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1 Introduction 

1.1 CityChlor and the integrated approach  

Space is scarce in Europe. Even in the subsurface it is getting busier. Large-scale soil and 
groundwater contamination with chlorinated solvents are often an obstruction for urban 
developments. The traditional way of dealing with polluted soil and groundwater does not 
work in all cases and is not economically and sustainable feasible. In urban environments 
multiple contaminations with chlorinated solvents are often mixed with each other and spread 
underneath buildings. This not only leads to technical problems for remediation, but also to 
liability and financial discussions and hence has an impact on society. An integrated approach 
and area-oriented approach is needed to tackle the problems. The CityChlor project has 
demonstrated that remediation and sustainable development can evolve on a parallel 
timescale. 
 
An integrated approach combines all aspects that are relevant to tackle the problems that 
pollution with VOC in urban environment causes. Depending on area, site and context 
different aspects together or parallel to each other can be used. Not only technical solutions 
are included, but also socio-economical aspects as urban development, communication, 
financial and legal aspects, time, space, environment and actors (active & passive) have to be 
handled. 
 
CityChlor did not remain at single case remediation, but looked at the area as a whole in a 
bigger context: the area-oriented approach. A technical approach that makes it possible to 
remediate, monitor and control multiple groundwater sources and plumes within a fixed area. 
 
CityChlor provides building blocks for an integrated approach. Off course there is no fixed 
path towards 'the' best solution. Every case has its own actors and context and will demand a 
different strategy. The project identified 10 success factors that are essential for the 
integrated approach that will lead to sustainable city development.  
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These success factors can be used as a guideline and checklist to increase the chance for a 
successful integrated approach. Each individual success factor leads the user through all the 
elements necessary for that specific success factor. The success factor also provides links to 
useful tools for the user. 
 

1.2 CityChlor and technical innovations  

The managing of knowledge and technical innovations are one of the success factors to 
achieve a sustainable city development. A development project has to cope with loads of 
information coming from different disciplines in different (technical) languages and with 
different uncertainties. With chlorinated solvents in particular, the knowledge about the 
pollution will always have a certain uncertainty that can have an impact on the course and the 
costs of the remediation. An efficient 'managing of knowledge' will try to decrease this degree 
of uncertainty. 
 
CityChlor therefore also worked on the technical aspects of characterization and remediation. 
The conventional techniques that are applied for investigation and remediation have their 
limitations dealing with chlorinated solvents. Promising innovative techniques exist, but do not 
easily find their way to current application. This barrier is often caused by lack of knowledge 
on different levels. Experts and contractors do not always have the means to invest in 
experiments with new techniques, authorities are reluctant to accept techniques of which the 
results may be uncertain and clients aren't eager to pay for experimental techniques. 
 
Dissemination of knowledge can break this deadlock. CityChlor therefore collected 
experiences from field application of innovative techniques and implemented itself a number 
of techniques in pilot projects. The technical books give a brief overview of the main findings 
and results. For the detailed outcomes, the reader is referred to the specific reports.  
 

CityChlor - “new solutions for complex pollutions”   http://www.citychlor.eu/ 
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2 Source and plume remediation 

Facing a contamination situation, decisions have to be taken. Some key questions that are 
interrelated will guide the strategy options that have to be discussed: 

• What will be the risk for human and the environment if no action is taken? 
• What is a reasonable remediation objective or remediation goal? 
• What time-frame to reach the objective / goal? 
• Will source and / or plume remediation meet remediation goals? 

 
The specific characteristics of the site play a crucial and often limiting role. To get a “picture” of 
the subsurface situation and for risk evaluation, a conceptual site model (CSM) is the key 
instrument to understand the subsurface conditions that control contaminant fate and transport, 
behavior and distribution as well as reactivity or attenuation. The understanding of these 
conditions is a key to success for all remediation actions. Moreover sources and plume 
characterization data are needed such as source size and mass, source emission rate, 
groundwater direction and velocity, plume size and distribution (e.g. redox zones), plume 
development (stable or not) and degradation rates. 
 
At many sites contaminated with chlorinated solvents pump-and-treat systems have been used 
to clean up and/or contain groundwater plumes. These systems likely will need to be operated 
for extended time frames, which causes usually relatively high operation and maintenance 
costs. Innovative techniques are needed to move toward more sustainable solutions.  
 
Because complete restoration can be difficult (source and plume remediation efficiency are to 
be assessed: % removal, time, cost, etc.), comprehensive approaches combine different 
remediation technologies in time (in sequence so called “treatment trains” or in parallel) and 
space. Dynamic monitoring plans are needed to measure progress towards achieving 
intermediary objectives and to determine when to switch to another more efficient and cost-
effective technology.  
 
Source remediation
Several technologies have been developed for source and plume remediation. Each technology 
has specific advantages, disadvantages and limitations (operating windows). If the source zone 
is known and characterized and accessible for by a certain remediation technology, the main 
goal should be to remediate the source. This will result in a more time-and cost-effective 
remedial approach than addressing only the contaminated plume. It is stressed that source 
remediation reduces or if it is overall successful will stop the contaminant emission rate that 
feeds the plume. Although it takes time to determine a positive effect in the plume, it appears 
that source remediation would permanently shrink the plume (extent and longevity). Although it 
may take time to detect a positive effect in the plume, it appears that source remediation will in 
the long term shrink the plume (extent and longevity). 
 
When excavation is not feasible e.g. in urban areas below buildings, in-situ remediation (ISR) 
techniques are often the only option. Moreover these techniques have less impact on the 
usability of the land. They can also be applied in urban areas while economic activities and 
living can continue nearly or entirely unaffected. This makes these techniques extremely 
important as part of the integrated approach.  
 
Within the CityChlor project innovative in situ remediation techniques, especially suitable to be 
applied in a builded environment, are tested at pilot sites: treatment by nano iron, in-situ-
chemical-oxidation (ISCO) and in-situ-thermal-remediation (ISTR). 
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Plume remediation
For remediation within urban areas, especially inner city centres, area oriented approaches 
are also investigated in order to face situation with overlapping plumes. Identification and 
ranking of sources of contamination are parts of the preliminary investigation and for the 
preparation of remediation of a complex concept of measures. To deal with a complex concept 
it is necessary to get a picture of the whole situation in the area with multiple sources, 
overlapping plumes and different levels of (spreading and human) risks. This will lead to an 
area oriented approach where, mostly from a risk based approach, certain sources will be 
actively remediated and others at a later stage. Also measures how to deal with plumes are part 
of such a concept. If direct source remediation is not possible or not cost-effective e.g. due to 
historic or large used buildings on the sites, remediation of VOC contaminations are difficult to 
be dealt with. Alternative and indirect ways to remediate VOC sources and plumes by “plume 
management” in densely built-up urban areas have to be considered.  
 
Within the CityChlor project, an innovative area oriented approach for remediation, especially 
suitable to be applied for urban areas with widespread VOC contaminations, has been tested at 
pilot sites. The so called “bio-washing machine” (Utrecht, Netherland) is an option when VOC 
are spreading from different even unknown source zones into the aquifer. Active pumping in the 
aquifer by ATES-systems (Aquifer Thermal Heat Storage) has a positive effect on 
biodegradation and enhance attenuation of large groundwater volumes for a long period 
(lifetime over 30 years). It's therefore part of a solution for non-accessible source areas and 
(overlapping) plume zones in urban areas. Based upon the similarities between experiences 
and knowledge of the area-oriented approaches of Stuttgart, Utrecht and Flanders for a few 
years, a report has been set up as a product of CityChlor. It gives a short and clear description 
of the process and steps to compose an area oriented approach for other cities/countries. 
 

In some cases, under favorable conditions (mainly depending on the contaminant properties 
and the specific hydrogeological settings), natural attenuation processes, NA, (i.e. that takes 
place without human intervention – no active remediation), may protect the environment from 
harmful impacts efficiently and persistently. In order to assess whether such processes occur 
and cause in a long-term a reduction of the pollution in the subsurface and other hand, the 
pollutants are not spreading (stable plume) and do not pose threat or risk to humans and the 
environment, the processes have to be identified, their effect to be demonstrated and the 
evolution to be observed (monitored). This so called monitored natural attenuation (MNA) 
concept may be part of the solution as an option for plume management. A report has been set 
up the frame of CityChlor to stress the MNA situation in Europe (historic, similarities and 
differences between concept and application, failure and success reasons …) with a 
contribution to share return of experience and recommendations for the application of MNA at 
urban areas. 
 
During the last years the prospect of more efficient, economically advantageous management 
strategies has driven the development of contaminated land management concepts particularly 
for large and complex contaminated sites.. With improved and tested assessment and 
monitoring tools, as well as appropriate guidance documents, site managers and regulators will 
have the means to argue that area oriented approaches, enhanced natural attenuation (ENA)  
and/or MNA are viable, cost-effective approaches for source zone remediation and plume 
management and control to achieve long-lasting risk reduction. 
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Figure 1: Content of this report and associated reports 
 

For more information on a specific remediation technique the reader is encouraged to refer to 
the corresponding technical and pilot project reports.  
 

Detailed information and lessons learned can be found in the technical and pilot project 
reports (http://www.citychlor.eu/)

http://www.citychlor.eu/
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3 Source remediation 

3.1 Zerovalent iron injection  

Zerovalent iron (ZVI) can be used for the remediation of soil and groundwater contamination 
with chlorinated solvents. ZVI has the ability to dehalogenate chlorinated compounds by 
chemical reduction and has been used since many years as a granular material in permeable 
reactive barriers for the treatment of contaminated groundwater. Due to the high specific 
surface area, nano- and micro- sized ZVI-particles (nZVI & mZVi) are more reactive than 
granular materials. Moreover, nZVI- and mZVI-particles can be readily injected into the 
soilmatrix, thus allowing for active treatment of source and plume areas, even at greater 
depth.  
 
Nowadays there are many different types of ZVI-materials available on the market. ZVI-
particles can be differentiated based on size (nano (<1µm) or micro (> 1µm)) and on 
constitution: 
• Catalysed bimetallic ZVI-particles consist of zerovalent iron/metal and a catalyst (Pt, Pd,..) 

thus generating more reactive materials which cause higher degradation rates. 
• Supported ZVI-particles consist of ZVI-particles attached on a non-metallic carrier 

material which mostly serves to create higher stability and mobility of the ZVI suspension. 
• Emulsified ZVI-particles (EZVI) are developed to directly treat the free phase of 

chlorinated solvents (DNAPL). The ZVI-particles are surrounded by a biodegradable oil-
based hydrophobic membrane.  

 
Since the remediation with injectable ZVI-particles is based on direct contact between the 
ZVI-particle and the contaminant, the mobility and stability of the ZVI-particle in the soil is of 
crucial importance for the effectiveness of the remediation. Based on mathematical models 
and previous experiments, the mobility of non-modified nZVI-particles in the soil is limited to a 
few centimetres. The limited mobility is mainly due to aggregation of ZVI-particles 
(electromagnetic forces), ZVI-soil particle interactions and geochemical conditions. Mobility of 
ZVI-particles can be increased by  
• Surface modifications of ZVI-particles to prevent aggregation; 
• The implementation of high injection velocities; 
• Mechanical modifications of the subsurface via fracturing (pneumatic or hydraulic) or 

dilatation (pressure pulse technology). 
 
A thorough preliminary study is necessary to check the feasibility of ZVI-particle injection 
(ISCR) for the treatment of chlorinated solvents. The preliminary study consists of the 
following phases: 
1. Contaminated site characterisation (conceptual site model (CSM)) 

The contaminated soil volume and depth is essential to determine the required 
injection depths, distances and volumes. Information about the amounts of electron 
donors, contaminants and other electron acceptors (nitrate, sulphate, oxygen, 
Fe(II)/Fe(III) ) is essential to determine the needed amount of ZVI. Hydrogeological 
parameters such as hydraulic permeability, the average groundwater flow velocity 
and groundwater flow direction are needed to determine the radius of influence of the 
injections, the volumes that can be injected, the time period of injection, reflux of the 
injected solution and the number of injections (distance between injection points).  
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2. Lab tests 
Lab tests allow for the investigation of degradation kinetics (batch tests), 
stoichiometry (batch test with aquifer samples), potential to inject a ZVI-solution, 
mobility (column tests), stability of the ZVI-particle suspension (sedimentation tests) 
and overall feasibility of a ZVI application for a particular site. 

 
3. Field test 

Since it is difficult to exactly simulate the conditions in the aquifer, it is recommended 
to conduct a field test. A field test can i.a. provide information about the injection 
method and the maximum injection pressure, flow rate and radius of influence. It also 
allows for the observation of possible rebound effects and the establishment of a 
reasonable remediation target.  

 
ZVI-particles can be injected via several injection methods. The chosen injection method is of 
great influence on the rate of influence of the injection. Each injection method has is own 
specific advantages and limitations and the choice is, amongst others, determined by the site 
specific conditions and available remediation budget. 
 
During injection it is important to avoid contact between the ZVI and oxidizing agents since 
these diminish the reactivity and, in addition, can cause safety hazards due to strong 
exothermic reactions.  
 
ZVI-particle injection is an expensive remediation technique since ZVI-particles (especially the 
nano-sized and/or modified ZVI-particles) are expensive and the radius of influence (because 
of limited mobility) is low. Based on literature and experience, ZVI-particle injection for the 
remediation of CVOC contaminated aquifers is best used in combination with an injection of 
substrate to enhance the natural degradation of CVOC’s in order to achieve a (cost) effective 
remediation. 
The combined injection of ZVI and organic substrate will manipulate geochemical conditions 
in order to optimize both abiotic and biotic degradation of CVOC-contaminations by creating 
e.g. optimal ORP (potential of oxidation) and DO (dissolved oxygen) conditions in the subsoil. 
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3.2 In-situ chemical oxidation (ISCO) 

In-situ chemical oxidation (ISCO) is a relative new technique for the remediation of 
chlorinated solvents. The principle of chemical oxidation is the injection of a strong oxidant in 
the soil that breaks down the present pollution chemically, without the risk of accumulation of 
toxic intermediate products, like vinylchloride. An attractive advantage of ISCO is that an 
excavation is not necessary and the limited duration of the remediation compared to many 
other in-situ soil remediation techniques. This makes ISCO good usable in an urban 
environment. 
 
The products used for ISCO are the following oxidants or are based on the following oxidants, 
whether or not in combination with auxiliary substances (e.g. iron, acids): 
• hydrogen peroxide; 
• sodium and potassium permanganate; 
• sodium persulphate; 
• ozone. 
 
Each chemical oxidant has advantages and disadvantages. Some oxidants are stronger than 
others, yet some weaker oxidants may persist in the subsurface, allowing longer contact 
times with the contaminants. 
 
As with any other in-situ soil remediation techniques, the specific characteristics of the site 
plays a crucial and often limiting role. Therefore, it is very important to previously reflect on 
the different site characteristics in the conceptual site model in as much details as possible. 
Depending on the contaminants and the specific characteristics of the site, one can consider 
selecting ISCO as a relevant remediation technique. A thorough preliminary study is required 
to provide the necessary proof that ISCO is feasible and can be regarded as the Best 
Available Technique. To do so the feasibility of ISCO must be studied by carrying out the 
necessary tests taking into account all the site-specific characteristics. 
 
The following preconditions are important: 
 
1. The oxidizability of the soil contaminants:
The different chlorinated ethenes are all very well oxidizable with the different oxidants, 
chlorinated ethanes are also oxidizable, but slightly harder. 
 
2. The concentration of the soil contaminants:
ISCO is especially interresting for the remediation of areas with relatively high contaminant 
concentrations and pollution load (source zone). 
 
3. The local geology and hydrogeology:
The geological structure of the soil influences the spread of the oxidant. In permeable and 
homogeneous formations it is easy to inject and the oxidant will spread easily, so only a 
limited number of injection points are necessary. The lower the permeability of the soil, the 
more difficult the injection will be. This means that either a higher injection pressure is 
needed, or more time to add the same amount of oxidant in to the soil. 
 
4. The stability of the oxidant:
The stability of the different oxidants varies. Oxidants with high oxidative strength are very 
often less stable, oxidants with less oxidative strength are very often more stable. Therefore 
the use of a stable oxidant is advisable in less permeable soils. This remains reactive long 
enough to spread and to oxidise the contaminants. 
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5. The local geochemistry:
ISCO can have a substantial impact on the pH of the soil, either through the injection of an 
oxidant together with an acid or through the production of protons or hydroxyl ions during the 
reaction. The impact on the soil is mostly temporary and depends on the buffering capacity of 
the soil. 
 
6. The soil oxidant demand:
The amount of oxidant consumed by the oxidation of the soil material present, excluding the 
soil contaminants. For example most oxidants have also a significant affinity for organic 
matter. In other words, they do not only react with the contaminants, but also with the organic 
matter in the soil. To clean a soil, rich in organic matter, (high soil oxidant demand) a large 
volume of oxidant is necessary. In such case ISCO is possible not the best available 
technique. 
 
7. The cost price of the oxidant.
The cost depends on the unit price of the oxidant and on the oxidant consumption. But more 
important factors for the cost of an ISCO remediation are the injection method, the injection 
time (the time necessary to inject the desired amount of oxidant) and the fact whether several 
injections (mobilisation/demobilisation) are required. 
 
A first step in the study of the feasibility of ISCO is to carry out laboratory tests. Based on the 
results of the laboratory tests it will already be clear whether chemical oxidation with the 
tested oxidant is (economically) feasible. In case of a positive result, it is best to carry out a 
pilot test. 
 
The choice of the application method is at least as important as the choice of the oxidant. 
Direct contact between the oxidant and the contaminant is necessary in order for ISCO to be 
successful. Most used injection techniques are direct push methods or injection via vertical 
filters. Other possible techniques are recirculation, infiltration, soil mixing and sparging. As 
with other soil remediation techniques, the safety and health aspects are very important. In 
addition to the general safety and health requirements, there are some extra aspects to take 
into account when performing ISCO. As soon as the soil remediation is started, the monitoring 
must be started as well in order to check whether the remediation is going according to 
expectations. A distinction must be made between the follow-up of the soil quality, on the one 
hand, and the follow-up of the technical aspects, on the other. The follow-up takes place 
before, during and after the injections. 
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Just like with other in-situ soil remediation techniques there is always – to a greater or lesser 
extent – a rebound effect. The rebound effect implies that the measured concentrations of 
contaminants in the groundwater rise again after the active remediation has been completed. 
Despite the fact that the concentrations in groundwater rise again, it is found that substantial 
pollutant loads are removed from the soil. To get an accurate picture of the effect of chemical 
oxidation it is important to know the total pollution load for and after the injection. A solution to 
the rebound effect is to carry out another injection round or to combine ISCO with another 
remediation technique. 
 
Chemical oxidation has been used frequently and successfully on different soils to remove 
considerable pollutant loads of chlorinated solvents. ISCO offers the possibility to quickly 
reduce pollutant loads, but chemical oxidation will rarely (at a reasonable cost) eliminate the 
contamination entirely. Experience shows that ISCO technology is a technically sound and 
possibly cost-effective approach for a considerable mass reduction of contaminants in a 
relatively short time. To obtain very low concentrations, it is advisable to combine ISCO for 
example with enhanced natural attenuation. Furthermore, chemical oxidation will not always 
manage to completely oxidise the contaminants present but even incomplete oxidation 
usually results in less toxic daughter products that are more biodegradable. 
 

In the context of the Citychlor project a code of good practice 'In-situ chemical oxidation' was 
written (in English and Dutch) based on the recent literature on ISCO and the experience from 
the different partner countries. On the one hand, this code of good practice wants to provide 
an overview of the current theoretical knowledge on ISCO. On the other hand, this report is 
intended as a guide to decide whether ISCO is a relevant soil remediation technique. 
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3.3 In situ thermal remediation (ISTR) 

Heat to mobilize contaminants 
In situ thermal remediation (ISTR) is a technique for source remediation of organic 
compounds. It refers to the application of heat to the subsurface by various methods. 
Independent of the heating method the focus of ISTR is to mitigate source zone 
contamination by vapourising the contaminants in the soil due to sub-surface heating. The 
gas mixture is extracted from the sub-surface by soil vapour extraction facility (SVE).  
 
For the typical organic contaminations (density smaller and higher than water (LNAPL, 
DNAPL, in the context of CityChlor VOC = DNAPL) it is necessary to heat the sub-surface to 
50°C to 100°C. In very special cases - at higher temperatures (above 120°C) - a destruction 
of the contaminants can be achieved. The extracted contaminated and partial hot soil gas 
mixture has to be subsequently cooled and treated by air treatment systems like activated 
carbon filters or catalytic oxidation (CatOx). 
 
ISTR have several crucial advantages which make them ideally suited for the application in 
urban environments: 

• Short remediation time of a few months (maximum between one or two years) are 
feasible 

• Treatment of the common, different organic contaminations, especially VOC is 
effective possible 

• Less sensitive to heterogeneous or low permeable subsoil  
• No excavation and transport of soil necessary 
• Very low remediation targets can be reached for soil and groundwater. 

 
For some contaminated sites the thermal in situ remediation is the adequate solution to clean 
up the source zone. Nevertheless for the design and implementation a certain expert 
knowledge is needed and the application has to be checked very carefully, to prevent risks for 
implementation and to take into account the site specific conditions.  
 
Especially in urban surroundings, where shrinking of certain soils (some clays or soil with high 
organic matter) can cause damages at neighboured buildings. Based on a sound engineering 
and planning, the benefits the technique provides can be used and the problems caused by 
improper handling can be avoided. 
 
Different types of in situ thermal remediation techniques 
The common principle of all in situ thermal remediation technologies is to apply heat to the 
treatment zone. Depending on the contaminants to be remediated and the site conditions, 
different techniques are available to heat the soil. Various technology vendors are in this 
market and offer their techniques under specific names.  
 
Despite the differences between the techniques and the offering companies, three general 
heating methods can be distinguished: 

1. Thermal conductive heating (TCH), also known as in situ thermal desorption (ISTD):  
heat is transfered by conduction from so called thermal wells into the subsoil. Heater 
wells are either heated by electricity or circulating hot gas. 

2. Steam air injection (SAI) or steam enhanced extraction (SEE):  
heat is transfered convective via steam and hot air into the subsoil. 

3. Electric resistance heating (ERH) and Radio frequency heating (RFH): heat is created 
directly in the soil.  
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Whereas for 1.) and 3.) the composition of the soil matrix is less important, for 2.) a good or 
medium permeability of the soil is necessary (gravel, sand or coarse silt, but also fractured 
rock) to inject the steam air mixture to the source zone. In general the effectiveness of heat in 
the removal of contaminant mass depends mostly in the more uniform conduction of the 
“reagent” heat. In most soil materials, thermal conductivities range over less than one order of 
magnitude. The relatively small range of thermal conductivities allows much more uniform 
heating and treatment within a contaminated zone when compared to delivery of other 
reagents. 
 
In situ thermal remediation and its application in Europe 
In the frame of CityChlor a pilot test of an in situ thermal remediation was conducted in 
Stuttgart. In the coarse of the preparation and tendering of the pilot test a study on the 
application of ISTR-techniques was made. This study offers an overview on the practical 
experiences made with this technology in Europe. Key data of 11 cases are compiled to give 
an impression of technique implementation in Europe. As technology overview documents 
and implementation guidelines can serve the following two publications: USACE, 2009 and 
Hiester et al., 2013. Even as the above mentioned guidelines give more details on the 
different techniques, the information can only serve as a starting point for identifying options 
for chlorinated solvent remediation. However, decisions about the use of a particular 
technology will depend on site-specific factors and may require feasibility studies. For the 
remediation of CHC-pollutions in urban environments ISTR-techniques offer valuable benefits 
and are an option which should be considered in further examination. 
 

Figure 2: Sketch of thermal treatment system: heater wells (red), soil vapor extraction system, 
groundwater extraction and a cleaning unit for gaseous phase and water 
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4 Plume remediation 

4.1 Area oriented approach (AOA) 

Many cities in Europe are dealing with large scale VOC contaminations of groundwater. 
Multiple contaminations with VOC are mixed with each other and spread underneath 
buildings. In these cases the traditional remediation approach of those contaminations is often 
technically possible but prohibitively expensive due to the enormous scale. Yet, something 
must be done, as contamination can constitute a threat to vulnerable objects (such as 
drinking water supply) or public health (evaporation).  
 
Area Oriented Approach 
In these cases the area oriented approach might be the solution. A technical approach which 
makes it possible to remediate, monitor and control multiple groundwater sources and plumes 
within a fixed area.  
 
The definition of the area can be site specific: 

• area can be to extend the border around the plumes; 
• area can be location based; 
• area can be in a city (CityChlor), brownfield or even natural area (i.e. former landfill). 

 
within the area for all compartments, i.e. soil and groundwater, specific technical solutions for 
remediation should be taken into account. 
 
Stand still 
An important starting point for the Area Oriented Approach is the stand-still principle. This 
means that the groundwater quality for the designated area, must in the long term improve or 
at least remain at the same quality. Of course spreading outside the area should at all time be 
prevented. At a smaller scale, within the area, it is possible that locally the quality of the 
groundwater decreases. This is possible as long as this does not negatively influence the 
groundwater quality of the designated area. Technically, at all time risks for human health and 
spreading outside the area must be in control. This implies that the area oriented remediation 
plan describes which measures must be taken in case of human risks and the risk of 
spreading outside the area. 
 
Conceptual Site Model (CSM) 
The technical basis of of an area oriented remediation plan is an “Conceptual Site Model” 
(CSM). Aim of the CSM is to understand the dynamics in the sub-soil. It is necessary to have 
clear objectives in terms of the expected and required groundwater quality. Processes such 
as biological degradation, dilution, mass fluxes of contaminants and evaporation, impact the 
concentration and physical distribution of groundwater components. It is thus important to 
understand which processes are relevant in general, and specifically, which yield contaminant 
concentration reduction. This CSM approach is based upon the plan-do-check-adjust cycle 
(figure 3). Conclusions of the plan-do-check-adjust cycle are integrated to fine tune and up-
scale the area oriented approach, this will lead to adaptations of the CSM.  
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Figure 3: Plan-Do-Check-Adjust cycle 
 
The principles of the area-oriented approach in general can be summarized as follows: 

• PLAN: establish goals, areas and processes; 
• DO: implement area oriented approach by a combination of source remediation 

and groundwater plume management; 
• CHECK: implement the monitoring programme of the area; 
• ADJUST: analyse the results, take actions when necessary according to the plan 

and adjust the area oriented approach. 
 

Utrecht Biowashing Machine 
For example in the Utrecht central station area (the Netherlands), the deeper groundwater will 
be remediated by a combination of ATES (Aquifer Thermal Energy Storage) and biological 
natural attenuation, the "Bio-washing machine". On the hand of an CSM (figure 4), it is being 
determined how (bio)monitoring can be optimised; on the other hand, the effect of ATES is 
being examined on the degradation of VOC contaminants in the subsurface in the station 
area within the context of the CityChlor project. 
 

In the Bio-washing machine, large-scale application of aquifer thermal energy storage in the 
contaminated aquifer does not only produce sustainable energy, but also accelerates natural 
degradation of the contaminants. Due to the strong mixing process, the contamination, 
bacteria and nutrients are more optimally brought together than under natural conditions. The 
Bio-washing Machine aims to improve the quality of the contaminated groundwater 
significantly in a period of 30 years.  
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Figure 4: Schematic representation of the items to be addressed 
 in the Utrecht CityChlor project 

 

The component 'Plan' is for the situation of Utrecht implemented in practice by the following 
steps:  

• Establishment of the area of interest due to a combination of groundwater pollution 
and management, activities, developments, etc; 

• Establish a partnership of stakeholders within the area according to an agreement; 
• Determination of dominant plumes and their legal status; 
• Determination of source strenght; 
• Establishment of biological capacity of the subsurface; 
• Install a monitoring network; 
• Establish an area oriented plan and area manager. 

 
Concluded after one Plan-Do-Act-Adjust cycle of the CSM in Utrecht is that:  

• The total flux of evaporation risks from the subsoil to indoor air is reduced due to 
replenishment of clean infiltrated water in the topsoil; 

• First conclusion of the mass flux measurements (time related) is that the fluxes from 
source zone to the plumes is larger than original modelled and derived from 
snapshot measurements with groundwater samples; 

• There are both anaerobic and micro-aerophillic processes of biodegradation of VOC 
possible at the same location and soil layers due to a more heterogenic structure of 
the subsurface than was assumed; 

• In the subsurface of Utrecht there are locally preferential groundwater streamlines, 
which will influence the area boundaries of phase 2, but also the type of monitoring 
necessary for optimal risk management.  

 
Conclusions above are integrated to fine tune and up-scale the area oriented approach, this 
will lead to adaptations of the CSM. 

Single Case approach 

3. Geohydrological groundwater model/ 
mass transport model? 2. Determine fluxes from source and 

plume? 

5. Determining area boundaries 

1. Evaporation and risks? 

4. What is biology doing? 

Area Oriented 
Approach 

Stage 2:  
centre of Utrecht 

Stage 1: Station area 

Stage 2:  
centre of Utrecht 
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4.2 Monitored Natural Attenuation (MNA), option for plume 

management  

In some cases, under favorable conditions (mainly depending on the contaminant properties 
and the specific hydrogeological settings), some natural attenuation processes, NA, (i.e. that 
takes place without human intervention – no active remediation), may protect the environment 
from harmful impacts efficiently and persistently. The natural attenuation processes include a 
variety of processes that reduce the mass, toxicity, mobility, volume or concentration of 
contaminants in soil and groundwater. 
 
Concepts have been developed to make use of monitored natural attenuation (MNA) as a 
management option for contaminated land and groundwater. It may being applied as a stand-
alone measure or concept in parallel with active measures or - more frequently - as a follow-
up measure to close up an active remediation.  
 
MNA is not to be considered a walk away approach. The MNA approach typically includes 
several elements such as a qualitative and quantitative evaluation. This means that it must be 
clearly demonstrated that NA processes occur on site and objectives are determined (e.g. 
emphasis on environmental protection targets or for risk/hazard prevention or a combination 
of both). Moreover, MNA should always include two essential aspects: source control and an 
established surveillance plan which describes the planned long term monitoring of the site. 
 
MNA concept has been gaining attention during the 2000 decade. In Europe, though 
guidelines exist in some countries, MNA was so far only applied at smaller or medium-sized 
contaminated sites where required data could be obtained at reasonable costs. The 
discussion regarding the best practice of employing MNA as a contaminated land 
management option, particularly at very large and complex contaminated sites (so-called 
megasites or urban areas), is still ongoing. Lack of return on experience may constitute a 
blockage point into the further acceptance of MNA. 
 
Taking account of this situation, a report has been set up in the frame of CityChlor to stress 
the MNA situation in Europe (historic of MNA concept, similarities and differences between 
concept and application, failure and success reasons …) with a contribution to share returns 
of experience and recommendations for the application of MNA at urban areas. 
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