational conditions for the remediation 
activities themselves (e.g. project managers that have to travel by plane, much longer travel 
distances for site workers and for the transport of soil towards a remediation facility or 
disposal site).  The SiteWiseTM calculation tool allows a very detailed analysis of the carbon 
footprint of the different phases of a soil remediation project, but asks for a huge amount of 
data to be inserted by the user  and is therefore very time consuming to work with. In SRT, 
there is only a choice between two contaminant classes (namely BTEX and CVOC’s 
(chlorinated volatile organic compounds)), whereas diesel and mineral oil are the main 
contaminants in the soil and in the L-NAPL layer of Cases I and II.   
In the 3 cases, the carbon footprint of soil excavation as a remediation option (Figure 3) is 
mainly attributed to the transport of soil, while the excavation activities themselves and 
treatment of the groundwater are of secondary importance and the pumping of the 
groundwater has a negligible carbon footprint. Transport of the equipment and personnel to 
the site only has a marginal contribution to the total CO2 emissions.  In the 3 cases active coal 
has been used for groundwater remediation, which results in a non-negligible carbon 
footprint. Additionally, in Case I, the soil is too contaminated to be treated in a soil 
remediation facility and it is thus considered as hazardous waste. 

 

 
 
 

Figure 3.  Carbon footprint of soil excavation and groundwater extraction and cleaning for the 
3 cases. The numbers represent the amount of CO2 in m3 

 
Regarding the in situ techniques, the calculated CO2 emissions resulting from the thermal 
treatment techniques (Cases II and II) are characterized by CO2 emissions that are a factor of 
100 higher compared to the in situ treatment method (VER) used in Case I. However, the 
thermal treatment system applied in Case III uses the recirculated  gasses as fuel which in 
reality results in an energy consumption that is 5 to 10 times lower than traditional thermal 
remediation systems. Using the amount of energy needed to operate the system as input for 
the calculations instead of calculating the CO2 emissions  based on the volume of soil that has 
to be treated would more accurately reflect the environmental impact of this thermal 
remediation technology. However, this possibility is not included in the Tauw CO2 calculator.  

Comparison and general evaluation of the tools 
The analysis of environmental impact of soil remediation by means of 3 case studies and 
using different tools, allowed to critically evaluate those tools, with regard to their user 
friendliness, the amount of data and time necessary to perform the calculations and the 
significance of the outcome of the calculation. 



In general, the in situ remediation options were characterized by lower environmental impact 
and lower CO2 emissions, regardless of the evaluation tools used. It  is nevertheless clear that 
the assumptions behind each tool are different, something which also results in a different 
appreciation of environmental effects of remediation. 
 In general, an LCA-based evaluation method is much more complex and requires much more 
data than for example a classical BATNEEC analysis. However, the REC module offers a 
simplified way to quantify the environmental merit of a soil remediation activity, based on the 
principles of LCA. Regarding the carbon footprint calculators, the CO2 calculator developed 
by Tauw was the most user friendly tool, best adapted to the situation in Flanders (and 
probably also in Europe). Although the carbon footprint or CO2 calculators are often 
presented as very simple tools for environmental impact assessment of contaminated site 
remediation, it should be emphasized that the calculation of a carbon footprint can also be 
time- and data-intensive 
In theory, the global carbon footprint also consists of other greenhouse gases such as SO2, 
NOx,…which are accounted for in  the SiteWiseTM [12] and SRT [11] tools, but not in the 
CO2 calculator from Tauw [13]. Nevertheless, with regard to environmental remediation 
activities, the vast majority of the associated carbon footprint is directly related to carbon 
dioxide (CO2) emissions. The SiteWiseTM tool also takes into account the investigation phase 
of the remediation, which is not included in the other tools investigated in this study. For soil 
remediation projects with a strongly elaborated investigation phase, it is certainly interesting 
to address the environmental impact of the investigation phase of the soil remediation project. 
The REC tool and the CO2 calculator (Tauw) have specifically been developed for the 
evaluation of soil remediation and the software, which is Excel-based, is relatively easy to 
use. Moreover, the tools are quite transparent since the user can verify every calculation and 
assumption that is made within the Excel sheets. 
Optimization of these tools, taking into account new developments in the field of soil 
remediation, such as the use of more accurate screening tools to delineate the extent of the 
contamination, the use of innovative (sustainable) soil remediation technologies, the use 
renewable energy sources, …. will further improve the environmental impact assessment of 
soil remediation activities. For example, the Tauw CO2 calculator [13] already offers the 
possibility to chose for renewable energy sources (solar energy, wind energy,….) as an energy 
source for the remediation. The use of renewable energy in soil remediation activities will 
certainly be a challenge in the coming years. The combination of soil remediation activities 
with the further development of the site after remediation fits in a more global picture of 
sustainable redevelopment of contaminated sites. such as the growing of energy crops for 
phytoremediation, or the use of a wind turbine or solar panels for electricity production, 
providing the neighborhood with electricity, even when the remediation has been finalized.  

CONCLUSION 
Based on the analysis of 3 different case studies by means of a series of qualitative and 
quantitative evaluation tools, the environmental impact of soil remediation options could be 
compared. The environmental impact and CO2 emissions result primarily from the use of 
fossil fuel-derived energy employed throughout the remediation process and, to a lesser 
extent, the generation of waste and the CO2 emissions resulting from the thermal degradation 
of organic contaminants. However, important differences were found in the way the different 
tools value different environmental effects.  It is important to highlight the relative value of 
the outcome of these qualitative and more quantitative evaluation tools. An environmental 
merit index or carbon footprint is difficult to interpret on itself, but can be useful to compare 
remediation alternatives. However, its most important implication is that the user can deduce 
the most relevant (sub)processes that cause the highest environmental impact and/or CO2 



emissions, in order to take specific measures to decrease the environmental burden caused by 
soil remediation activities. It was not the purpose of this paper to select one evaluation tool 
having the best overall performance, but we can only recommend to further develop and 
improve the existing tools, not only taking into account the newest developments in the field 
of soil remediation technologies, but also the easiness to use of the tool itself with regard to 
availability of data, easy interpretation and usefulness of the outcome of the calculations. 
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