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Abstract

The work presented in this paper relates to two work packages within the SUBR:IM consortium namely, Work Package E: Robust sustainable technical solutions to contaminated brownfield sites and Work Package I: Impact of climate change on pollutant linkage.  WP E uses information on previous remediation projects to develop an assessment of the sustainability of a number of commonly used remediation techniques. WP I investigates the impacts of climate change on contaminated land and containment systems and examines any adaptation strategies required. Experimentally both work packages address the issue of long-term performance and durability in order to provide the much lacking information on this aspect of the sustainability of remediation techniques. The outcome of both projects will be to develop a better understanding of the sustainability of remediation techniques and to contribute to future remediation projects.

introduction
The process of remediating contaminated land is usually considered to be sustainable, as it allows the recycling of land and the redevelopment of previously derelict sites. However, a study of the potential impacts of remediation technologies in use today would indicate that this is not necessarily the case, as the technologies themselves can and do have significant impacts environmentally, socially and economically. Aspects of sustainability are increasingly being taken into account when a remediation technology is being considered for use. These relate particularly to environmental and technical aspects for which information is available. For example, the Environment Agency has produced guidance on the selection of remediation methods which allows the inclusion of effects on soil, water, air and ecosystems/habitat due to the remediation process (Postle et al, 1999). The inclusion of all potential impacts in an integrated assessment process is rare, however, although tools to perform integrated assessment are emerging (Pollard et al, 2001). 

There is, however, a lack of knowledge on the relative and actual sustainability of different remediation technologies. Jefferis (2002), for example, points out that although certain techniques (such as disposal to landfill) are considered to be less sustainable than others (such as process-based methods), there has been insufficient investigation to validate this. A lack of information on the performance of remediation technologies, however, means that it is often difficult to properly assess the impacts that might occur when a technology is used. Therefore, Work Package E is investigating past remediation projects, for which the largest volume of information is likely to be available, in order that their sustainability and relative sustainability might be assessed and hence the potential impact of various remediation techniques might be assessed in future projects.

A particular lack of information exists regarding the long-term performance and durability of remediation methods, especially containment systems where contamination remains in the ground. Where contamination is not removed, there remains the risk for releases of contamination to develop over time despite the installation of durable containment systems. The durability of remediation is a particular focus of both WP E and WP I. WP E is concentrating on the robustness of a number of remediation techniques, in particular stabilisation/solidification, while WP I is studying the potential effects of climate change on contaminated land and a number of containment systems including cover, barriers and stabilisation/solidification systems. The impact of climate change represents one aspect of the sustainability of brownfield remediation; and is probably the aspect about which the least information is available.

OVERVIEW of work package e: robust sustainable technical solution to contaminated brownfield sites
The objectives of Work Package E are (i) to carry out an assessment of the sustainability of currently used remediation technologies, based on information from previous remediation projects, enabling the relative sustainability of the different techniques to be determined, and (ii) to carry out laboratory and field experiments to further our understanding of the sustainability and robustness of a number of remediation techniques, highlighting improvements that can be made to remedial solutions.  The assessment of the sustainability of remediation technologies has been based on five criteria:

· Criterion 1: Future benefits outweigh cost of remediation.

· Criterion 2: Environmental impact of the implementation process is less than the impact of leaving the land untreated.

· Criterion 3: Environmental impact of the remediation process is minimal and measurable.

· Criterion 4: The time-scale over which the environmental consequences occur, and hence inter-generational risk, is part of the decision-making process.

· Criterion 5: The decision-making process includes proper engagement of all stakeholders.

Criteria 1 to 4 are addressed in Work Package E, which deals with the technical and environmental impacts of remediation. Criterion 5 is being addressed as part of the SUBR:IM social science work packages. 

A methodology has been developed which allows the comparison of remediation technologies in terms of their impacts. This currently focuses largely on technical and environmental aspects. The methodology includes two techniques which present the information in different ways. The whole impact of remediation (criterion 1) is investigated using a multi-criteria analysis (MCA) technique based on that presented by Postle et al (1999), which scores and weights a number of sub-criteria to develop an overall score for each remediation technology. The basic method has been expanded for the purposes of assessing sustainability, with additional sub-criteria included and scores developed both for the remediated site and also other sites involved (such as landfills, borrow pits etc). In tandem with this, a non-aggregative method has been used for criteria 2 to 4, where impacts are highlighted individually (as used by Blanc et al, 2004). Both techniques have been undertaken with a life cycle analysis approach, in that as far as is possible, impacts that occur due to all aspects of the remediation, whether on or off site, during or after remediation, have been taken into account. This method is described in more detail in Harbottle et al, 2005, which also describes the comparison of the impacts of two remediation techniques, stabilisation/solidification (S/S) and excavation and offsite disposal on the same site. In brief, the analysis indicates that S/S has less impact overall (based on the MCA analysis), but is not always the better performer, having greater impacts in categories such as greenhouse gas emissions. An example of the comparison of the two techniques in terms of emissions is given in Figure 1. Further studies are in progress, comparing different remediation projects i.e. different remediation techniques on different sites. Although the methodology has been designed only for use within this research work, it is expected that the output will be of use through the presentation of information on the potential impacts of remediation technologies, which will be of interest during the selection process for future remediation projects. 

Experimental (laboratory and site) work has recently commenced with the aim of developing improvements on a number of currently used remediation technologies that would help to reduce impacts on sustainable performance. We are focussing on four different areas, chosen based on the experience within the research team:

· Stabilisation/solidification and the use of more sustainable cements.

· A combination of stabilisation/solidification with biodegradation, in order to improve the robustness of the former technique by allowing degradation to occur whilst contaminants are contained.

· The use of innovative materials in in-ground barrier walls.

· Enhancement of biodegradation of contaminants at depth using deep soil mixing techniques.

The laboratory work is concentrating on the robustness and long-term effectiveness of specific aspects of those four remediation techniques. A robust technique is defined as being insensitive to small change, has a small risk of failure and is durable. The long-term effectiveness is assessed using techniques of accelerated ageing.  A site trial is currently being planned to take place at the Dagenham Dock site. The trial will address many of the issues investigated in the four technique listed above. It is planned that coring of site samples will continue over a number of years.
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Fig.1. Comparison between emissions from S/S and landfilling (Harbottle et al, 2005). 

OVERVIEW of work package I: impact of climate change on pollutant linkage
To meet the requirements of sustainability, the regeneration of brownfield land must take account of predicted climate change impacts.  Although the precise causes of climate change remain disputed, adaptation of society to climate change impacts will be required (IPCC, 2001). The UK Climate Impacts Programme (UKCIP) has produced climate scenarios for the 21st century in the UK, predicting warmer and wetter winters, hotter and drier summers, rising air temperatures, increased storminess and heavier rainfall (Hulme et al., 2002). The predicted changes to seasonal average precipitation in the South East in the 2020s, 2050s and 2080s are shown in Figure 2. These factors will contribute to an increase in the risk of significant pollutant linkages forming. Sources of contamination, which currently pose little risk to the environment, are likely to become significant in the future. Climate change may require changes to be made in current adaptation strategies for contaminated brownfield sites. 
Severe weather conditions are known to have a damaging effect on soils and containment systems. The potential impact on containment systems, e.g. landfills, barriers, cover and S/S systems, is large. Similarly, there are significant potential impacts for any ground contamination, particularly shallow, for example untreated contaminated brownfield sites. In summer, the hot dry weather will cause ground temperatures and evaporation losses from the land surface to increase, causing the soil to crack causing upward capillary suction of water from depth and an increasing risk of exposure of contaminated materials at the ground surface. In addition, summer rainfall will be more likely to occur as infrequent but intense rain storms. Higher intensity rainfall will challenge soil infiltration capacity and increase the risk of soil erosion and particulate spread of contamination. Higher ground temperatures may also increase the mobility and volatility of certain organic contaminants in the ground. In winter, there may be a seasonal rise in groundwater level which may bring clean groundwater in contact with ground contaminants. It has also been suggested that the warmer winter weather will become more cyclic due to diurnal temperature variations around freezing point. Freeze-thaw cycling is a particularly damaging phenomenon and the hydraulic conductivity of clay can increase by several orders of magnitude after a small number of freeze-thaw cycles (Daniels et al., 2003). Many contaminated sites and containment systems support vegetation, such as trees and wetlands. Ecosystems are sensitive to extremely small climatic variations (IPCC, 2001). It will therefore be necessary to examine the impacts of climate change on both the soils and the vegetation; which will itself be subject to change. The net results of the negative and positive factors will depend on the magnitude of the impact and the severity of the climate change conditions. The study attempts to identify the most damaging climate scenarios that can be anticipated during the design life of a remediated site and to apply these scenarios to investigate the actual sustainability of remediated sites while accounting for the impacts of climate change.


[image: image2]
Figure 2. Change in seasonal average precipitation in summer and winter in the South East in the 2020s, 2050s and 2080s compared to the 1961-1990 average (after Hulme et al., 2002).

The objectives of WP I are:

1. To quantify the short- and long-term impact of climate change on contaminated land and containment systems

2. To evaluate the effect of climate change on pollutant linkages

3. To develop any required adaptation design strategies

4. To examine the adaptive response of key bownfield stakeholders

5. To integrate the outcome into a guidance document on the likely effects of climate change on brownfield remediation

Objective 1 is currently being addressed. Objectives 2 to 4 will shortly be addressed by the partners in the work package namely, Forest Research, BRE and University of Reading/College of Estate Management respectively.

Objective 1 involves evaluation of impacts of climate change on contaminated land and a number of containment systems from 2005 to 2080, using the climate prediction data produced by UKCIP (Hulme et al., 2002). The climate change conditions being applied include: (i) temperature for 2050 and 2080 summer extremes (27° and 31°C respectively) and winter extremes (2°C and 0°C respectively), (ii) a range of summer precipitation scenarios, including dry (no rainfall), frequent low rainfall and infrequent high rainfall scenarios, and saturated winter conditions (which also simulates flooding) (iii) cyclic behaviour around freezing point and (iv) wet-dry cycles. The systems currently being addressed include: (i) real contaminated site soils, (ii) typical cover system low permeability layer using both compacted clay and a sand-bentonite composition, (iii) a stabilised/solidified contaminated site soil, (iv) soil from a bioremediated site and (v) a contaminated soil remediated with combined immobilisation (with a compost-zeolite binder) and bioremediation (using bioaugmentation).

These systems are being subjected to short- and long-term climate change conditions. The short term includes two years of extreme climate conditions as detailed above applied in real time. The same conditions are also being applied to samples aged to 2050 and 2080. Different accelerated ageing techniques are being employed depending on the system being tested. Long-term climate change scenarios are being applied to samples during the accelerated ageing process. Samples are being aged by at around 15 years in 12 months. Samples from the tested systems are then tested for their physical, mechanical, chemical and biological properties.

conclusions
Both Work Packages E and I aim to improve our understanding of factors which affect the sustainability of a number of remediation methods; the former by suggesting ways of reducing the impacts of the techniques, as they are currently performed, and addressing the long-term performance and robustness of a number of remediation techniques and the latter by understanding the impact of climate change on contaminated land and containment systems and investigating any adaptation strategies required in the design of those containment systems.  
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