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Environmental footprints and sustainability of contaminated land remediation
Master of Science Thesis in the Masterodos P

FARZAD FERDOS

Department of Civil and Environmental Engineering
Division of GeoEngineering
EngineeringGeologyResearch Group

Chalmers University of Technology

ABSTRACT
Since the United States Environmental Protection Agency (USEPA) launched its
nRnGreen remediation"”™ program and EU member

regulations for environmental remediation in order to reach a Ewva@geconsensus

on policy and standards, the need for the sustainable removal of contaminants from
brownfields has grown considerably. Concomitantly, the ability to calculate and
assess the suitability as well as the environmental footprints and associated risks of a
growingnumber of remediation techniques has become a priority. This thesis aims to
evaluate two of the most widelysed free commercial tools for this purpose,
Sitewisé™'! and SRT, for their practicability, quality and range of results and
suitability speciic to Swedish conditions.

A number of exsitu and insitu methods are described in this thesis, a combination of
which are then used to model tweisiyx remediation scenarios for two documented
contaminated sites in the Gothenburg regtbe:Bohusvarv site on the Goétaallkank

and the Hexion site in MoIndal. A wide range of results for these models is presented,
compared an@dnalyzed, drawing further comparisonsiwi previous study and the
zeraalternative, which can be used as an example to suppstaéinable decision
making and to advocate the i mplementation
clear up contaminated siteBased on the results from the both projects, it is
concluded that: i. Remediation techniques requiring long distance rebaudiing

have significant footprints except residual handling by train due to Swedish energy
production conditions. ii. Residual handling with ship results in much higher SOXx,
NOx and particle release compared to the other alternatives. iii. Residuainbandl|
with truck results in high accidental risks. Finally, activities powered by electricity
result in a reduced footprint compared to activities powered by fossil fuels,
considering Swedish energy production conditions.

The thesis concludes with a crdsmefit analysis of SRT and SiteWis&, which
recognizes their potential as tools for presenting accurate and reliable Life Cycle
Assessment analyses with appropriate system boundary definitions and easy inventory
analyses process. Their results prowidriable support to decision makers aiming at
more sustainable remediation. The restricted range of remedial technologies with
which SRT can model and the crucial adjustments needed to make this tool applicable
and effective in Sweden are also evaluatedara the certain expert knowledge need

for modeling and the extensive data need for the SiteWis@rogram. The limited
practicability of SiteWis8""%6s fi nal results on their own
picture of the soci@conomic impact of eachetario is also regarded as a shortfall in
reatlife decisionmaking processes.

Keywords: Sustainability, Brownfields (Contaminated sites), Remediation, Footprint
analysis
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1 Introduction
1.1 Background

Over the last century, industrial development has resulted in huge substantial
environmental disturbances and consequently many areas have been contaminated.
Although the severity of contamination has decreased over the years shnetey
legislation and a greater general awareness of the consequences of negligent site
management, this activity is not yet sustainable and will remain so until industry
reconsiders its responsibilities with regard to contamination management and site
rehabilitation.

The management and rehabilitation of contaminated sites has become a thorny
environmental issue: according to the European Environmental Agency’s (EEA)
estimations, there are nearly a quarter of a million contaminated sites in EEA member
countries and, concomitantly, the number of potentially polluting activities
growing to nearly three million sites (EEA, 2007). In Sweden alone, more than 80,000
contaminated sites, a large number of which are potentially dangerous to human
health and lte environment, have been mapped by the Swedish Environmental
Protection Agency (SEPA) (SEPA, 2007). Considering the potential impact of
contaminants on human health and ecological quality which are, or which may be,
present at these sites has led to thplémentation of protective legislation to help
remediate, rehabilitate and control contaminated sites. The other important factor
supporting remedial action is the fact that most of these contaminated sites are
economically inactive until remediation hascurred(Lesage et al, 2007Although

such remedial action is a step in the right direction towards sustainable development,
this activity, like all human activities, has its own environmental, social and
economical impacts. These impacts must be coreideithin the decisiomaking
process as the needs for remediation are assessed and actions a®oaies)
Matos, 2010)

Fundamentaprinciples should be followed when selecting remediation technologies.

The selection of an appropriate actionis a&sipeci fi ¢ deci sion and
more than one appropsi ate Wechnaol o dpy sf er oa
t he c as eenvitohnsental impaet of the remediation action itself has been
secondary to a preference for familidgraditional methodsfor remediation(e.g.

Excavation and disposal to landfill). An increasingly more holistic view on
remediation has led to significant growth in a branch of research which aims to
devel op more sustainable remedi&ldo topdhmals
(Bardos et al, 2008) Although significant progress has been made here, the actual
implementation of such techniques is still in its relative infancy. Lack of stakeholder
knowledge and confidence in the feasibility or reliability of theséhods is a major

obstacle and therefore some form of education in the form of decision support is
needed to make it possible for site manag
techniques. A range of tools are now available for decision making suppbrt wit

different perspectives and procesg€sindy, 2009) Increasing general knowledge

about available tools and developing new ones with sufficient detail will result in a

more widespread use and would be followed by a number of new technologies and
techniqus for sustainable site remediatidb.is important to note that the general

term Agentl ed options not only includes ne
use of current methods in a more environmentally sensitive way.
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1.2 Aim

Since the United StateBnvironmental Protection Agency (USEPA) launched its
nGreen remedi ation” program, many tool s
environmental footprint of remedial actions (USEPA, 2010). These tools will be of
interest in many parts of the world, incladi Sweden, where evaluative tests are
needed to judge their suitability to Swedish conditions.

Within this research project two of the most widabed and free toolSiteWisé "'

and SRT, are going to be used to evaluate different possible remedadteonatives

in order to apply sustainability metrics to a decision making process. The aim of this
research is to:

1 Assess the availability of the data needed for each method and evaluate how
feasible and practical the data collection is

1 Review and compa the tools” results in terms of their suitability for finding a
remediation technique and their sustainability, taking into account economical,
ecological and socioultural dimensions

1 Investigate the tools” capabilities for sensitivity and uncertaimayyais

1 Evaluate and recommend revisions and adjustments for application to Swedish
conditions.

1.3 Methodology and implementation

The aforementioned tools, which are specifically designed for sustainability
eval uation of ddcHnifjues, wilbe revieveedhand évaluatedusing

the available data from two case studies of contaminated sites in the Gothenburg
region(BohusVarv in Ale and the Hexion site in MdIndal). Byodelinga nu mber

of appropriate remedi at i @emironmemsah foatpgnise s and
metrics and effectto the Qalternative and analysing the results together with other
sustainability metrics, this thesis will offer reliable and comprehersivep por t f or
d e c i nsakirm.n

1.4 Limitations

The project is limited to the system boundary defined by the researcher and the tools,
as they are only appropte for analysig certain aspects of remediation activity i.e.
the environmental footprint.

The studydoes not include any qualitative assessment of performance or effectiveness
of different remediation technologies. For each applied technology it is assumed that
the technology already fulfils the remediation goals.

This report should not be seen as an overall assessment of remediation activity. The
implemented environmental footprint calculations are based onspiEfic
conditions with available data and assumptions for the case studies. Tgesifec

results should therefore not be interpreted as generally applicable. However, the
recommendations concerning methodological aspects and applications of
SiteWisé™* andSRT are appropriate for application in other remediation projects to
estimate their overallnvironmental impacts.
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2 Case study description

2.1 The Bohus Varv Site
2.1.1 General

The Bohusvarv site is located on the eastern shore of the Gdéta alv in Ale community,
about 15 km upstream of Gothenburg city. As it is illustrated in the FRjlirehe site

is situated to the north of the Jordfall Bridge and the Eka Chemicals business. To the
east it is bordered by railway tracks and the road route 45.The area is about 600
meters long along the river bank with a width ranging between 60 to 110 meters, in
total coveing around 50,000 square meters.

Map Guide

D Bohus Varv Site

91 ‘
&7 A » ¢ = === Shoreline

K S ‘ o
~_J& J ik .. 2 Natural preserved area

| 1 ! B Natura2000 area
\ ( | 1a Bk m National forums

[ I Ragional farmland
Q[ J

Figure 21  The BohusVarv site. A physical map to the left, with land use indice
the right (Mellin, 2009).

|
|

The property has river bank geological formations which were stabilized and widened
by laying 0.4 to 4 meters of filling materials (average of 1.7m) on top of the thick
layers of glaciemarine clay sediments. The filling materials in the area typically
corsist of a mixture of soil of differing grain sizes, mostly sand, gravel and boulders.
Fillings also include anthropogenic materials, e.g. scrap and building waste. The
underlying glaciemarine clays have a very low hydraulic conductivity and the main
grourdwater flow towards the river therefore occurs in the filling materials
According to the studies done by Swedish Geotechnical Institute (SGI) in d&8b,

clay formation on the Gotalv bank makes the area susceptible to landslides and has
uncertain lanslide stability conditio{SGI, 1995)
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Figure 22  Map showing geotechnical stability of the Géta bank, including the
BohusVarv site (SGI, 1995).

2.1.2 Site activity background

According to all available information (e.geports, municipality visiting notes, local
resident interviews and air photos) gathered by SWESWHECOVIAK, 2006) the

rural river bank was converted to an industrial site by transporting surplus infilling
material from Gothenburg city in the early 1900&e site was gradually developed.
Until the late 1980s the site was mainly used for ship building and as a repairing
facility. It has been noted that during the end of this period the southern part was used
to dump steel and iron scraps. In 1992 Eka Gbals acquired the property and
cleared the area and its buildings (e.g. of seized boats, scrap vehicles, tracked
vehicles, tanks, waste oil, paint and batteries) to use for the intermediate storage of
nearly 10 000 cubic meters of treated soil. Accordmghe reports, another smaller
construction company owned a small portion of the property and used it as a
warehouse.

2.1.3 Site contamination situation

Due to previous industrial activity at the Bohuarv site, it was suspected to be
contaminated and potealiy dangerous to human health and to the environment. In
order to evaluate the situation, a firsind samplingcampaign was ordered by the
municipality and carried out by Scandia consult (now Rambéll), whose conclusions
led to a further and more detall@ssessment of the site and an environmental risk
analysis (Scandiaconsult, 2001). In 2005, the SWECO consulting company made a
detailed investigation of the property, whereby many soil, groundwater and sediment
samples were taken and tested. The envieonal risk analysis was completed, based

on the detailed investigations. According to the analysis, the Bdhus site was
found to be highly contaminated, primarily by heavy metals (e.g. lead (Pb) and
mercury (Hg)) and oil products. As a result, the askessment showed that the risks

to humans and ecosystems were high and the current situation was not acceptable.

10 CHALMERS, Civil and Environmental Engineering Ma st e RBAEB0 Thesi s



Mercury Contamination Lead Contamination

Figure 23  Map showing heavinetal contamination at the BohWarv site before
remediation. Results are presenssimg/kg of dry soil (Holm, 2006).

2.2 Hexion Site

2.2.1 General

The Hexion property is an old industrial area covering approximately 35,000 square
meters. It is located to the east of MéIn@antrum. As it is illustrated in the Figure

2.4 below, the site is a triangular area bordered by Boras railway to the north and
Mandalsan to the south.

Figure 24  The Hexiorsite. A physical map to the left (the green triangle indicates
the exact location), with a plan for future development to the right
(SWECO, 2009a)

CHALMERS, Civil and Environmental Engineering Ma st e RBAKB0 Thesi s 11



The local geology consists of glacial deposits on the bedrock. Glacial till is
characterized by contairgnan unsorted mixture of different particle sizes from clay
to boulders. Glaciofluvial deposits are formed as a result of melting glaciers in the
final stages of the last ice age. The deposits comprise boulders, stones,sgravel,

silt and clay sedimestgraded by gravity, with the heaviest material at the bottom
(Tarbuck & Lutgens, 2008).

A comprehensive soil survey has shown that the natural ground, which has a general
soil thickness of between 15 meters, has been overlain by large quantitiedlioifi
material in order to even out the ground level to provide a site suitable for building
industrial buildings. This filling thickness reaches up to 5 meters in some jésees

the Figure 2.5 below)Filling material was concluded to be a random fillnwostly
gravels, sand, clay, silt, stones and bricks. These filling materials, together with the
natural deposits, are very permeable, which resulted in pollution spreading to some
parts of the area and endangering the ground water table which is sitQ#6dn

below surface levglSWECO, 2008).

+20 lOm lSOm lmc m 150 m §200m Wa

Figure 25 Cross section of the Hexion site and its geological condition (SWECO,
200D).

2.2.2 Site activity background

The first known activity dates back to 1827, wherodrselling facility was founded

by Mendel Elias Delbanco, who hoped to take advantage of the hydro power potential
of the nearby water stream. This focus continued until the 1940s, when the site was
then employed for more diverse industrial use and a wider vafietyemnical goods

were produced, more recently e.g. Binders for the paint industry. This industry was
sustained until April 2007, when Hexion Specialty Chemicals Sweden AB sold the
property to NCC Construction Sweden AB in September 2007. NCC purchased th
land with the intention of remediating the contaminated site, preventing pollution
propagation, reducing the associated health and environmental risks to levels
acceptable by SEPA and, in the longer term, converting the land to a residential and
commercal area, complete with apartments, houses, a nursery, offices, stores, parking
spaces, green space and a town square in the style of modern urban planning. The
demolition of the warehouses, laboratories, silos, tanks, pipelines etc, began in 2008
and was ompleted in late 2009. The development is planned to be completed before
2015(NCCTeknik, 2007)

12 CHALMERS, Civil and Environmental Engineering Ma st e RBAEB0 Thesi s



2.2.3 Site contamination situation

At the time of purchase in 2007, the site was considered potentially contaminated and
was formally restricted to prevent furthesk to human health and the environment.
Indications of contamination were exposed during demolition works, which
eventually called for a complete survey and analysis.

According to the sampling and environmental analysis conducted by NCC in 2007

and 2008the area was concluded to be contaminated by lead, mercury, phthalates

DEHP (plasticizer), aromatics and payomatics (PAHs) and aliphatic hydrocarbons.

These pollutants were concentrated in specific areas based on the operation history of

the plant, lesing a large part of the area with low concentrations of contamination
(SWECO,20080. The sampling resultsd map i s presen

<KM
' ¥} &35z, Contamination

° e { / ] OOf ¢ =L/ Vs . i = ;" " Concentration Sample depth
2 G ’ P UCES O §:‘ T — L. Class .

% FA, 0-1
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FA, 6-8
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MKM-FA, 8-
KM-MKM, 0-1
KM-MKM, 1-2
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KM-MKM, 6-8

o
\\
Q0o oOOOOO c @00 e o

= ey

Figure 26  Hexion sampling result map. Red stands for very high concentrations,
yellow for medium and blue for lower contamination concentrations
(SWECO, 2008).

Based on this analysis and the planned regeneration of the site, it was decided that
remediation was necessary, with the following priorities:

1 A drastic improvement in theondition of the ecological system for vegetation
and soil fauna in the shallow soil layers.

1 For the deeper soil layers, a focus to protect and secure the recipient MéIndal
water quality rather than the soil environment ecological system.
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3 Environmental Remediation
3.1 Introduction

Environmental remediation is generally defined as providing remedy for
environmental problems. It involves a number of strategies and techniques to restore
contaminated sites and natural resources to an acceptable level whiehnailsléoto
humans and the environmental systéfhe most common and acceptable way to
determine the need for remediation and whaasuresre to be required is to conduct

risk assessment analysis according to SEPA recommendations with identifying
genericand/or sitespecific guideline values and then defining remediation goals with
the aim for reduction of the calculated risk measures.

The remedial action can be done in different ways, depending on the contaminated
media (soil, ground water, surface wategrair) and contamination type (chemical,
radioactive, microbial or physical) (USEPA, 2011). Remedial actions can be
categorized into three groups; containment techniques that restrict the contamination
in the specific domain and prevent spreading; remowghniques whereby
contamination is transferred from an open environment to a controlled environment
and treatment technigues that transform the contamination to-hazandous form
(Brusseau & Maier, 2004).

For ground and soil remediation, the techngjaeailable can be categorized into two
major groups: Irsitu and exsitu. Processes that involve excavation of the soil are
considered esitu and in imsitu techniques attempt to treat the problem without
removing the soil. Further remedial applicatiov@uld be neededn-site or in another
facility (off-site) if an exsitu strategyis implemented. Containment techniques are
mainly in-situ; removal techniques are mostly done in assisx mannerTreatment
techniques can be implementeekitu or exsitu, dependent on the technique used.

In this section, main soil remediation techniques are going to be briefly described.

3.2 Excavation

Excavation is a general term used forseixi removal remediation. Within this process
the contaminated soil is replaced bynaw clean soil and the excavated soil is
transported to a disposal or a soil treatment facility. This technique, which is very
common, has a very high rate of efficiency because of its relative simplicity and
general familiarity in industry. Despite thithere are some clear drawbacks and
weaknesses:

1 During the activity, site workers can be exposed to any hazardous pollutants
present

1 The technique is usually feasible for remediating relatively shallow and
localized contaminated sites.

1 From a sustainahiy point of view, the contamination is merely transferred to
another location, not eliminated.

1 This technique requires a great deal of transportation and earthwork that
inevitably contributes to atmosphere pollution end accident exg&@usseau
& Maier,2004)
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3.3 Soil washing

Soil washing is an umbrella term for a number of techniques, whereby the pollutants

are washedway These treatment techniques can be applied eith&turor exsitu

and are reliant on the type of contamination, the ground condition and the available
technology. Soil washing can be applied for a broad range of contamination types and
evenacombinasin of them and are considered fAgent
they are treatmerdriented. Insitu (if applicable) and egitu onsite techniques are
considered figentledo and sustainable techni
techniques bemme more difficult and expensive as the fine grain rate of the soill

matrix increase@USEPA, 2011)

3.3.1 Ex-situ techniques

Ex-situ soil washing remediation is done by excavating and treating the contaminated
soil. Within the treatment process, excavated sosieved, washed and floated in
basins. During the washing process, fine grades are separated from the soil matrix
based on their different settling times. Since the contamination tends to attach to finer
grains, this portion is most contaminated and nigstseparated and be treated as
hazardous waste, needed to be handled or treated. Whereas the gravel and sandy
portion is separated, rinsed and reused. To increase the efficiency and time necessary
for the whole process, water can be adjusted in temperatud pH or specific
solvents can be dosed. Biu soil washing can be done-site at mobile plants or the

soil can be transported to a soil washing facility.

Volatile y

[ e——
Y lEI"nISSIOI"I COI’]tI’Ol]—)

~

Gas collecting

Gas collecting

[Contaminated Soil ]

Gas collecting

Soil Wam;\ Recycling water
*Mixing

—)[RUbb|5h Separation Sieving *Washing > Wastewater treatment
*Size separatior]

*Rinsing
A 4
Gravel portion [Contaminated sludge]

Cleaning aid

4
Rinsing and water spray

\

Residual handling
N

A 4
> Clean soil >

Figure 3.1 Flowchart showing an egitu soil washing process, according to a
Soilwashing nterim guidance report (ORD & SWER, 1991).
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Figure 3.2 An exsitu, onsite soil washing process, [§oilTech™ and Iveysol
companies (SoilTech, 201ey-sol, 2010).

3.3.2 In-situ soil washing and sedimentation (ISW)

In-situ soil washing can be done bwclosing smaller areas of contaminated mass,
pumping in air and water to blend with the soil and eventually wash out the finer
portions. The treatment process is the same adt@xechniques with the advantage
that the soil does not need to be excavaltémvever, in order to apply this method,
specific conditions are needed:

1 The contaminated soil should be shallow

1 The soil needs to be on top of a qEeErmeable surface (on the bed rock or on
clay layers)

1 The contaminated soil needs to be natural (frem fathropogenic materials,
scrap and building wastes)
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Figure 3.3 An insitu soil washing technique (Budianta et 2010)

3321 APump and treato

Y

The Apump and treato method is a widely wu
which has the potential to be usedflush out contamination by inducing desorption
from the soil media(Brusseau & Maier, 2004)In this process, water (with
appropriate adjustments) is infiltrated or pumped through the contaminated media,
then treated by a suitable treatment operatibinis process is repeated over a
determined period of time to reach the acceptable gBalsent studies show that this
technique is very successful in containing contamination plums andsévieking

them; however, it is not possible to completely remibvesubsurface contamination

by this technique, afi¢ pollution reduction ratio inevitably decreases over .tifés
technique, like the previous -situ technique, is dependent on manysiitu and
geological factors that can limit the application or midket applicable.

Water treatment unit Well system

1 7 1

fa
=

Ground water flow ——au- Contamination

Figure3.4 Insitu Apump and treato met hod (Brookt

3.4 Immobilization techniques

A large number of techniques are available which attempt to immobilize the
contamination by fixing them in the soil matrix. Tlmsmobilization can be done by
solidification-stabilization technologie$S&S), vitrification, capping, cubff walls

and insitu containmen{FRTR, 2011)
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3.4.1 Solidification and Stabilization(S&S)

S&S technologies work to chemically bind or encapsulate congarts and therefore
reduce dispersal and overall exposure. S&S techniques can be applied to remediate
sites contaminated by metals, organics and radadides. It can be done by
combining cement pozzolanic, thermoplastic or organic polymerization maleri

with the contaminated saiFRTR, 2011) S&S can be applied either by-situ or ex

situ techniques.

X Binder
Contaminated mixing
mass .

"
N

4 Binder

4;’.’ mixing

-

5

Ty

P!

Cimentic mix
Soil mix
Big Auger

Figure 3.5 Solidification and Stabilization methodology.-&iku technique to the
left and insitu technique to the right (Quickfa200Q.

3.4.2 In-situ Vitrification (ISV)

Vitrification is a process whereby graphite electrodes are planted into the ground and
heat is produced by an electric current, which burns or volatilizes any organic
compounds, melts and converts the contaminated soil into a stabtellorg solid
medium which is contained within the solid matrix. This process has a high
immobilization efficiency but is relatively expensive, enehaymgry and the cooling
process takes a long tinfleRTR, 2011)

3.4.3 Surface capping and vertical barriers (cu-off walls)

Surface capping is a technique used to cover the contaminated area by tight liners and
a thin layer of clean soil for extra protection, preventing potentially dangerous
exposure of contaminants to human and animals. Capping minimizes infiltration to
the cataminated area, eliminates contamination of surface watezolnng into
contact with the pollutant@nd removes the risk of contaminated dust spreading to the
local area, or indeed the volatilization of contaminants. This technique is a relatively
straichtforward and timeefficient method to reduce the environmental risk by
limiting the exposure pathways; however it demands continued monitoring, is rarely
successful without using other preventative methods in parallel and will restrict future
land use. Qaping techniques are most often used together with vertical impermeable
barriers known as cwdff walls. Cutoff walls are mostly built by using slurry
materials, steel sheet piling agbuting instead of the line(6RTR, 2011).
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Figure 3.6 Barrier implementation techniques for remediati@dISMUT, 2010).
3.5 Thermal vapour extraction and air sparging

Thermal vapor extraction and air sparging are-situ treatment techniques. These
methods are applied to remediate sites contaminatedolagile andsemivolatile
materials and oil remnant&ir (hot air, steam or even gases) is injected into the
contaminated zone to volatilize the contaminants which are then captured by a soll
venting system at the ground surface whiohdenses theaporfor furthertreatment

or incineration.The effectiveness of this technique is often limited bycthenneling
(whereby injected air moves in discrete channels instead of spreading evenly over the
zone) and low soil hydraulic conductivifBrusseau & Maier, 2004)

3.6 Electrokinetic methods

Electrokinetic remediation refers to the extraction of contaminants from the site by

inducing an electrical field in the ground. The process works by applying a direct

current through electrodes planted in the ground (which should betoweear

saturated). The precise technique and measures used depend on ground condition and

the type of contamination (e.g. polar or organic) and are suitable for a considerable

number of contaminants. Although electrokinetic methods are energy humgry a
comparatively expensive, they are very successful in removing contamination from

sites with low water permeability (clay and silty clay soils). These methods are
considered Agentl eo and sustainabl e wher e
environmental friendly (USEPA, 1997)

3.7 Biological remediation

Biological remediation can be defined as the use of bacteria, fungi and plants to break
down, degrade or transform toxic chemical compounds that have accumulated in the
environment. Although less widely usthan the methods previously discussed, there

has been a great deal of interest in the use-situncontaminated land remediation by

bi ol ogi cal activity recently as they are
pilot tests are showing outstandiresult§Cundy, 2009)

3.7.1 Bio-remediation

Bio-remediation is the exploitation of naturally occurringmioro gani sms 6 act i vi
treat contamination within a specific site. Elements of this microbiological activity are
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already intrinsically present ingtsoil, although working at a slower rate, and this can

be further stimulated and concentrated by adding oxygen, nutrients and further
fertilizing organisms to achieve results more quickly.-Bimediation carbe done
onsiteor can be applied on the conteared, extracted contaminations (e.g. sludge,
ash and sediment treatment). As more than 90% of hazardous chemical compounds
are bio degradable and it is a relatively cheap method of remediation, this technique
has plenty of promise and encouraging rafetseatment have been recordgthu et

al, 2004) Domestic waste and sewage water treatment is a good example of the
efficiency of these systems. However, there is a big uncertainty about the results
because these systems are live systems which are esitige and unpredictable.
Biological activity, degradation and transformation status and outcome are highly
dependent on the pollutants” characteristics, combinative effect and their
bioavailability. There is a concern about adverse higher toxic comgdoumdtion in
specific uncontrolled situations and there is a risk that these -“migemisms could
spread to other environmental systems, with unknown effects. This makes the task of
recommending and implementing bi®mediation techniques rather compted
without carrying out sitespecific, pilotscale laboratory work. The other drawback is
that bicremediation is less successful at treating metals than chemical compounds,
organics and oil remnan{Brusseau & Maier, 2004)

3.7.2 Phyto-remediation

Phytoremaliation is an innovative brand in biological remediation whereby specific
plants are sown on polluted sites to remediate contamination, both organic and
inorganic hazardous compounds. There are many available plant species that naturally
attract, accumulatand degrade toxic compounds in their tissuestatnilize and fix

them in their root regiorPhytoremediation is relatively cheap and environmentally
friendly with no significant side effects. The advantages of ubingaccumulating
plantsas a remedition technique is that organic pollutants are degraded by plant cells
and metal pollution can be removed from the site by harvesting the plants after the
metals are accumulated in the plant tissues. Stabilization techniques with their specific
plants areattractive in the sense that the contaminatstays subsurfa¢ewhich
reduces the exposure levels to wildlife and does not require any regular harvesting.
However, these stabilization techniques demand continuous monitoring and
remediation can take sewéryears and, of course, the remediation is limited to the
relatively shallow zone of the plant roofEnvironmental Management Support
1999)
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4 Environmental footprint analysis & used tools

4.1 LCA and Footprint analysis

Life-cycle analysis (LCA) is a systematic and stépe method in which the energy

and raw material consumption, different types of emissions and other factors related

to a specific activity are measureahalyzedand categorized from an environmental
perpective over the activityodos |ife cycle.
impact on the ecosyste(®AIC, 2006) LCA analysis dates back to the early 1970s,

when it was used to investigate the energy requirements for different processes; later,
emissions and raw materials inventories were added to the process to conduct
environmental footprint analyses. Nowadays, LCAs are considered to be the most
comprehensive approach to assessing environmental ilactis & Matos, 201Q)

/ Life Cycle Assessment LCA \
4 )

N\
1. Definition of _)(
Goal and Scope €
g 1 J
~ * ~ Footprint
4. Interpretation evaluation
2. Inventory of results &
Analysis LCI < Policy
\ » ) planning
T

7

3.Impact
Assessment < l
N =/

Figure 4.1 Life Cycle Assessment flowchart according to USEPA implementations.

As it is illustrated in thd=igure 4.1a b o v e ; The LCA starts with
scopingo (description of the activity). |t
is meant to see, what is to be studied, what depth and degree of accuracy is required,

and what the decision criteria will be before starting the analysis. System boundaries

for space and time as well as the functional units are set in this first phase. After the

first step, Inventory analysis (LCI) is carried out, whereby an inventory of the inputs

and outputs of all lifeycle processes is determined in terms of material and energy.

The process starts by making a process-fibart covering the events in the actiditg

life-cycle which are to be considered in the LCA, together with their interrelations. It

is followed by a collection of relevant data for each event in terms of emissions from

each stage of the process and the resources and materials used. Finallpnithse

gathered data, energy balances for each stage of the process are made.

The results from the LCI analysis are crude numbers of mass and energy balance
which are then converted to human and ecological impact factors in the impact
assessment stagelA). Within the impact assessment, various fpohting factors
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are defined by combining and weighting the impact assessment Ezases (e.g.

GHG from CQ, CH; and NO, Eutrofication, Nitrification from NOx, SOx and RO

etc emissions). There are diféat ways to define and weight environmental impacts
which have a significant effect on the results. It is important to retain the crude results
from the LCI step for better comparison and future impact calculation adaptations and
to simply use the LCIA mults. The final step in the LCA is data interpretation and
evaluation, with consideration of the boundaries of the activity. Deerming
support for a certain process, future improvements and system optimization are some
of the major evaluations thean be made he(&/SEPA, 2011)

Beyond the obvious advantages of LCA, this analysis method is under development
and there are still some drawbacks for application of this ({dolrais & Matos,
2010) including:

1 System definition and adjusting proper systesandaries for time and space
is a demanding, timeonsuming and uncertain process.

1 Itis difficult (if not possible) to define a suitable, representative functional unit
for a certain activity for each LCA

1 The inventory step usually takes a great dé&ihwe and effort and mistakes
are often in calculations.

1 Although some published data on impacts of different materials are available,
the data is often inconsistent and not directly applicable due to different goals
and scope definition and there is agel lack of solid data about all aspects
of a mater (MAlQuean)l i fe cycl e

1 There is an infinite amount of data to deal with and numerous decisions to
make within each step of LCA analysis which is bound to have an effect on
the final results.

1 Forthe Impact assessment step, there are different views on what is
environmentally acceptable and approved, and the lack of a consistent
standard here is a palpable shortcon{iMgrais & Matos, 2010)
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In order to make the analysis more acceptable and apfgidools have been

developed that instruct users through the LCA process. Since LCA ispagéc

and dependent on the system and defined goals, a number of tools have been
developed that are completely different from each other and in most casegycha

used for the specific product/activity that they have been defined for. These tools ease
the process of LCA by helping and guiding the user through the steps, proposing the
major goal and system boundaries and relevant functional units, faugithg

inventory step by introducing input data menus and minimizing the calculation errors
and finally generating presentable, comparable documental results which can be used
to support decision making.

—_— —————3> GHGs
Material

—> Energy

: —_—
Fuel and electricity - > NOx
Labor - > SOx
>
. System Boundary —> PM10
Transportation
—————> Risk

Figure 4.2 Flowchart for LCA analysis and envirorental footprint evaluation
tools

Below, two recently developed tools for LCA of remediation activities (SiteWise

and SRT) are going to be described. Their entire analysis process will be evaluated
and finally their capacity in footprint estimation, sustainability evaluation, decision
making support and data uncertainty coverage will be discussed.

These tools are feeand publicly available tools and it is possible to get the tool and
the guidance manual from the Green and Sustainable Remediation official website
(http://www.ert2.org/t2gsrportal/tools.agpx

4.2 SiteWise™ , Tool for Green & Sustainable Remediation

4.2.1 Introduction

SiteWisé"!is a tool developed for evaluating a range of remediation techniques and
comparing alternatives based on their environmental footprints, developed jointly by
the United StatedJS) Navy, United States Army Corps of Engineers (USACE) and
Battelle institute (SiteWisé™! User Guide, 2010) The toobs f i rst ver si
(SiteWisé™"!) has been available for public use since May 2010 as a tool which can
be used free of charg&iteWisé"! has an activibased approach for footprint
analysis, whereby the remediation technology/activity is separated into the individual
activities for different phases and the footprint of each activity is calculated
separately. The total footprint of éhremediation options is finally evaluated by
integrating the calculated impacts of each individual action. The data needed to model
a certain activity are:

1 Material required for the activity
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1 Transportation of the required materials/ equipment to the site
1 All site activities to be performed
1 Management of the waste produced by the activity

And calculated footprints are:

24

1 Air emissions of certain pollutants including greenhouse gas (GHG),
nitrogen oxides (NOXx), sulfur oxides (SOx) emissions, particulate matte
(PM) release

Water consumption

Energy use

Work environment safety (exposed risks from transportations and other
activities)

EJE

This activitybased method of modeling and calculation, where each phase is
discrete, allows the user to define all the actgitwithin the applied or planned
alternative without limitations, as long as tool is therefore suitable for any phase in
remediation technique selection as an aid to decision making. It can also be used
to analyze the potential or chosen remedial alteraeatt any stage in the process
(investigation, design, and the operation and/or Long Term Monitoring (LTM)
phases), making it well suited to be used as part of environmental footprinting,
ecological compensation and optimization studi8geWisé"'* User Guide

2010)
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4.2.2 Tool package and application

SiteWisé"'! is based on a Microsoft Excel platform in different excel files. The tool
package consists of six folders and an overall summary file. Each of the folders
includes six excel worksheets for modellmgemedial alternative; a worksheet for

data inputting with separate tabs for different remedial activity phases (named
SiteWise_Input_Sheet), four inventory analyses for different remedial activity phases
( referred to as calculation sheets in the usamual) and a summary worksheet. With
the tool package as the defaultgptpattern, six different comprehensive alternatives
can be modelled simultaneously. The summary results of these alternatives are then
gathered in the overall summary file for funtttemparison. Summary files for each
folder as well as the overall summary file include detailed tables of data for each
remedial phase in different tabs and have an integrated sum value chart tab for easy
comparison.

O\ D D B B B9

Remedial Remedial Remedial Remedial Remedial Remedial FinalSummary
Alternative 1 [ Alternative 2 Alternative 3 Alternative 4  Alternative S Alternative 6

4] Longterm Monitoring Site Info
B )Remedial Action Construction Remedial |nvestigation
@Remedal Action Operations . s .
E)Remedial Investigation Remedial Action Construction
4] sitewise_Input Sheet -4 Remedial Action Operations
@_]Summary . .

Long term Monitoring

Look Up Table
Look Up Table Defaults

This worksheet allows the user to define material production, transportation, equipment use, and residual handling variables for the remedial alternative
VG \WELSE] require the user to choose an input from a drop down menu

WALlCKSE S require the user to type in a value

Figure 4.3 SiteWisé" package floweart, il lustrated -based
manual.

Modeling begins by copying the tool set into the computer and completing the input
worksheet file with the available data for each alternative in its appropriate folder. It
should be noted that all masrshould be enabled before the input data are entered.
All the worksheets are interconnected by the tool, so the input values entered for each
phase of each option is used by the tool to conduct inventory analysis and the results
are presented in the sumipdiles.

4.2.3 Data requirements

The SiteWisé“"! input sheet has a very detailed data input registry for a number of
possible activitieslt is also possible to enter sépecific information by the user,

such as the amount of water consumed, site specifisseons, and risk values, in
order to cover all the esite activities. Data input sheets are the same for all different
remediation phases in the input sheet tabs. A list of the data requirements are shortly
summarized in the Figure 4.2 below.
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»Well material used in the field,
»Material and chemicals used for treatment,

*Material Production, consist of: »Construction material (concrete, gravel, etc..)

»Personnel transportation via road, air or rail

*Transportation of: , g0\ iy ment transportation via road, air, rail or water

»Earth work done by Dozer, Excavator, Loader and /or Scarper
#Drilling work
Electric usage,

*Equipment use in terms of: > Pumping operation, Pumping head
Name plate

specifications Electric usage,

Pumping head
Name plate
specifications

»Blower, compressor, mixer and other equipments
»Generators

# Agricultural equipments

~Capping equipment

»Mixing equipments

»Residue disposal

*Residual handling by: >Thermal/catalytic oxidizers
»Water consumption
»Landfill methane emissions

»Energy and water consumption
+*Other known onside activities »Emissions (CO2,N20, CH4,NOx,etc...)
»Risk in terms of injury and/or fatality

Figure 44  Input data list for SiteWisé tool.

The tool uses sets of default values and factors in the data input process to facilitate
modding. The defaults set in the tool are based on the credible sources and their
recommended generic values. All defavdlues in the tool can be changed by the
user.

For GHG emission footprint calculation, the U.S. EPA Climate Leaders Program

(Leaders 2009) which is a modification of the GHG protocol developed by the World
Resources Institute (WRI) and the World BusingSsuncil for Sustainable

Development (WBCSD) is used together with the emission factors by Argonne

Nati onal Laboratorydés GREET model, -U. S. EP
road model.

Emission factors for consumables are life cycle based with conswtecdtall energy

used and emissions released due to manufacturing of the consumable, production of
the electricity and manufacturing, production and transportation of raw materials for
manufacturing the consumable obtained from various sources proviféngytle
inventories like, the inventory provided by Nata&d Renewable Energy Laboratory
(SiteWisé™! User Guide, 2010)Energy and water consumption are based of the
available data from onsite meter readings. Traffic and transportation air emission
Inventories are mostly based on the Mobile 6 and-fdad, two computer programs
devel oped by the U.S. EPAG6s Office of Tran
calculation is based on the developed results of several organizations including
Automobile Transport Statistics, Airplane Transport Statistics, Railroad Transport
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Statistics, and Labor Statistics for both fatalities and injuries that occur during various
activities.

For more detailed information about assumption made, conducted system baundarie
for each activg and check of the default dasmurces it is possible to check the
SiteWisé"'! user manual and the related data appendixes.

4.2.4 Inventory Analysis

The SiteWisé™! inventory calculation process fallows the LCI process of LCA.

Inventory calculations inSiteWisé"! are based on the input values extracted from

the input sheet multiplied and combined by the fwroiting factors obtained from the

mentioned sources. All the used factors within the inventory process are available in a
specific tab in the inveopomwbWweshk. sAkEkt ¢
printing factors and values are editabl e b
specific available informatioriThe inventory process explanation for each and every

of the footprinting metricsis available in the user manual of tB&eWisé ™! tool. It

can be looked up by the user to see the process methodology of multiplication and

data combination process of the used sources and released emissions.

SiteWisé™! has gen Macro codes that enable needed changes and it does not luck
the cells. Open cells enable the capability of launching probabilistic analysis tools to
the tool (e.g. Crystalball, @Risk, etc). With the aid of thesesragdckages in to the
Microsoft bagd SiteWisé""! tool, it is possible to do all type of probabilistic,
uncertainty and sensitivity analysis by the tool.
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4.2.5 Results

Results of inventory analysis are transferred into the calculation sheets that make it
possible to see the environmental footpof each remedial phase. Every remedial
alternative has a summary sheet that has the same function as well.

5 DN o B o IR o B o B o B |

Remedial Remedial Remedial Remedial Remedial Remedial  FinalSummary
Alernative 1 [ Alternative 2 Alternative 3 Alternative 4 Alternative S Alternative 6

4] Longterm Monitoring
&) Remedial Action Construction
& ]Remedial Action Operations Remedial Investigation
@Remedal Investigation
] skewise _Input Sheet Remedial Action Construction
4] summary I = Remedial Action Operations
Long term Monitoring
Total
-
GHG Percent Percent ‘Water Percent S Percent Percent . Percent Percent B Percent
Activities Emissions | Total | 02/ ner9Y Used| yoia | consumption | Total |"OX Total_|5%% Total_|"M10 Total | ACGemRSK | o | AccidentBiok | rora
ton L3 MTU L3 ﬂ % metric ton % metric ton L3 metric ton % — i L3
0.00 - 0.0E+00 - NA NA NA - NA - NA - NA NA NA NA
T Personnej 0.00 - 0.0E+00 - NA NA 0.0E+00 - 0.0E+00 - 0.0E+00 - 0.0E+00 - 0.0E+00 -
Transportation-Equipmes 0.00 - 0.0E+00 - NA NA 0.0E+00 - 0.0E+00 - 0.0E+00 - 0.0E+00 - 0.0E+00
Use SndMIEa 0.00 - 0.0E+00 - 0.0E+00 0.0 0.0E+00 - 0.0E+00 - 0.0E+00 - 0.0E+00 - 0.0E+00
Residual Handling | 0.00 - 0.0E+00 - NA NA 0.0E+00 - 0.0E+00 - 0.0E+00 - 0.0E+00 - 0.0E+00 -
Total l 0.00 0.0 0.00E+00 0.0 0.00E+00 0.0 0.00E+00 0.0 0.00E+00 0.0 0.00E+00 0.0 0.00E+00 0.0 0.00E+00 0.0

Corresponding 8 excel pie charts

Figure 4.5 SiteWisé" result flowchart, an example of tools result for each of the
alternatives

The final summary file then combines all thdeled alternative inventory results.

This file has the capability to update the information of all the six remedial
alternatives in the case of any applied changes by the user through the connection of
the worksheets by the tool.

SiteWisé™! present gaphical excel charts that makes it possible to compare
different remedial alternatives on a set of consistent metrics that are goaled and
furthermore goes dawn to present the charts separately on the level of activity in every
phase of every remedial altative to determine the activities contribution to the total
remediation.
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Remedial Remedial Remedial Remedial Remedial Remedial
Alternative 1 Alternative 2 Alternative 3 Alternative 4 Alternative S Alternative 6

Remedial Investigation
Remedial Action Construction
Remedial Action Operations
Long term Monitoring

Remedial Alternative 1
Remedial Alternative 2

Remedial Alternative 6

Comparison
AND
Corresponding 8 bar excel charts
Remedial Alternatives GHG Emissions | Total energy Used Water NO, erpissions SO, Emissions | PM,, Emissions Accident Risk Accidgm Risk
metric ton MMBTU gallons metric ton metric ton metric ton Fatality Injury

Remedial Alternative 1 0.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00] 0.00E+00 0.00E+00
Remedial Alternative 2 0.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00] 0.00E+00 0.00E+00
Remedial Alternative 3 0.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Remedial Alternative 4 0.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00 0.00E+00
Remedial Alternative 5 0.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00 0.00E+00
Remedial Alternative 6 0.00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00] 0.00E+00 0.00E+00

AND

Corresponding 8 bar excel charts

Figure 4.6  SiteWis&result flowchart, an example of SiteWiéés f i nal r esul

Result documents fronsiteWisé“"! only contain footprinting metrics of the
remedy. In orderd make a proper comparison of alternatives in the decision making
process, it is crucial to consider other sustainability dimensions also. Therefore
additional economic and social analyses are needed to be conducted and then
combined with the SiteWis¥"! results in order to find the most sustainable
alternative.

4.3 Sustainable Remediation Tool (SRT)

4.3.1 Introduction

SRT is a tool developed for evaluatingmediation techniques and comparing
alternatives based on sustainability metrics and make a support on decision making
procesYUS.AFCEE 2010). It is developed by the United State Air Force Center for
Engineering and Environment (AFCEE). The tool is available for public as a free
commercial tool for anyone/party to consider sustainability in selection of remediation
technology or optimization of an existing ongoing remedy. SRT has a technology
based approach for evaluating alternatives. It estimates sustainability metrics for
specfically defined remedial technologies. These selected technologies are decided
by AFCEE as the most common technologies needed by the Air Force to remediate
contaminated sites. More remediation technologies are going to be added to the tool
by AFCEE in time. Current available technologies that can be evaluated by the tool
are listed below.

For Soil Remediation:
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1 Excavation
1 Soil VaporExtraction
M Thermal Treatment

For Groundwater Remediation:

Pump and Treat

Enhanced Bioremediation

Permeable Reactive Barrier

In Situ Chemical Oxidation

Long-term Monitoring / Monitored Natural Attenuation

= =4 4 4 4

4.3.2 Tool package and application

SRT is based on Microsoft Excel platform. Excel was decided based on the
widespread availability, familiarity and the transparency for the users.tddle

package consists of a excel worksheet with a general input screen, screens for
inputting data for different remediation techniques for doing inventory calculations
(named as technology screens), ,result screens named as Output screen and one
referene tab for the used default valug$S.AFCEE, 201Q)SRT is structured using

anal ytical Ati erso si mil eBasedtCorredtiveéictioni er e d
(RBCA) Tool Kit (GSI, 2010) Two tiers are available fonodelinga remedy.

1 Tier-1; Thesimpler tier; consider more default values adapted from finished
projects. Although a more generic approach and rules of thumb consideration
is adapted within tirel analysis, makes it possible to do a fast and simple
evaluation of a remedy at an earlyggavith no sufficient data available.

1 Tier-2; Analysis has a more site specific approach compared to the simple tire.
It is possible to put more site specific values instead of the default values
considered. It is possible to shift from a simple tielymigto a more site
specific situation by simply modifying and enterisgywhere between 102
and 574 inpuvariables, of the default values used by the tool, if more
exclusive data is available.

The modeling process is well illustrated and guided thrabghanalyzingprocess,

from tab to tab. After defining the name of the project in the basic input screen
process starts by filling in input data tabs for specific goaled remedy; it continues to
the inventory analysis with transparent calculations andlyimaiblishes the results

on the results tab for each technology. SRT calculates design elements and materials
and consumables needed for each major component based on the rules of thumb or
algorithms, allowing the user to adjust the values, and then cahgdgtals into the

output metrics calculations. There is adequate help and guidance available for the user
in the tools screen to input correct values and see the concept behind the inventory
processes. Tool has a detailed user manual also that madassiitle to the user to

get more information about the process, assumptions made and values used in the case
of interest.
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4.3.3 Data requirements

Based on the contaminated media, the selected remedial technology and the required
input data can be different. $m both cases within this thesis study have soll
contamination by various volatile and neolatile (heavy metals) pollutants, only the

data requirements for excavation of soil remedy as well asvapibr extraction
technique are presented in this sectibor modeling other remedial technologies
available in the tool, it is possible to get the data requirement list from the user
manual. For environmental footprint analysis of excavation techniques, the following
data are needed:

1 Personnel transport (distees and number of trips)
Amount of the solil that needs to be excavated

The siteds surface area
Dump landfill and clean soil source distances to the site
Truck size for carrying the contaminated and clean soil

Other known project metrics (cost, energy,@@issions, lost working hours
and injury risk ) to put directly in to consideration

=A =4 -4 -4 4

For environmental footprint analysis of SVE, the following data are required:

Personnel transport (distances and number of trips)

Amount of the soil that needs to treated

Maximum and typical contamination concentration

Filter type

Applied technical type and temperature and

Other known project metrics (cost, energy, @missions and risk) to put
directly in to consideration

= =4 4 4 4 2

To do a full sustainability analysis, cadering the economical perspective and
natural resource attenuation, the following information is also required:

1 Fuel prices
1 Land price
1 Technology and Landlling costs

4.3.4 Inventory Analysis

After entry of basic site data in the Input screen and fillingloeifTechnology screens
which contain design and materials and consumables sections, intermediate
calculations with LCA approached algorithms are done. Used factors for generating
mass and energy balances within the considered boundaries are based aifathle av
trusted source information together with the expert judgment assumptions. Most of
the assumed factors are editable by the user in the case of specific available
information. Calculated sustainability metrics are carbon emissions, economic cost,
eneggy consumption, safety / accident risk and change in resource service from the
evaluated media. These metrics are presented in the output screen as crude metrics.

The SRT worksheet is locked by the developers. This prohibits the possibility of
including probabilistic analysis using e.g. Crystalball, @Risk, or other-iadd
softwares. Therefore it is not possible to do probabilistic, uncertainty and sensitivity
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analysis. Obtaining the required codes for enabling such analyses could possibly be
negotiated byhe developers.

4.3.5 Results

SRT has the capacity of combining calculated crude non normalized inventory results
in their specific units into a single normalized monetary metric by using convention
factors. This normalizing approach brings up the opporturfitgumming multi
dimensional sustainability factors in to a singular number that can be used to represent
the remedies environmental and economic burden by the tool. It is possible to do
sensitivity analysis by SRT considering future hypothetical energjushgrices.

ﬂIICDA for Soil remediation\

* Normalized cost based analysis
» 5 Stockholders

Main Screen

« Site information
» Contaminated
media type

* GHG emission weighting
» Total energy weighting
» Total cost weighting

Input Screen

+ Site-specific media data k

Design Screen

* Remedy design
technology data

Sensitivity analysis
 Future energy Scenario Output Screen
* Future Fuel Scenario
k *Calculated footprints

Figure 47  Flowchart showing the implementation and results of the Sustainable
Remediation Tool (SRT).

SRT has two additional innovative features also. It is possible to make a scenario
planning with changed energy and carbon emission offset prices. It can be used to
evaluate the sensitivity of ttenalyzedechnology to these metrics. SRT has a virtual
meding room (screen), where different decisimaker scan weigh the importance of
different sustainability metrics. This virtual weighting of different aspect of
sustainability metrics by the different involved stakeholders brings up the opportunity
of makirg a limited Multi Criteria Decision Analysis (MCDA).based decision making

is the preferred method for sustainability evaluation of an activity.
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5 Modeling
5.1 Introduction

In this chapter, all the modeled remediation alternatives for both the contaminated
sites are presented with descriptions of their LCA system boundariespesdiic
conditions and information and technology implementations.

5.2 BohusVarv Remediation Project

Twelve scenarios for the Bohi¥arv remediation project are modeled based on three
major remedial technologies. i. Excavation and landfilling, i-s#d, onsite soil
washing and iiistabilizationand solidification technologies were chosen as the most
appropriate techniques for the site based on thesgéeific characteristics, budue

to time restrictions and the relative depth of the contamination in the ground, neither
phyto- nor bioremediation was considered effective. Electrokinetic methods were also
rejected due to the features of the soil, which was made up of sand andwgtiavel
relatively high permeability.  ksitu soil washing by water pumping was also
rejected, because of the site’s proximity to the Gétadlv and the associated risks of
leakage and spread of the contamination. Finalhgitun encasing soil washing was
excluded due to anthropogenic materials present in the ground.

Ten scenarios are modeled using 8ieeWisé™* tool, but it was not possible to
generate more than two scenarios with full excavation and truck transportation using
the SRT tool, since it canh model other chosen remedial technologies, e.g. Soil
washing.

The investigation and sedlampling stage foSiteWisé""! analyses is modeled

according to the available sampling data and risk analysis reports. It is presumed that
al0shorttomequi pment transporto was needed to
results are reported as Ainvestigation St a

To calculate the footprint made by personnel transportatiogifewisé"* models,

COWI daily reports of ongoingemediation activity are used and assumed to be the
same for all ot her remediation technol og
transportationo in the results. An addit
assumed for all technologies fibre siteestablishment stage 8iteWisé"! models.

For all the modeled scenarios BjteWisé“!, an internal site work of leachater

treatment and pumping, together with the site shoreline stabilization by metal sheet
piling is considered. Site esibishment together with the aforementionedsite
activities are reported together as @Ar emed
transportation of mass at and around the excavation site before it is taken to landfill is

included in theSiteWisd“"* models.

5.2.1 Scenarios 1 and 2

These two scenarios involve excavation and transfer of the contaminated mass by
truck. The amount of soil mass needed to be excavated and landfilled is taken from
site-specific reports. Scenarib is a full excavation remedyyblandfilling the
contaminated mass into the Sita centre at Mariestadilit8betersfrom BohusVarv.
Scenarie2 is the same remedial activity but landfilling in Ragnsell facility which is
situated at Varnerborg, 82kilometersfrom the site.

i e
i o
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Excavationand transportation of clean soil to make way for the contaminated mass
are taken into consideration. A generic soll fluff factor equal to 1.3 was considered for
the insitu volumes in order to calculate transportable volumes for both SRT and
SiteWisé"'! models. System boundaries are set to be restricted to the remedial
activity footprints of the site itself, and the long term landfilling operations as well as
long term activity in the clean soil sources are excluded because of the independent
nature of tle activities at those sites.

System boundaries for scenaribsaand Scenari@ as well as the remediation stage
activities (excluding personnel transportation, the investigation stage and remedial
construction) are illustrated in Figure 5.1 below.

*Investigation stage
*Construction stage
*Excavation stage
*Mass transisions
*Mass transportations |

Figure5.1 Flowchart for Scenarios 1 & 2. The green/blue legend indicates the
stages that can be analyzed by SiteWisad SRT.

All the values used for modeling these scenarios with both tools can be found in
Appendix 1.

5.2.2 Scenarios 3 and 4

Scenarios3 and Scenarid are excavation scenarios and are modeled with the same
characteristics as scenarios 1 and 2, except that in Sc8pdhe contaminated soil
mass is transported by train to the SAKAB center and in Scefatitze mass is
transpoted by boat toLanggyaisland to the Noah institute. For the train
transportation scenario, it is understood that a 300 metric ton cargo capacity train can
be used and fooprinting metrics for train transportation are adjusted in the
SiteWisé™"* tool for Swedish electricityFor ship transportatiorwo sets of analysis

were performedThe first analysisvas performed with SiteWiS¥"! default ship
cargeimpact valuesA 2000 metric torship cargo capacityvas consideredA second

round of ship trangptation analysiswas decided to be necessadye to a large
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uncertainty of theSiteWisé™"! impact valuedreferenceor NOx, SOx and PM10 on
ship cargo transportatioand because of the fact that results obtained from the first
roundwere considerednrealistic with respect t8Ox, NOx and PM1@missionsFor

the second analysiship cargo impact valuesere calculated based on the factors
recommended byhe Svenska Miljo Emissions Data (SMEDgport for ships in
Scandinavig SMED, 2004) For this pupose, a typical medium size ship at relevant
speed wasssumed to transport the saitd the cargaveight influenceon the fuel
consumption rate was neglectedll the ship cargo impact valuesor ship
transportation with their assumptions and calculasiteps are presented in Appendix
16.

System boundaries for ScenaBicand Scenarid as well as the remediation stage
activities (excluding personnel transportation, the investigation stage and remedial
construction) are illustrated in Figure 5.2 below.

*Investigation stage
*Construction Stage
SRT—>| *Excaviation stage
*Mass transisions
*Mass transportations

Figure 5.2 Flowchart for Scenario 4. The green/blue legend indicates the stages
that can be analyzed by SiteWland SRT.

All the values used for modeling these scenarios Sii\Wise™ tool can be found in
Appendix 2.

5.2.3 Scenariob

Scenarieb is defined as a partial removal and excavation remedy. For this remedial
scenario, a 0-8.7 meter surface soil layer excavation and landfill is considered. The
process is modeled in a similar manner to earlier scenarios with minor relevant
adjustments to soil mass, the onsite additional activities and materials needed. The
Investigation stages as well as the personnel transport stages are repeated for this
scenario. For mass transportation, the reduced mass is transported to the Sita centre,
Ragnsell, the SAKAB and Noah facilities accordingly.
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All the values used for modeling these scenarios &itb\Wisé "-* tool can be found
in Appendix 3.

5.2.4 Scenario 6

Scenarie6 is an exsitu, onsite soil washing remedy. For this scenario, the
investigationstage, orsite additional activity as well as the excavation and internal
loading and mass transfer are directly adopted as in previous activities. Instead of a
total mass transportation, a 10 percent soil change, to be replaced after the washing
process ad landfilling the same amount, is assumed. An onsite generic soil washing
system, adaptable to available soil washing systems in Sweden (e.g. S8liTech
Companyd6s presented data) is considered.
mass is removednd the processed mass is then sieved and the gravel portion is
separated and rinsed. The remaining finer portion is mixed with water in large mixers
and the sand part is extracted and rinsed, leaving contaminated slurry, whieh is de
watered and sent toridfill.

System boundaries for Scenaioas well as the remediation stage activities
(excluding personnel transportation, the investigation stage and remedial construction)
are illustrated in Figures 5.3 and 5.4 below.

SAKAB: 290 km

800 m

{
Sita :185 km o JORM
>
Ragnsell: 83 km

o _ \ .
* =i )
R N2,

NOAH: 310 km

*Investigation stage
*Construction stage

SRT —>| *Excavation stage |

*Mass transisions

SOilTBCll—>I :Soil washing and .sievingl

Figure 5.3 Flowchart for Scenarie6. The greemlue legend indicates stages that
can be analyzed by SiteWi¥eand SRT. Browtegendindicates data
source for soil washing.
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Figure 5.4 Magnification of the soil washing process from Figure5.3.

All the values used for modeling these scenario groups Sit#Wisé"'* tool are
available in Appendix 4.

5.2.5 Scenario 7

For this scenario, the S&S containment method is modelled. Cement has been chosen
as the binder and solidifier agent for the procesh wisoil/ cement ratio of 0.175 as
recommendedlespers& Ryan, 1992)

The same Investigation stage is considered for the scenario as well as personnel
transport. However, for esite additional activity, relevant adaptations are made. To
avoid triggering a landslide during the S&S activity, shetabilizing by sheet piling

is still considered. Neither excavation nor leach water treatment was considered and
cement was transported atfgnmixed with soil by huge augers-situ.

System boundaries for Scenarfioas well as the remediation stage activities
(excluding personndtansportation, the investigation stage and remedial construction)
are illustrated in Figure 5.5 below.
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20 km

r
v

*Investigation stage
*Construction Stage
*Operation stage
*Cement transportation

Figure 5.5 BohusVarv S&S techniques modeling flowchart.

All the values used for modeling these scenario groups with both tools are available in
Appendix 5.

5.3 Hexion Remediation Project

Hexion’s remediation project is modeled in two phases based on four major remedial
technologies. Phase one includes eleven models of six different scenarios (8
SiteWisé™* models and 3 SRT modelg)hase two includeshiee SiteWisé“"-*

models of three different scenarios. Similar to the BohusVarv project, excavation and
landfilling, exsitu, onsite soil washing and solidification were chosen as the most
appropriate technologies to be used, but additionallgpmrextraction technology is
included, appropriate to sispecific characteristics. (In total fourteen models)
Modeling of the first phase isode with data taken from Hect or 6 s Mast er
work to facilitate a standard comparison and a clear evaluation of the results. For the
second phase, all available data, regardless of the remedial process in question, is used
for modeling.

Phyto and bioremediation scenarios wanot considered for the site because of the
strict time limitations, imminent plans for development and relatively deep
contamination presence in the ground. Electrokinetic methods were not considered
proper for the site due to its geology (permeable saddgravel). Irsitu soil washing

by water pumping was not adopted due to the deep granular deposits and the risks of
contamination spread and leakage into deep layers and the adjacent strsium. In
encasing washing was not considered as there was peyrmable bottom layer for

the case to be positioned on.
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As discussed earlier, SRT only models excavation and transportation by truck and
vapor extractionamong other techniqueso three SRT models have been generated
(Two excavation & truck transport rdels and ongaporextraction model).

Data for the investigation and ssimpling stages f@iteWisé"-! models are taken

from avail able sampling results and risk a
transporto i s cons.itpriats ef dhis Stage aré tepoded ast a g e .
Al nvestigation Stageo in the results.

To calculate the footprint made by personnel transportatiogifewisé"* models,

generic values were adopted based on those available from the Batwsite and

presenteda fis hivgati on Stageod in the results. T
models as wellAn additional 20 short ton road cargo transportation is assumed for all
technologies for the sitestablishment stage @iteWisé""' models. For all the

modeled scearios bySiteWisé""!, an internal site work of leaaliater treatment is

considered. Site establishment together with the aforementiorste iactivities are
reported together as ARemedi al constructio
of mass aand around the excavation site before it is taken to landfill is included in

the SiteWisé ™! models.

For water purificationthe specific CFOat the site which wasonstructedor waste

water purification was considered. It ithe capacity of treatg 391/s of waterflow

from the site. This CSO treats leach water using lamella plates and a sand bed filter to
separate particles, an oil separator for volatile contaminants and an actiadied

filter for maximizing purification proces3 his CSO syt&m is connected to the inner
wastewater system that purifies the flow |
stormwater system. The system functions by gravitational forces and no pumping is

included in the assessmeMagnussor& Norin, 2008)

5.3.1 Phase one

For this phase, 49 000 metric tons out of a total 90 000 metric tazentdminated

mass was estimated to have been excavated, which was considered necessary to allow
for the new construction. 69% of this is the anthropologic mass generatethafte
demolition of existing buildings and categorized as-si@vable portion, 35% of

which was thought to be reusable within the site and the rest needed to be landfilled.

Figure 5.6 below demonstrates the excavation plan.

Total Mass
49,000 ton
Building Demolishing
34,000 ton

/\

Reusable in the Site Anthropogenic Waste
22,000 ton 12,000 ton

Contammated Soil
15 000 ton

Cleanable portlcm Contammated Waste
6,500 ton 9,500 ton

Figure 5.6 Excavation and landfiling plan for Hexion site, used in Phase
1modeling.
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5.3.1.1 Scenarios 1 and 2

These two scenarios involve excavation and transportation of contaminated mass by

truck. The amount of soil mass needed to be excavated and filled is estimaigd bas

on Johanna Hect or 0 slisMdull éxeavation remesly, whereb§c enar i
the contaminated mass was landfilled at RagnsellHeljestorpkitb®fetersfrom the

site. Scenari? is the same remedial activity, but the mass was landfilled at the

Kik astippen facility, situated just twdlometersaway from the site.

In opposition to previous scenarios, the excavation and transportation of clean soil to
make way for contaminated mass are not taken into account here, as mass excavation
was necessary vator without remedial activity. A generic soil fluff factor equal to

1.3 was considered for the-gitu volumes in order to calculate transportable volumes

for both SRT anditeWisé™'! models. System boundaries are set to be restricted to
the remedial aovity footprints of the site itself, and the long term landfilling
operations are excluded because of the indepemdd¢ute of the activities at the

sites.

This scenariobd6s boundaries as well as the
personnetransportation and the investigation stage) are illtediran Figure 5.7. All

the values used for modeling these scenario groups with both tools are available in
Appendix6 and Appendix 15.

*Investigation stage
*Construction Stage

SRT < *Excavation stage |

*Mass transisions
*Mass Transportations |

Figure 5.7 Flowchart for scenarios 1 and 2. The green/bluestejindicates the
stages that can be analyzed by SiteWised SRT.

5.3.1.2 Scenarios 3 and 4

Scenarios3 and Scenarid are excavation scenarios and have nearly the same
characteristics as Scenafip except for the fact that in Scenadipthe excavated
contamnated mass is transported by boaté&mggyalsland to the Noah institute 270
kilometersfrom the port, and in ScenafR) the contaminated mass is transported by
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train to the SAKABcenter 265kilometersfrom the site. For the train transportation
scenaio, it is understood that a 300 metric ton cargo capacity train can be used and
foot printing metrics for train transportation are adjusted in$iteWisé""* tool for
Swedish electricity

For ship transportation, two sets of analysis were perforifieel.first analysis was
performed with SiteWisé"-* default shipcargeimpact values. A 2000 metric ton

ship cargo capacity was considered. A second round of ship transportation analysis
was decided to be necessary due to a large uncertainty of the 8fféWisnpact
valuesd reference for NOx, SOx and PM1O
of the fact that results obtained from the first round were considered unrealistic with
respect to SOx, NOx and PM10 emissions. For the second analysis, gjoifpntaact

values were calculated based on the factors recommended by the Svenska Milj6
Emissions Data (SMED) report for ships in Scandinavia (SMED, 2004). For this
purpose, a typical medium size ship at relevant speed was assumed to transport the
soil andthe cargo weight influence on the fuel consumption rate was neglected. All
the ship-cargeimpact values for ship transportation with their assumptions and
calculation steps are presented in Appendix 16.

It should also be noted that, for thanggyacase, mterconnecting truck transportation
of 21 kilometersfrom the site to the shipping port is also included.

The scenariobs system boundaries as we l
(excluding personnel transportation and the investigation stage) as&raiéd in
Figures 5.8 and 5.9.

800 m

(—),m(

9.

SAKAB: 265 km

5002‘ o
— % *Investigation stage
. *Construction stage
' SRT —>| *Excavation stage

*Mass transisions
*Mass Transportations

Figure 5.8 Flowchart for Scenarie8. The green/blue legend indicates the stages
that can be analyzed by SiteWlSand SRT.
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iiig ‘ NOAH: 270 km %

21.1 km

*Investigation stage
*Construction Stage

SRT 7—>{ *Excavation stage |

*Mass transisions

Figure 5.9 Flowchart for Scenarigl. The green/blue legend indieatthe stages
that can beanaly®d by SiteWis& and SRT.

All the values used for modeling these scenario groups with both tools are available in
Appendix 7.

5.3.1.3 Scenario 5

Soil vapor extraction for the Hexiasite is considered crucial to prevent health risks

due to exposure to volatile contaminants after the construction period. Volatile
contaminants can seep through the pores of concrete foundations and endanger
peopl ebs health. | nlatilé ¢ostaminants #&omahe site,xhter act i n
remaining contamination would be composed of heavy metal lead in some restricted
portions of the site. This contamination can be isolated by future construction its

spread can be prohibited by limiting water infitioa to the ground.

For soil vapor extraction, avail able dat a
applied for footprint analysis.

Long term monitoring stage with wastewater treatment of 20 yearsa@rthuous
sampling is considered.

The s c e n ar booriaries 2y wdll eam the remediation stage activities
(excluding personnel transportation and the investigation stage) are illustrated in
Figure 5.D.
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800 m

4
SAKAB: 265 km ﬁ& E' -

*Investigation stage
*Construction Stage

SRT Y:: «Operation stage (extraction) |
*Excavation |
*Mass transport

Figure 5.0 Flowchart for vapour extraction implementation. The green/blue legend
indicates the stagp that can be analyzed by SiteVWfsend SRT.

All the values used famodelingthese scenario groups with both tools are available in
Appendix8 and Appendix 15.

5.3.1.4 Scenario6

Scenarieb is an exsitu, onsite soil washing remedy. For this scenario, theeation

phase as well as short distance mass transportation are included as in previous
scenarios. According to the available data, it is understood that 57% of sievable soil
massneeded to be landfilled and decided to be transferred to SAKAB. same

ongte generic soil washing process, adaptable to available soil washing systems in
Sweden, is included.

This scenariods boundaries as wel/l as
personnel transportation and the investigation stage) are illusinatéglire 5.11. The
soil washing process is illustrated separately in Figure 5.12

44

t

CHALMERS, Civil and Environmental Engineering Ma st e RBAEB0 Thesi s

h e



e x
Pﬂ,% oS B

/ 7/ (T3 Ragnsell : 100 km

NOAH 270 km

*Investigation stage
*Construction Stage

SRT ——>| *Excavation stage

'Mass transisions

S0llT€Cll—>| *Soil washmg and smvmﬂ-

Figure 5.11 Flowchart for Scenarib. The green/blue legend indicates the stages
that can be analyzed by SiteWld@nd SRTDoted legend indicates
partial possibility. Brown legend indicates adapted soil washing
metricsd source.

Figure 512 Magnification of the soil washing process from FigGr#l.
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