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Abstract

The re-use of underused or abandoned contaminated land, so-called brownfields,
is increasingly seen as an important means for the reduction of land consumption.
But brownfield redevelopment often fails during early project stages due to complex
decisions that stakeholder with potentially different interest have to make, based on
typically very scarce data. Seeking sustainable re-use solutions, many existing de-
cision support systems are not appropriate as they focus mainly on environmental
or economic aspects, and neglect sustainability issues. To fill this gap, this the-
sis presents a framework for spatially explicit integrated planning and assessment
of brownfield redevelopment options. Aiming to support efficient and sustainable
revitalization and communication between stakeholders, the presented assessment
framework integrates three pinnacles of brownfield revitalization: (i) the identifi-
cation of required subsurface remediation and associated site preparation costs, (ii)
market-oriented economic appraisal, and (iii) the expected contribution of planned
future land use to sustainable urban and regional development. For the assessment,
focus is set on the early stage of the brownfield redevelopment process, which is
characterized by limited data availability and by flexibility in land use planning and
scope of development.

A convenient starting point for the planning of different land uses and respec-
tive remediation measures is the early identification of focal areas with respect to
groundwater contamination. Therefore, a flow guided interpolation method (FGI)
was developed, which has been tailored to the type, scale and information basis that
are typically available at the early stages of revitalization projects at contaminated
sites. As a second step, a spatially explicit procedure is introduced, which com-
pares the previously characterized subsurface contamination to land-use specific
requirements regarding subsurface quality in order to identify remedial measures
that are required for the implementation of specific re-use scenarios. This GIS-
based conflict analysis is coupled to spatial remediation cost estimation models. A
market oriented value appraisal approach, which includes value reducing factors
like stigma effects caused by former use, present or suspected contamination, and
liability completes the economical assessment. Furthermore, an indicator based sus-
tainability assessment methodology is integrated into this assessment framework by
utilizing spatial metrics to assess the contribution of a brownfield re-use scenario to
sustainable development in the region.

To further improve planning and decision making, a multi-criteria genetic algo-
rithm is adapted to the assessment framework aiming to find optimal mixed land-use
configurations with respect to one or more assessment criteria and given constraints
on the composition of land-use classes. The framework is applied to a case study at
a former military site near Potsdam, Germany. Emphasis is given on the trade-off
between economic goals and the need for sustainable development in the regional
context of the brownfield site. Results from the case study application indicate that
the integrated assessment provides help in the identification of land use options
beneficial in both a sustainable and an economical sense. Although brownfield
redevelopment is shown to be not automatically in line with sustainable regional
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development, it can be demonstrated that additional contributions to sustainability
are not intrinsically tied to increased costs.

The methods presented in this thesis also are embedded into a user-friendly com-
puter based, integrated decision support system.

Keywords: brownfields revitalization, megasite, market value, contamination,

groundwater, remediation costs, sustainability, optimization, genetic algorithms,
GIS



Kurzfassung

Ehemals genutzte, brach liegende, kontaminierte Flichen werden zunehmend zu ei-
nem Problem angesichts des weltweit zunehmendem Flidchenverbrauchs. Die nach-
haltige Revitalisierung solcher Brachflichen, sogenannter ’brownfields’, kann daher
einen wertvollen Beitrag leisten, den fortschreitenden Fliachenverbrauch zu verrin-
gern. Brachflachenrevitalisierung scheitert jedoch hédufig schon in frithen Entwick-
lungsphase aufgrund der komplexen Entscheidungen, welche von Akteuren mit po-
tentiell unterschiedlichen Sichtweisen und Interessen zu fillen sind. Entscheidungs-
unterstiitzungssysteme konnen bei der Suche nach Nachnutzungsszenarien helfen,
die meisten existierenden Systeme sind hierfiir jedoch nicht umfassend geeignet,
da sie in der Regel auf die Bewertung entweder 6kologischer oder konomischer
Aspekte abzielen und Fragen der nachhaltigen Entwicklung vernachldssigen. Um
eine effiziente und nachhaltige Brachflichenrevitalisierung mit dem Ziel einer ver-
besserten Kommunikation und Entscheidungsfindung der beteiligen Akteure zu for-
dern, prisentiert die vorliegende Arbeit ein Bewertungs- und Entscheidungsunter-
stiitzungsmodell welches drei Kernelemente der Revitalisierung beriicksichtigt: (i)
die Ermittlung von Sanierungs- und Flichenaufbereitungskosten, (ii) eine markt-
orientierte Grundstiickswertermittlung und (ii1) der Beitrag einer geplanten Nach-
nutzungsvariante zur nachhaltigen Entwicklung in der Region. Das Bewertungssys-
tem zielt auf eine frithe Planungsphase ab, welche durch geringe Informationsdich-
te beziiglich der Standortbeschaffenheit gekennzeichnet ist, andererseits aber noch
Spielrdaume hinsichtlich moglicher Nachnutzungen bietet.

Die Komplexitit und der Umfang von Grundwasserverunreinigung grofler Brach-
flachen bedingt eine Priorisierung bestehender Risiken und Probleme, um weitere
Entscheidungen und MaBnahmen beziiglich Standortuntersuchung und Sanierung
fokussieren zu konnen. Es besteht insbesondere Bedarf an Methoden zum Umgang
mit hiufig spérlich vorhandenen Schadstoffkonzentrationsdaten. Daher wurde ei-
ne Methode entwickelt, welche Informationen iiber Grundwasserstromung beriick-
sichtigt um die Schadstoffverteilung im Grundwasser bei geringer Datenlage zu
interpolieren. Zur Ermittlung des Sanierungsbedarfs fiir die Umsetzung einer Nach-
nutzungsvision wird eine GIS-basierte Konfliktanalyse vorgestellt, welche das be-
stehende Schadstoffinventar mit den Anforderungen zukiinftiger Nutzungsarten an
die Boden- und Grundwasserqualitédt abgleicht und den Sanierungsbedarf visuali-
siert. Die Konfliktanalyse ist mit rdumlichen Modellen zur Schitzung der Sanie-
rungskosten verkniipft. Die 6konomische Bewertung wird durch ein marktorien-
tiertes Wertermittlungsmodul vervollstindigt, welches Wert mindernde Faktoren,
wie Stigmaeffekte durch vorherige Nutzung oder befiirchtete Restrisiken, und Risi-
koiiberwilzbarkeit, beriicksichtigt. Die Nachhaltigkeit einer Nutzungsvariante wird
mittels eines indikatorenbasiertes Bewertungssystems bewertet, welches in das Be-
wertungssystem mittels riumlich expliziter Metriken eingebunden wurde.

Zur weiteren Unterstiitzung der Nachnutzungsplanung wurde ein multikriteriel-
les Optimierungssystem, basierend auf genetischen Algorithmen, weiterentwickelt
und den Bediirfnissen der Brachflachenbewertung angepasst. Die Optimierung ge-
neriert bestmogliche Nachnutzungskonfigurationen in Bezug auf ein oder mehre-
re Kriterien und gegebenen Randbedingungen beziiglich der Flachenanteile eines
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Nutzungstyps. Das Bewertungssystem wurde an einem Modellstandort, einer ehe-
mals militidrisch genutzten Fliche bei Potsdam, nahe Berlin, angewandt. Im Vor-
dergrund stand die Abwigung dkonomischer Ziele und dem Ziel der nachhaltigen
Entwicklung. Die Ergebnisse zeigen, dass eine integrierte Brachflachenbewertung
das Auffinden sowohl 6konomisch attraktiver als auch nachhaltiger Nachnutzungs-
varianten effektiv unterstiitzen kann. Es konnte zudem aufgezeigt werden, dass bei
einer Nachnutzung der Beitrag zur nachhaltigen Entwicklung in der Region nicht
zwangslidufig mit hoheren Entwicklungskosten einhergeht.

Die in dieser Arbeit vorgestellten Methoden wurden in ein integriertes, compu-
terbasiertes Entscheidungshilfesystem integriert.

Schlagworter: Brachflichenrevitalisierung, Megasite, Flichenbewertung, Kon-
tamination, Grundwasser, Sanierungskosten, Nachhaltigkeit, Optimierung, Geneti-
sche Algorithmen, GIS
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Chapter 1

Introduction

Uncontaminated and undeveloped land has become a scarce resource in the densely
populated and highly industrialized parts of the world. Due to this fact, brown-
fields, variably defined as abandoned, underutilized, and contaminated land [e.g.
Alker et al., 2000, U.S.EPA, 2002, Dasgupta and Tam, 2009], are gaining more
attention, especially in urban and peri-urban regions. Restoring brownfields (BF)
to developable land in terms of establishing economically favorable and sustainable
re-use options, can provide a valuable contribution to reduction of land consumption
[e.g. Umweltbundesamt, 2005, REFINA, 2007, also see Figure 1.1]. For example,
one of the major priorities of the German sustainability strategy is the reduction of
land consumption for human settlements and transport, from ca. 80 ha/day in 2010
to 30 ha/day by 2020 (cf. Figure 1.2). This is seen as one of the major challenges
for Germany to meet its sustainable development goals [German Federal Govern-
ment, 2011]. While large amounts of green land are being consumed, it should be
noted that at the same time the amount of land being abandoned or turning fallow
in the cities and communities increases about 10 ha/day (for the years 1997-2000)
[Kilberer et al., 2005].

Several problems may hinder the re-use of BF and therefore have to be addressed.
Environmental hazards may exist that cause a threat to ecological and human health.
Depending on the intended future use, in order to mitigate environmental threats,
different remediation measures may be needed for site revitalization. Therefore,
the extent of required remediation has to be identified and associated costs must
be determined. Suspected contamination, whether present or not, can cause an ob-
struction to investors because of stigma effects or risks, which are difficult to pre-
dict [Mundy, 1992]. On the other hand, economical benefits of a particular re-use
scenario can be highlighted by monetary assessment. Therefore, a market value
appraisal of BF re-use scenarios has to include all factors that may affect the mer-
cantile value [Syms and Weber, 2003]. Future land-use scenarios also have to be
assessed regarding their influence on the sustainable development within the re-
gional context of the site. Within a BF revitalization process, different stakeholders
are affected, e.g. investors, rural communities, neighbors, etc., with each of them
having different goals and perspectives [e.g. Altherr et al., 2007, Pediaditi et al.,
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Figure 1.1: Cabernet’s ABC model [changed acc. to CABERNET, 2005].
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Figure 1.2: Land consumption in Germany (ha/day) in the years 1996 to 2010.
Blue line indicates four-year moving average (source: Federal Statistical Office,
Wiesbaden).

2010].

Being aware of the before mentioned problems, information about the BF site,
consequences of site re-use, and possible re-use alternatives have to be assessed and
presented in a transparent manner to enable a stakeholder-based decision process
that is accepted by the public.

Considering the issues above complex decision making, stakeholder participa-
tion and communication, site investigation and remediation measures are all re-
quired at different stages of the revitalization process. Several proposed approaches
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fulfill the demands of BF revitalization projects in parts like multi-criteria decision
making, smart growth concepts, startup plan [e.g. O’Reilly and Brink, 2006, Carlon
et al., 2004, Semenzin et al., 2007a, Sorvari and Seppild, 2010, Mack et al., 2004,
Greenberg et al., 2001, Gabriel et al., 2006, PreuB et al., 2006]. In general, decision
support systems (DSS) are considered useful tools for informing stakeholders and
supporting the decision making process. Decision support systems are interactive
computer software systems, which support human decision makers in the manage-
ment of different tasks. This contrasts with expert systems, that make decisions
based on expert knowledge and embedded reasoning mechanisms [e.g. Turban and
Watkins, 1986]. An overview on the history of DSS is given in Power [2007]. With
respect to BF revitalization, several (spatial) DSS were developed [e.g. Schidler
et al., 2011b, Carlon et al., 2007b, Chen et al., 2009, Lesage et al., 2007], but there
is still a lack of decision support for integrated, holistic assessment of BF re-use
scenarios. Relevant omissions from previously developed DSS include integrated
environmental, and economic assessment as well as a sustainability evaluation of
re-use options [e.g. Agostini et al., 2007, Agostini and Vega, 2009, Rizzoli et al.,
2008, also see Figure 1.3].

Sustainability Potential (N)

Benefit in tefmépf ecological
and urban development

Site Development Policy
Strategies Sustalnahlllly Valorisation Recommendations

Yleld Efflclency
c_ T
Real Estafe Value (V) Remediation'Costs (C)
Increase in market value Minimisation of remediation
costs depending on land use

Figure 1.3: Assessment aspects involved with brownfield redevelopment. Frac-
tions inside triangle symbolize trade off of perspectives [modified acc. to SINBRA,
2009].

The motivation of the presented thesis is based on two main objectives, summa-
rized in the following two subsections below.

1.1 Assessment methods for brownfield revitalization

The first objective was to develop methods to gather and process information that
allows for the assessment of BF re-use scenarios.

Remediation measures that might be needed to implement a re-use scenario re-
quire sufficient knowledge about the magnitude and spatial distribution of subsur-
face contaminations. Several strategies for the acquisition of contaminant data have
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been proposed [e.g. Liedl and Teutsch, 1998, O’Reilly and Brink, 2006, Taylor and
Ramsey, 2006, Rein et al., 2011]. The methods for estimating contaminant distribu-
tions range from experienced-based practitioners best guess, over interpolation and
geostatistical modeling [e.g. Bardossy and Li, 2008, Shlomi and Michalak, 2007,
Michalski and Peres, 2005] to analytical [e.g. Ahlfeld and Pinder, 1992, Bayer-
Raich et al., 2009a, Liedl et al., 2011] and numerical contaminant transport mod-
eling [D’Affonseca et al., 2008, Wycisk et al., 2009, Miles et al., 2008]. These
methods have different demands on the amount and spatial density of physical sam-
ples and the information collected on the (hydro-) geological parameters at a site.
Especially at early stages of BF assessment, it is a common problem that site data re-
garding contamination and the affected media (aquifer, unsaturated soil) are scarce.
Hence, classical geostatistical models and numerical transport models beyond a
conceptual stage are not applicable. Thus, methods are needed to cope with scarce
input data about subsurface contamination. In this work a new GIS-based method-
ology is proposed, which enables to model a groundwater plume from an assumed
source zone by amending physical samples with flow field information and auxil-
iary sampling points in order to enable a segment wise interpolation. The method is
called "’Flow Guided Interpolation’ (FGI) and is explained in detail in Chapter 3 of
this thesis.

The dimensions and efforts for required remediation of a BF depends on a site’s
surroundings and the actual or planned use of the site. Different land-use types have
differing demands regarding the subsurface quality, i.e. the maximum acceptable
level of contamination. Ideally these threshold values are specific for each con-
taminant, compartment and prospected land-use type and its receptors, which are
potentially exposed to contaminants via specific pathways. The possible determina-
tion of threshold values ranges from site unspecific regulatory values to maximum
acceptable concentrations calculated specifically by ecological and/or human health
risk-assessment. The determination of remediation target values can be made on ba-
sis of e.g. (i) guidance and intervention values (’Priifwerte / Malnahmenwerte’ in
Germany, cf. to [BBodSchV, 1999]), which are land-use specific in parts, or prelim-
inary remediation goals ['PRG’, see e.g. ASTM, 2002, Shan and Javandel, 2005],
(i1) a site- and use-specific risk assessment that depends on potential exposition of
receptors to hazardous substances via relevant pathways [e.g. Strenge and Smith,
2006, McKnight et al., 2010], (iii) estimated mass fluxes in groundwater and con-
taminant plume characteristics (mass discharge from the site over a control plane
and comparison to acceptable mass fluxes or evidence of plume stationarity and
absence of threats to potential receptors) [e.g. Leschik et al., 2009, Annable et al.,
2005, Goltz et al., 2009], or (iv) negotiation between obliged parties (e.g. strict
liability tortfeasors ("Zustandstorer’), and parties obliged to undertake remediation
(’Sanierungspflichtige’)) and appropriate authorities (in the case of Germany, usu-
ally the "Lower soil protection agency’).

To structure and formalize the further evaluation of re-use plans this thesis intro-
duces a scenario—layout concept to assist the decision making process (see Figure
1.4). A scenario defines the composition of a re-use plan including the definition of



1.1 Assessment methods for brownfield revitalization 5

land-use types and their area ratios, whereas the layout describes the spatial config-
uration of the land-use types on the site. If a site offers a certain degree of freedom
in planning due to its given size there may exist many different layouts of one sce-
nario to choose from. The layouts of the re-use scenario under evaluation have to
be translated into a set of spatially explicit, contaminant and site specific threshold
values. The need for use-specific remediation measures then can be determined by
comparing the distribution of contaminants with these threshold values. In order to
carry out this comparison automatically based on digital data, in this thesis the so
called *conflict analysis’ is presented.

SZENARIO LAYOUTS

60% Wohnnutzung

20% Industrie /
Gewerbe

20% Freizeit/ :>

Erholung

Figure 1.4: Scenario — layout concept for future brownfield use.

The newly developed conflict analysis procedure compares the contaminant dis-
tribution by contaminant target value maps specific to the land-use layout yielding
exceedance maps for each contaminant and compartment, respectively. The pro-
cessed data is converted to standard raster grid format (ESRI ASCII grids) in order
to ease the spatial processing, where the extent and discretization of the grids is
adapted to the site scale. The geoprocessing is automated and can be conducted
whether using commercial GIS or with open source GIS (cf. to Sections A.4 and
A.5 in the Appendix for references to further information). In addition, conducting
a conflict analysis for uniform land-use yields information on where a certain land
use could be allocated on the site without causing the need for remedial action. The
conflict analysis procedure also delivers information for spatially explicit and land-
use specific remediation cost models (cf. to Chapter 2 and Schédler et al. [2009,
2012]).

Remediation costs largely depend on the type, spatial and temporal scale of con-
tamination and also on the selected measures to remove, reduce, or contain the con-
tamination on the site. Different levels of detail with respect to knowledge of con-
tamination at a site demand for different cost estimation models. Empirical models
[e.g. Bonnenberg et al., 1992] allow for estimating remediation costs on the basis of
contaminated volume, mean unit costs and a set of difficulty factors reflecting type,
extent and severity of contamination. Semi-empirical models add the consideration
of physico-chemical processes or type of remediation measure to be implemented
[e.g. ITVA, 2003, Bayer et al., 2005]. More detailed approaches deliver a listing
of cost-relevant positions, services and associated standard reference price needed



6 Introduction

Figure 1.5: Scheme of conflict analysis for identifying remediation needs.

to implement and conduct remediation and clean up measures [e.g. Bracke et al.,
2005]. When using conflict analysis as the basis for estimating the price of a re-
mediation plan, cost models with different level of detail and different demands for
input data were extended in the context of the presented thesis in order to process
spatial input data and deliver land-use specific cost estimates [e.g. Schidler et al.,
2010a, 2011b, 2012].

A further important economical aspect is the market oriented valuation of the
BF site’s re-use scenario. The market value of a BF is usually mitigated by con-
tamination, whether known or suspected, therefore stigmatized by the previous use
of the site [Patchin, 1988]. In a site owner’s or investor’s perspective, clarification
on land value of a BF is needed to show risks or on the other hand, raise incen-
tives to invest in the site [Greenberg et al., 2001]. The actual land value of a BF
site is controlled by the determination in terms of allowed future use [e.g. GroB3-
mann et al., 1996, Sichsiches Landesamt fiir Umwelt, Landwirtschaft und Geolo-
gie, 2001, Finkel et al., 2010]. The value calculation is based on so called reference
values that depend on the location and use-types of the site. The site’s preparation
costs and other possible value reducing factors like previous use, stigma, demand,
etc., yielding the remaining land value of the site are subtracted from these reference
values. A methodology for a traceable, transparent market value calculation includ-
ing market value reduction based on expert information was proposed by Bartke
and Schwarze [2009a,b].

The implementation of remediation costing and market value assessment meth-
ods into an integrated decision support approach is introduced in Chapter 2 and
Chapter 4. The integration of these methods into a land-use allocation optimization
approach is demonstrated in Chapter 6.

Besides searching for economically attractive and feasible re-use options for BE,
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the sustainable development of urban and peri-urban areas in the regional context
gained stakeholders’ and researchers’ attention over the last decades [Bettencourt
and Kaur, 2011]. While the term sustainability originates from forestry regulations,
the Club of Rome and the Brundtland commission extended the term sustainabil-
ity to include the scope of mankind [Meadows et al., 1972], including societal,
ecological and economical aspects of development [e.g. U.N., 1987, Potschin and
Haines-Young, 2006]. Applied to the context of BF management and revitalization,
sustainability focuses on regional development and is evaluated by site-specific sets
of indicators [e.g. Alker and McDonald, 2003, Ulmer et al., 2007, Hartmuth et al.,
2008, Miiller and Rohr-Zinker, 2009]. Many of the indicator metrics used in those
evaluation approaches have a spatial component. This allows for a natural transi-
tion into a spatially explicit indicator evaluation system to support land-use decision
making. The addition of a explicit evaluation component to the concept proposed
by Miiller and Rohr-Zénker [2009] is presented in Schédler et al. [2011b] (see also
Chapter 5). This spatial concept proposes a new method to expand the sustainabil-
ity definition into spatially explicit, quantitative evaluation functions. This allows
the sustainability indicator evaluation to be applied within the objective function of
an optimization algorithm. This way sustainability evaluation yields a score for a
future land-use configuration and can be traded off against economical aspects in
an integrated decision support framework (see Chapter 6).

1.2 Finding optimal re-use plans using an integrated
assessment scheme

The second objective was to embed the methods mentioned in the section above
into a BF DSS with the goal of following an integrated assessment approach. The
creation of a suitable DSS must integrate approaches and models that stem from
different scientific disciplines [e.g. Parker et al., 2002, Rizzoli et al., 2008, Ascough
et al., 2008] while simultaneously assuring that stakeholders with different exper-
tise can participate in the assessment process [Kok and Verburg, 2007, Sterk et al.,
2011].

The proposed integrated BF assessment scheme can be divided into several steps,
where the iterative and participative nature of the decision making takes place at
several points in the sequence (see Figure 1.6). The process includes the different
assessment methods introduced in the previous section.

At large BF, where re-use scenarios allow for a multitude of mixed-use layout
options, establishing optimal re-use plans can be cumbersome, if not impossible,
if all relevant assessment criteria have to be considered. The development of a
novel model-optimization framework aims to aid the identification of optimal re-
use scenarios from an integrated perspective. Within the context of the assessment
scheme outlined in Figure 1.6, an existing generic spatial optimization framework
[Holzkdmper et al., 2006], based on genetic algorithms [Wall, 1996], was adapted
and extended to serve the need of BF redevelopment. The newly developed system
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starts with a re-use scenario as the initial input. Additional input is given by con-
straints such as the range of allowed deviation from the initial area ratio of land-use
types, and the weighing of assessment criteria within the multi-criteria objective
function.
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For optimizing the re-use scenario towards a goal, which contains multiple crite-
ria, it is possible to decide between different trade-off options. Within the optimiza-
tion problem, the exploration of the search space allows for the identification of a
Pareto front, where solutions (here: re-use layouts) are located on that front, which
cannot be dominated by other solutions with respect to the given goals. Such Pareto
optimality can be identified by different methods like random sampling, weighting,
distance, or constrained trade-off methods [cf. to e.g. Zitzler, 1999]. In contrast to
these Pareto-based methods, which can become quite computationally demanding,
the weighted sum approach can be utilized. Up to this point, all multi-objective
models are based on either Pareto based methods or weighted sum analysis [Cao
et al., 2012].

The genetic algorithm approach is based on the idea of biological evolution [for
details see e.g. Goldberg, 1989]. By utilizing stochasticity, a set of individuals (so-
lutions) is generated on the basis of an initial map, which is converted to a chromo-
some representation based on its given planning unit scheme. This set of individuals
(population) is evaluated by an objective function, where the better portion of the
population is selected to build up a new, improved generation. New offspring in-
dividuals are generated on basis of this selection, crossover (pairwise exchange of
chromosome parts), and mutation (stochastic change of genes in a chromosome).
The evolution propagates over a given number of generations or until a stopping
criterion based upon convergence (e.g. a minimum relative change of the individ-
ual’s fitness over a certain number of generations) is fulfilled.

The weighted sum aggregate fitness score consists of single criterion evaluation
functions, which are summed up to a normalized, weighted linear score. The single
criteria are:

e Maximization of market value: The most favorable layout is searched on basis
of land-use type and location specific market-value evaluation maps.

e Minimization of remediation costs: Land-use specific cost evaluation maps
are used to find configurations to minimize remediation expenditures.

e Maximizing the suitability for sustainable development: A set of indicators is
evaluated by spatial metrics functions and stakeholder input. The result is an
aggregated sustainability score.

The optimization framework and possible trade-off of criteria for finding bene-
ficial re-use scenarios is explained in detail in Chapter 6. This framework is also
embedded in a user-friendly BF DSS, the megasite management toolsuite (MMT,
for details cf. to Appendix A.4.2).

By optimizing the spatial configuration of multi land-use scenarios and produc-
ing several re-use alternatives (layouts) with respect to the possibly contradicting
goals of maximizing economic benefit and assuring suitability of a re-use scenario
to sustainable development, stakeholder discussion can be fostered and compro-
mises can be made.



10 Introduction

1.3 Thesis outline

The remainder of this thesis is organized in Chapters as follows:

Chapter 2 introduces the challenge of supporting decision making for BF revi-
talization by an integrated assessment that includes economics and sustainability,
which are illustrated by means of general assessments at a demonstration site.

In Chapter 3, the above described FGI method to represent groundwater con-
taminant concentration distribution based on scarce data is introduced. The method
particularly intends to support the redevelopment process at early project stages.
The applicability of this method and the consequences within the context of a BF
redevelopment project is demonstrated in Chapter 4.

Chapter 5 gives a detailed algorithmic formulation of the assessment criteria and
their aggregation into an integrated assessment scheme. For a number of re-use
scenarios it is illustrated how economic evaluation results can be balanced with a
sustainability indicator assessment results.

Chapter 6 presents the development and implementation of a heuristic optimiza-
tion framework to find near-optimal land-use configurations for BF re-use where
trade—off of economical and sustainability factors occurs.

Finally, Chapter 7 summarizes and concludes the work presented and Appendix
A gives an overview of project reports that document the implementation of scien-
tific methods into a decision support tool.



Chapter 2

Improving mega-site revitalisation
strategies by trading off benefits from
future land use and clean-up costs'

Abstract Derelict land, where former industrial, military and mining activities have often led to
vast contaminations of soil, groundwater and surface waters, is a problem in many urban areas in
Europe. Facing competition with Greenfield development, the re-use of these areas is only achiev-
able if management options optimally trade off the conflicting goals of protecting human health and
the environment, of microeconomic needs and of regional development. To assist decision-making
in finding optimised revitalisation strategies, we propose a GIS- and model-based planning and as-
sessment tool that links land-use planning, risk-assessment, cost and benefit evaluation. The paper
describes the key elements of the tool’s concept by means of a demonstration project at a former
military site in Potsdam near Berlin, Germany.

Key words mega-sites; soil and groundwater contamination; revitalization; remediation; land

use planning; cost-efficiency; GIS

2.1 Introduction

In Europe and world-wide, a large number of regions exist where industrial, mili-
tary and mining activities during the past century have led to vast contaminations
of soil, groundwater and surface waters. These so-called mega-sites may severely
impact human health and the environment, and hamper the economic revival in cor-
responding areas [EEA, 2000, EC, 2006]. Mega-site management therefore needs
to address the protection of human health and the environment, as well as the eco-
nomic urban and regional development, targeting both a high sustainability yield
and an efficient valorisation. To support decision makers in finding viable revitali-
sation strategies, there is a demand for tools that help to assess and communicate the

lreproduced from: Morio, M., Finkel, M., Schédler, S., Hartmuth, G. and H. Riigner (2008): Im-
proving mega-site revitalisation strategies by trading off benefits from future land use and clean-up
costs. Groundwater Quality: Securing Groundwater Quality in Urban and In-dustrial Environments.-
IAHS Publ. no. 324, 555-562.
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pros and cons of existing plans of site clean-up and future land use, both in terms
of market and non-market benefits and costs. In this paper, we describe the concept
of the GIS- and model-based planning and assessment tool that is currently being
developed within the German research priority programs REFINA [Hauschild et al.,
2006] and SAFIRA II [Riigner et al., 2007]. The tool shall support the process of
finding optimal revitalisation strategies by trading off minimized clean-up costs and
benefits from future land use. The results of a demonstration project at a former
military site in Potsdam near Berlin, Germany, are used to illustrate the conceptual
approach of the tool.

2.2 The conceptual approach

The overall intention is to support an iterative enhancement of the revitalisation
plan for a given site during the planning process. The initial land use plan portrays
a scenario on how the site may be used in future. Such a scenario may result, e.g.
from considerations of the local authority’s planning board or from an investor’s
development plan. The scenario defines a particular land use allocation for the site.
In general, it will be comprised of different land use types, that is, a heterogeneous
(non-uniform) use of the site is planned. The quotas of the individual land use types
are considered as existing demand for additional areas of the respective use type.
The distributions of these quotas form the basic characteristics of a scenario. Since
these quotas may be achieved in different ways, we further distinguish between
scenario layout, which describe how the land use quotas are specifically arranged in
space. Thus, one land use scenario may comprise many different layouts.

In a first step, the monetary benefits and sustainability of the given land use
scenario are evaluated. Clean-up and site preparation costs are then estimated for
the proposed specific scenario layout. This involves the: (i) specification of the
clean-up effort required to solve existing conflicts between the planned land use al-
location and present contaminations in soil and groundwater; and (ii) application of
an adequate cost model. On the layout level, alternative spatial land-use allocations
may be examined and proposed to minimize conflict areas and required clean-up
expenses.

Finally, the monetary and non-monetary assessment results for the examined
scenario and its layouts are analysed and discussed among the stakeholders. This
may result in a revised land use scenario, which will then be evaluated within the
next iteration of the planning process.

All steps and sequences of the process described above are supported by corre-
sponding software modules that integrate diverse methods and models (e.g. cost es-
timation models, sustainability assessment methods, GIS-based data management).
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2.3 Site description

The former military site “Kaserne Krampnitz” is located in the outskirts of Pots-
dam near Berlin, covering an area of about 1.2 km?. It was built up in 1937 as a
motorized cavalry school. From 1945 until 1992 the site was used by the Russian
armed forces. The site is partly covered with building ruins (to be deconstructed) as
well as listed, historical buildings (see Fig. 2.1). Due to the utilisation as barracks
encompassing garages, workshops, storage tanks, dry cleaning facilities, etc. there
existed probable cause to assume subsurface contaminations at the site. Various site
investigation activities have been carried out [Schidler et al., 2008]. The geological
situation at the site is governed by periglacial depositions forming an aquifer mainly
consisting of a heterogeneous composition of silty fine to middle grain-sized sands
intermixed with moor deposits in the northern part of the area. The flow regime
of the partly confined aquifer is controlled by recharge and diverging groundwater
flow towards the receiving stream and lakes. Presently known groundwater con-
tamination is dominated by light volatile chlorinated hydrocarbons (CHC, mainly
TCE and cisDCE, up to >170 mg/L) (Fig. 2.1) and, to a lesser extent, of BTEX (<1
mg/L). The investigation of the spatial extent of contamination is still ongoing us-
ing innovative methods, including tiered refinement of the direct push raster, plant
screenings (CHC-uptake via roots) and integral pumping tests (where applicable).
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Figure 2.1: Plan view of the former military site “Kaserne Krampnitz” in Potsdam.

2.4 Land use scenario

To demonstrate the methods, a simple and rather hypothetical land use scenario was
considered. It includes three different types of land use within the area of interest
(see Table 2.1 and Fig. 2.3). In all areas where listed buildings are situated, the land
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use is fixed to “residential”. Agricultural and recreational areas, as well as wetlands
(no specific use, but ecological concerns) border the site property.

Table 2.1: Initial (hypothetical) land use scenario for the Krampnitz site.

Land use type Area (m?) Area within the Quota at site (%)  Restricted area
site (m2) due to historical
buildings (m?)

commercial/ 174595 174595 15.3 -
industrial

recreational 1015972 263151 23 ~ 35000
residential 705280 705280 61.7 ~ 355000
Total 1895847 1143026 100 ~ 390000

2.5 Evaluation of monetary benefits and sustainabil-
ity

The benefits of the development of formerly abandoned land that can be attributed
to a particular land use scenario or layout in terms of an increased land value were
quantified on the basis of regional average standard land values reflecting the actual
development state of the area incl. infrastructure, buildings, facilities, etc. (“Bo-
denrichtwert”).

The following soil values were used: 40 €/m? for “residential”, 25 €/m? for
“recreational” and 15 €/m? for the “commercial/industrial” use type, respectively.
These standard land values, established for non—contaminated land by an advisory
committee [WertR, 2002, WertV, 1998], are reduced according to the diminution
in value due to the contamination. This includes losses or discounts resulting from
the site’s bad reputation (“‘stigma”, e.g. Patchin [1991]) or from additional invest-
ment and liability risks [GroBmann et al., 1996, Séchsiches Landesamt fiir Umwelt,
Landwirtschaft und Geologie, 2001, ITVA, 2007].

The market-oriented economic evaluation of the benefits of site redevelopment
is accompanied by a sustainability assessment. Both the clean—up itself and the
development of the site will result in a variety of ecological, economic and social
changes to the site and in the neighborhood that may influence the stakeholders deci-
sion on the selection of the land use plan. There are different assessment approaches
available, including different operationalisations of sustainability, different sets and
weighting of indicators, different levels of detail and more or less profound involve-
ment of stakeholders [e.g. Hartmuth et al., 2006b,a, Schwarze and Bartke, 2007].
This non—monetary assessment is done at the scenario level. This means that the
particular layout of a scenario, as long as it is not fundamentally changed, is as-
sumed to have only a minor influence on the assessment result.

In the proposed evaluation framework, two approaches are considered: (i) the
so-called soil-value balance [Umweltbundesamt, 2000] aims at a rather simplified
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Figure 2.2: Utilization of sustainability indicators for evaluating future land use
scenarios.

value system including a monetisation of social or ecological values; and (ii) the
approach proposed by Hartmuth et al. [2006b,a] relies on an intensive involvement
of stakeholders, not only in the evaluation, but also with respect to the definition
and ranking of relevant indicators. Figure 2.2 shows an example of indicators for
evaluation of a future land use scenario.

2.6 Evaluation of costs

Conflict analysis The link between land use and required clean-up activities is
represented by remediation targets for soil and groundwater. It is assumed that the
levels of these targets are a function of the future land use, since exposure scenar-
ios and pathways are specific to the particular land use type. The spatial land use
allocation, as described by the scenario layout under consideration, is correspond-
ingly transferred to a map of clean-up targets. Contaminant-specific, as well as use-
specific quality targets are given by the responsible environmental agency [LUA,
2006] in terms of concentration threshold values for soil and ground-/surface water.
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These threshold values serve as a reference that can be replaced by risk-oriented
clean-up targets provided that a site-specific risk assessment [e.g. U.S.EPA, 1990,
1991, ASTM, 2002, Strenge and Smith, 2006] has been conducted.

Table 2.2: Land use and site-specific remedial targets.

Land use type regulatory or calculated remedi- Relevant legal act/ordinance or

ation target; TCE (ug/L) most sensitive pathway
Industrial 6960 Indoor air inhalation
Residential 100 Indoor air inhalation
Wetlands 20 Quality target
Agricultural 20 according to [LUA, 2006]

Recreational 20

agricultural, Area Exceedance of Conflict

Land use type target (max.) area
(m?) () (m?)
wetlands off site 443477 3632 54349
industnal on site 174595 1.7 758
agricultural  off site 156477 305 3746
off site 855389 - 0
recreational
on site 263151 81 59408
residential on site 705280 933 77938
on site 1143026 138104
total
off site 1455343 58095

0 100 200

Figure 2.3: Resulting conflict areas for the initial land use scenario (layout A) and
given CHC-contamination.

Intersecting the maps of clean-up targets and contaminant distributions yields
contaminantspecific areas of conflict that are then superimposed. In doing so, two
maps, one for soil and one for groundwater, describe the extent of unacceptable
impairment. Here, for the sake of simplicity, the result of the conflict analysis is
only shown for CHC in groundwater (Fig. 2.3).

For the saturated zone, it has to be considered that type and extent of required
clean-up activities may not be only a mere matter of the conflict area, but also of the
origin of the contamination causing the conflict. The conflict areas in the northern
part of the site, for example, are caused by sources located in the area intended for
commercial use for which no conflicts were identified (Fig. 2.3). Therefore, source—
plume relationships have to be carefully analysed and taken into account when se-
lecting appropriate measures for remediation. Available methods range from rather
pragmatic methods, such as particle tracking, to sophisticated approaches, utilising
analytical or numerical contaminant propagation models.
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Determining clean-up costs Based on the conflict maps and further GIS-managed
site information, clean-up costs are estimated by one of several costing approaches
currently available. They differ in complexity and input requirements and are se-
lected depending on the level of available knowledge and information [Bonnenberg
et al., 1992, Bracke et al., 2005, Schédler et al., 2008]. For the example shown here,
remediation costs required to solve the conflicts with respect to groundwater qual-
ity were estimated to 3.39 Million €for pump-and-treat. Note that the groundwater
clean-up costs for measures solely designed to protect the neighbourhood would
amount to about 1.00 Mio €.

2.7 Minimising costs by optimal land use allocation

After having assessed one initial layout (“A”) of the land use scenario, further lay-
outs were considered in order to minimize clean-up efforts and costs through opti-
misation of the land use allocation (using constant overall quotas, as defined by the
scenario). The goal is to reduce the extent and magnitude of conflicts. For each of
the land use types, a specific region can be specified, where conflicts do not arise
(Fig. 4). Clearly, the land use type “industrial”, being the least sensitive, has the
highest degree of freedom for allocation. An altered land use layout (“B”) and the
resulting conflict areas are shown in Fig. 5. Due to re-allocation, groundwater re-
mediation costs are now estimated to 2.18 Mio €. That portion of the costs that
is related to the specific use of the site has decreased correspondingly, from about
2.39 Mio € to about 1.18 Mio €.

Please note that layout B does not stem from any mathematical optimisation
but was chosen from a given set of alternatives to show how layout alterations can
reduce clean-up efforts.

Decreasing remedial target value
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Figure 2.4: Scope for land use allocation without any conflict (non-black area).
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agricultural Area Exceedance of Conflict

Land use type target (max.) area

(m?) ) (m?)
wetlands off site 443477 3832 53915
industnal on site 179987 25 14768
agricultural off site 156477 30.5 3746

off site 855389
recreational

on site 278548 6.8 7159
residential on site 684495 12.7 46628

on site 1143030 68555
total

off site 1455343 57661

0 100 200

Figure 2.5: Land use allocation layout B and resulting conflicts with the given CHC-
distribution.

2.8 Comparison of benefits and costs

Table 2.3 lists the benefits and costs, as evaluated for the exemplary scenario con-
sidered here. The initial scenario and its alternative layout have approx. the same
land value, since the quotas for the individual land use types differ only slightly.
However, the remediation costs for layout “B” are lower due to the differences in
layout-specific spatial allocation of use types.

Another scenario that was also analysed labelled “only residential use” (compare
Table 2.3 and Fig. 2.4). It would yield a higher land value, but also higher reme-
diation costs. From the mere economical point of view of an investor, this (also
hypothetical) scenario may be the most attractive one. However, ranking of options
will not be solely driven by clean-up costs and land values, but will also consider
the results of non-monetary assessments. The “only residential use” scenario, for
instance, may yield a worse result than the initial scenario (e.g. being in contrast to
the demands of regional planning or is down-graded in a sustainability assessment).

Table 2.3: Assessment results for different scenarios. *) purely hypothetical results
(for the purpose of illustration).

Land Use Sce- Land value (€) Groundwater clean-up Non-monetary
nario/Layout costs (€) Assessment *
Initial Scenario & Lay- 37 408 900 3390 000 ++

out A

Initial Scenario with al- 37 270 055 2 180 000 ++

ternative Layout B

Only residential use 45721 040 2 070 000 0

Please note that, in this paper, we referred to remediation costs for groundwater
clean-up only. Note also that the presented concept for estimating costs on the basis
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Figure 6.8: Best individuals of OR to minimize remediation cost for different ¢
values.

Figure 6.9: Best individuals of OR to maximize the market value for different c;
values.

wy > 0, in Figure 6.7). Depending on the given value of constraint ¢y, the optimal
result R,,, varies between 8.27 Mio. EUR and 13.71 Mio. EUR (see also Table
6.8). For low ¢ values from 0.2 to 0.9, best results are achieved with weightings
between 0.4 and 0.6 for w; or wy. For ¢; = 1.9, OR with maxV;,; (w; =0, wp =
1) yield better results than any of the OR with weighted aggregate OF that were
examined. This is due to high values of V;,; that can be achieved by increasing the
residential area if areal ratios of land-use classes are only a little constrained, and
which cannot be outweighed by lowering C;,;, a goal being included in the aggregate
OF of maximizing R. Exceptions are the patches no. 6 and 12, which pose a higher
R for land-use class ‘commercial’, (cf. also Figure 6.6). These patches get assigned
the land-use class ‘commercial’ in the best outcomes of all OR at all ¢; values
considered (Figure 6.10).

OF with an additional objective to maximize the compactness of land-use patches
(w1 = wy = wy) were used, but those OR did not yield significantly different results
with respect to neither the economical values nor the configuration of shapes and,
therefore, are not separately illustrated in this paper.

It is important to note that similar values of R may be achieved with different
ratios of G, and V,,; contributing to the aggregated value of R. The higher the
Cior value on an R-isoline (Figure 6.7), the higher the portion of remediated area
will be, if the land-use configuration shall be implemented (i.e. preference of risk
reduction). In contrast, the same, or similar R could be achieved by solutions where
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[ 1Residential |l Commercial [Jill Recreational

Figure 6.10: Best individuals of OR to maximize the remaining market value R for
different ¢ values.

less site remediation is needed due to allocation of less sensitive land-use classes
(preference of least possible remedial action). This range of similar R-values gets
wider, the higher the ¢ value is set.

6.4.2 Optimizing suitability for sustainable development

OR using F3 (max E;,;) as single criterion result in a E;,; range between +7.122 and
+14.133, as illustrated in Figure 6.11 by triangle markers. Again, the relaxation of
the constraint ¢ yields better results i.e. higher values of E;,;. The small range of
E;.: is caused by the (i) relatively large amount of indicators the value of which is
determined globally (default ‘true’ or ‘false’), and (ii) the relatively large threshold
distance in comparison to the site’s extent. Please note that, for the case study site,
mixed use-type scenarios in general gain relatively high E;,, values, as opposed to
most of the uniform land-use scenarios [also see Schidler et al., 2011b,a]. This
is due to the possibly higher numbers of indicators that are relevant for evaluation
at the given mixed-use configurations as opposed to uniform land-use composition
and thus possibly yields a higher impact in the evaluation (cmp. Table 6.6). Only
the uniform land-use composition of ‘commercial’ had a slightly higher E;,; than
M (Table 65)

The maps of the best results of all OR conducted for each ¢ are shown in Figure
6.12. It can be seen that patches are successively replaced by land-use class ‘com-
mercial’ with increasing c¢; value. However, the remaining patches of ‘residential’
and ‘recreational’ use, even if they only contribute by a few percent to E;,,, raising
its value beyond that of uniform ‘commercial’ use (10.205 to 14.133 for ¢ values
of 0.5 to 1.9 vs. 9.39 for uniform ‘commercial’).

The allocation of the land-use classes ‘residential’ and ‘commercial’ is prefer-
ably set to planning units with a distance smaller than 500m to the bus stations
(cf. Figure 6.1), controlled by indicator number 11. Consequently, land use class
‘recreational’ is situated rather in the northern part of the site. With higher ¢y, the
areal fraction of the ‘recreational’ and ‘residential’ land-use classes gradually de-
crease but still have their positive impact for the evaluation of indicators 1, 2, and
3, respectively. The economical parameters have rather low values in all land-use
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Figure 6.11: Remaining land value vs. sustainability potential E;,;: Best individuals
of OR. Best individuals marked with green asterisks are depicted in Figures 6.12 and
6.13.

Table 6.9: Sustainability evaluation results for each objective with given constraint
c1. Values for Gy, Vior, and R in Mio. EUR.

c1  Result Objective

max Epp (wz = 1) max equally weighted
Best Mean  Worst Best Mean Worst

Eior 8926 8.186 7.122 5.308 3.345 0.253

02 Crot 5.89 5.58 509 485 495 5.28
’ Viot 11.86  11.66 1145 13.10 13.03 12.79
R 5.97 6.08 564 830 8.08 7.83

Eior 10.205 9.846  9.211 5.589 3.429 1.559

05 Crot 5.09 5.31 529 484 494 512
' Vior 10.24  10.80 11.65 14.86 1397 14.70
R 5.16 5.49 6.36 10.02 970  9.58

Eior 11.652 11.193 10.512 5.586 4.611 2.833

09 Cror 5.39 5.05 488 512 495 4.87
' Vior 9.65 10.53 11.70 1691 16.66 16.05
R 4.26 548 6.81 11.79 11.71 11.17

Eior 14.133 13918 13.669 5.543 4.035 1.938

19 Cior 4.79 4.76 469 476 514 540
’ Viot 11.02 1092 11.20 16.07 17.45 18.46
R 6.23 6.16 6.51 1131 1231 13.06

configurations that resulted from optimizing the suitability for sustainable develop-
ment.
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ObjeCtive: max Etot [ ]Residential |l Commercial [l Recreational
i N i N

Figure 6.12: Best individuals of the OR to maximize sustainability potential for
different ¢ values.

6.4.3 Trading off economically favorable and sustainable land-
use configurations

Optimizing the re-use of the site from an integrated perspective using an OF that
includes economic criteria (F; and F>), as well as the sustainability criterion (F3)
with a set of equal weightings (w; = wy = w3), leads to land use configurations that
show a mixture of patterns that were observed in the unidirectional OR investigated
previously. While the latter resulted in configurations dominated by one single land-
use class (‘residential’ and ‘commercial’, respectively), the integrated optimization
suggests a fairly balanced allocation of these two land-use classes, as is shown in
Figure 6.13. Though ‘commercial’ areas, having a relatively low reference land
value, are not preferred from a strictly economic point of view (cf. Figure 6.10)
they are obviously a good compromise, as they contribute to a good sustainabil-
ity grade and, due to their relative insensibility, minimize remediation costs in the
northwestern part of the site.

Objective: maximize equally weighted criteria aggregate [ IResidential [l Commercial [l Recreational
N

Figure 6.13: Best individuals of OR to maximize the aggregate objective of eco-
nomic and sustainability criteria, with equal weights (w; = wy = w3) for different
¢ values.

On the basis of the resulting land-use pattern, it can be inferred that the inte-
grated optimization based on an aggregation of normalized evaluation functions is
satisfactory in the trade-off between economic and non-economic objectives. How-
ever, a closer inspection of Figure 6.11 reveals that, independent of the values of
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¢y, best individuals have a R value close to the optimum (cf. to Table 6.13) while
E,,; values are relatively low. The fact that for E;,;, in contrast to R, hardly any im-
provement can be observed with increasing scope of planning (i.e. larger ¢; values)
further supports the impression that sustainability may be considered to a minor ex-
tent (see Figure 6.11 and Table 6.9 for a summary). This might be due to the fact
that normalization of suitability for sustainable development (Eq. 6.15) can not be
done in a case-specific way, as opposed to the economic criteria. This is because
the maximum value of E;,; that can be achieved within the given planning scope
cannot be calculated a priori. The normalization of E;,, with respect to the absolute
maximum (which is, most likely, not achievable in the given case) may also con-
tribute to the relatively small ranges of E;,; compared to the possible variations in
R for a given range of land-use class compositions (defined by c¢y). Changes in the
evaluation of remediation costs and market value, therefore, seem to have a larger
impact on the resulting fitness of the individual under evaluation, giving preference
to individuals gaining a high R.

6.4.4 Computational considerations

The number of generations were set high (ng., = 4000), in order not to compro-
mise the convergence, i.e. stopping, criterion in ending the OR before near-optimal
results were achieved. OR stopped after about 60 to 125 generations, when there
was no significant improvement (less than 2 percent increase of the objective score)
over the last tenths of generations. Using an OF excluding the sustainability eval-
uation function F3 (i.e. w3 = 0), one OR took roughly 4 to 5 hours on a Pentium
IV 3,2 GHz processor for the fine grid discretization. OR including sustainability
assessment using evaluation function F3 (w3 > 0) on the fine grid were discarded
due to the expected large calculation times. For the coarse grid, the runtime for one
OR took between 15 and 20 minutes (excl. evaluation of F3) or between 40 minutes
to 1 hour (incl. evaluation of F3).

6.4.5 Conclusions

The proposed integrated planning, assessment and optimization framework is in-
tended to support decision making for brownfield restoration projects. The frame-
work allows to determine mixed land-use options that are preferable from an eco-
nomic perspective, as well as regarding their suitability with respect to sustainable
development. On basis of spatial evaluation functions that assess the appropriate-
ness (i.e. fitness) of land-use configurations, the framework creates spatial config-
urations of a set of predefined land-use classes, which represent a near-optimum,
according to the given objectives (e.g. to meet stakeholders’ demands with respect
to the number and ratio of individual land-use types), and which cannot be found
intuitively.

The discrete consideration of the two economic variables remediation costs (Cy,),
and market value (V;,;), provides more useful information than would be available



6.4 Results and Discussion 95

if only the aggregated economic value in terms of the remaining land value R (mar-
ket value minus remediation costs) were evaluated. It could be shown that similar
values of R can be achieved by various land-use configurations having quite dif-
ferent evaluation results for Cy,; and V;,;. For the optimization, this differentiation
between costs and benefits allows to follow two strategies: the maximization of
R at a minimum of costs G, or the maximization of R at a maximum of market
value V;,;. Though both strategies will maximize the economic outcome, their con-
sequences for the environmental system in terms of remaining contamination may
be significantly different. Even if not mandatory, the differentiation will become
more important if uncertainty shall be properly taken into account, which can be
very different in accordance with their particular governing parameters and factors
for Cy,; and V.

Pattern metrics were not further discussed in this paper, although implemented in
the optimization approach, because they showed not much impact in the particular
case study presented. Pattern metrics would be a matter of concern for land-use
planning problems including brownfield redevelopment projects, where the given
‘planning units’ are e.g. different in shape or size than the typically required sizes
for implementation of land-use classes under discussion [e.g. Herold et al., 2005,
for discussion of urban landscape metrics], or in cases where they are not defined at
all (i.e. size of planning unit equals the grid cell size in this approach).

Furthermore, it could be demonstrated that sustainability issues can be conve-
niently considered within a spatial optimization framework for land use planning
by means of a fully quantitative scheme. Although such a scheme can not replace
a detailed and expert-based evaluation of sustainability measures, it may strongly
improve the basis for transparent and stakeholder friendly discussions on the re-use
of brownfields. Nevertheless, several issues need to be investigated and elaborated
in more detail, namely the role of the method of normalization in combination with
the weighting and the influence of assumptions made regarding threshold distances,
and with respect to the evaluation of individual indicators (e.g. globally or spatially
explicit).

Finally, it should be pointed out that the results obtained in the presented case
study certainly depend on the assumptions made therein and on the specific charac-
teristics of the site. The parameters used to characterize the land-use classes, namely
the clean-up targets and reference land values, but also the attributed type of land
use according to the classification used in the sustainability assessment, govern the
evaluation of individual land-use configuration’s fitness, and can differ from those
presented here in other cases. Moreover, type, level, and spatial distribution of sub-
surface contamination of the brownfield, may have a strong impact on the outcome
of the optimization, as they determine the extent and costs of remedial activities
required to make the implementation of a particular re-use plan possible.
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6.5 Software availability and supplementary data

The adapted version of LUPOIib called MOOL can be requested free of charge as
windows binary or source code. The megasite management tool suite, including a
simplified version of the presented optimization framework, can be requested via
contact address on its website http://www.safira-mmt.de.
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6.7 Algorithms

Algorithm 4 Sustainability indicator evaluation function ‘Distance’

Read sustainability indicator table { CSV-ASCII file, cf. to Table 6.2}.
Relate occurring land-use classes of L in actual map M to sustainability land-use types {cf. Table
6.1} according to assignment given in configfile (cmp. Table 6.7, parameter ‘lutBLP’).
Read affected and evaluation land-use types and grids
Read land-use type specific positive and negative indicator values
Assign default positive and negative value for indicator to matrix
Get class area of evaluation land-use types
for rows i of actual map do
for cols j of actual map do
for no. of affected types do
for no. of evaluation types do
if s(M; ;) = s of affected type then
Calculate minimum distance between i, j and evaluation type cells
if minimum distance < dThresh AND class area of evaluation use type > aThresh
then
Assign positive indicator value to ey s ; ;
else
Assign negative indicator value to ey s ; ;
end if
else
Assign zero indicator value to ey ; ;
end if
end for
end for
end for
end for
Return land-use type specific indicator value matrices E g
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Algorithm 5 Optimization routine, changed after Holzkdmper et al. [2006]

Initialization of population:
while individuals in population < population size do
genome initialization — g
genome to map transformation — M(g)
objective function evaluation — J(M) {cf. section 6.2.7}
end while
Evolution:
while generation < final number of generations ng,, do
Select parent genomes from population acc. to J(M) values (roulette wheel selection)
Crossover between parents with probability p.ess
Mutation of new genomes with probability p,,,
while individuals 7,,, do
Genome to map transformation — M(g)
objective function evaluation — J(M)
end while
Resize population by deleting the overlapping proportion of the population p;.p;
if generation / outputincrement == round(no. of generation / outputincrement) then
Best individual in generation: genome to map, write output map, write score and single
evaluation parameters to score file
end if
end while
Select the best genome of final generation
Genome to map transformation — M(g)
Write output map, score and single evaluation parameters to scores file.
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Chapter 7

Summary and conclusions

Integrated brownfield revitalization projects include economic as well as social as-
pects. Decision support systems that include these different aspects enhance the
assessment of re-use scenarios and can foster transparent decision making. Stake-
holder participation and integrated evaluation of re-use scenarios may yield different
land-use configurations than only looking at a single criterion like e.g. minimization
of remediation costs.

There is still a demand for holistic, integrated DSS that includes all relevant as-
pects of brownfield revitalization assessment. Spatially explicit DSS aids the evalu-
ation process by integrating data management, processing, modeling, analysis, and
visualization of all relevant data and information.

Within this thesis, several methods were presented to improve the integrated as-
sessment of re-use scenarios:

Regarding input data preparation for spatial DSS, a new flow guided interpola-
tion (FGI) method was introduced to generate spatially continuous concentration
distributions in groundwater contaminant plumes. It improves decision making es-
pecially at early stages of site assessment, where only limited amounts of physical
samples are available. The FGI method utilizes additional information on ground-
water flow and the contaminant source zone size and concentration to enable seg-
ment wise interpolation of contaminant concentration point data. This approach
delivers an improved performance and robustness in comparison to standard in-
terpolation methods for determining the contaminant solute distribution in a plume.
Application of FGI at different investigation stages and coupling to conflict analysis
and remediation cost models showed that the uncertainty about expected remedia-
tion costs for re-use scenarios may be reduced by using FGI during the assessment
process.

The identification of remediation requirements in order to avoid or reduce risks
for receptors (human health and environment) being present in the re-use scenario
is seen as an important point in brownfield assessment. GIS based conflict analysis
reveals contaminant, land-use and site specific needs for remediation. Different
land-use types in a re-use scenario can have different sensitivities and demands
with respect to subsurface quality. Therefore, conflict analysis is proposed as a site-
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and land-use specific method that gives valuable input for spatially explicit cost
modeling. This method shows the local relation of expected costs and therefore
aids cost-optimized planning of reuse layouts. Conflict analysis is embedded in the
DSS by utilizing spatial data modeling.

It was shown that brownfield re-use, especially at large sites that allow for many
different scenarios, could be optimized with respect to their spatial configuration
by analyzing the possible layouts and determining the consequences of the specific
configuration of a re-use plan. Integrated brownfield assessment was complemented
by heuristic optimization methods in order to generate better land-use layouts with
respect to different criteria marked as relevant for future site use. These criteria
include economic aspects (i.e. minimization of remediation costs and maximization
of market value) and the suitability for sustainable development (e.g. based on a
context-specific indicator system), which are formulated as a multi-criterial objec-
tive function of a spatial optimization framework. Multi-criteria optimization allows
for trade-off of conflicting interests and supports the identification of near-optimal
planning alternatives based on preference weights of single criteria. Especially at
larger sites with more planning options, optimization embedded in a brownfield
DSS can aid the identification of favorable land-use options and feasible layouts
that are evaluated on the basis of different criteria.

Within a case-study application, it was shown, that multi-criteria optimization
can determine land-use configurations that contain trade-offs of economical aspects
like expected remediation costs and the goal of maximized market value, yielding a
more beneficial re-use layout than manual planning could achieve. The case-study
also reveals that economically beneficial scenarios and layouts do not necessarily
contradict layouts preferable for sustainable development. A trade-off of these as-
pects is supported and an emphasis can be given to compromises that might have to
be made with respect to the stakeholders’ differing perspectives.

The experience from years of work on integrated DSS showed that demand to
support practical decision making with scientific methods can only be fulfilled, if
researchers are allowed not only to understand the societal demands, but also work
on the transfer of scientific knowledge into applied decision making, which is an
abiding challenge.
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mates for contaminated site development: consequences of uncertainty to
planning and investment decisions. Groundwater Quality: Securing Ground-
water Quality in Urban and Industrial Environments.- IAHS Publ. no. 324,
539-546.

A.4 Project reports

A.4.1 BMBF project REFINA-SINBRA

For further information and additional documents to those listed below, please cf.
to http://www.sinbra.de
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e Martac, E., Peter, A., Morio, M. & M. Finkel (2009): SINBRA Methodenkat-
alog — 4. Modellgestiitzte Untersuchungen und Methoden, pp. 87-95.

e Morio, M, Schidler, S. & M. Finkel (2009): SINBRA Methodenkatalog
— 3.3. Konfliktanalyse, Kostenschitzung und ganzheiltliche Bewertung mit
dem Entscheidungsunterstiitzungstool EUGEN, pp. 125-151.

e Bartke, S., Morio, M. & S. Schidler (2009): BMBF Forschungsvorhaben
SINBRA - Strategien zur nachhaltigen Inwertsetzung nicht wettbewerbsfahiger
Brachflichen am Beispiel der ehemaligen Militar-Liegenschaft Potsdam-Krampnitz:
Abschlussbericht der Teilvorhaben 1 und 3, http://www.sinbra.de , 53pp.

A.4.2 SAFIRA II - Megasite Management System

For further information and additional documents to those listed below, please cf.
to http://www.safira-mmt.de

e Morio, M. & M. Finkel (2009): SAFIRA II Managementsystem (MMS):
Modellbasierte Interpretation von Grundwassererkundungsdaten — Prozeduren
fiir das Geographische Informationssytem ArcGIS, 28pp.

e Schidler, S., Finkel, M, Pulsani, B.R. & M. Morio (2009): SAFIRA II Man-
agementsystem (MMS): Interactive Land Use Map (ILUM) — Dokumentation
und Handbuch, 13pp.

e Finkel, M., Morio, M., & S. Schidler (2010): SAFIRA Il Managementsystem
(MMS): Verbesserung der Schitzung von Bodensanierungskosten: Kurzbeschrei-
bung, 9pp.

e Finkel, M., Morio, M., & S. Schidler (2010): SAFIRA Il Managementsystem
(MMS): Implementierung eines alternativen Ansatzes zur Nachhaltigkeitsbe-
wertung, 19pp.

e Finkel, M., Justen, A., Morio, M., & S. Schidler (2010): SAFIRA II Man-
agementsystem (MMS): Allgemeine Verbesserungen der MMT, 14.12.2010,

28pp.

e Morio, M., Finkel, M. & A. Srinivasan (2010): SAFIRA II Managementsys-
tem (MMS): Automatische Optimierung der rdumlichen Verteilung der Land-
nutzungen (MOOL: Multi-Objective-Optimisation of Land Re-Use), Hand-
buch / Dokumentation zu Methodik und Anwendung innerhalb der Megasite
Management Toolsuite (MMT), 77pp.

e Morio, M. & Finkel, M. & (2011): SAFIRA II Managementsystem (MMS):
Probabilistische Konfliktanalyse, 15.01.2011, 14pp.
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A.5 Software manuals

Manuals of decision support software systems, developed within the BMBF re-
search projects REFINA-SINBRA and SAFIRA II:

e Handbuch zur Anwendung des Entscheidungshilfesystems EUGEN (for fur-
ther information cf. to http://www.sinbra.de)

e Morio, M., Schidler, S., Finkel, M., Justen, A., Bleicher, A., Bartke, S. & M.
Gross (2010): MMT - Megasite Management System - User’s Guide , v.1.2.0,
March 2011, http://www.safira-mmt.de, 131pp.
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