CARDIFF

UNIVERSITY

PRIFYSGOL

CAFRDY[S>

Environmental Management of the Waste

Stream with Specific Reference to Marine
Oil Spills

Joe Green

January 2010

Submitted for the degree of Ph.D.



UMI Number: U585393

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U585393
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Abstract:

Development and expansion of renewable energy generation is one of the highest
political and environmental priorities facing today’s Governments. Due to increased
demand for green technology, the range of options for generating clean energy has
expanded. In the case of energy generation from waste sources, it has been further
fuelled by increasing pressure for environmentally benign waste disposal systems,
burgeoning waste volumes and concerns over secondary pollution from disposed waste.
An industry that is integral to energy production, and has a high profile in terms of
environmental protection and pollution remediation, is oil spill response. There is scope
for expanding the environmental management of the oil spill response industry to
incorporate using waste oil from spill incidents as a source of fuel. In order for potential
markets (in terms of environmental protection, waste management and energy
generation) to be exploited, the necessary range of education and training demands must
be established, developed and delivered. Education and training from grass roots to
strategic management and Government levels are essential aspects in establishing the
knowledge base, compliance, maintaining standards and ongoing development.

This thesis examines the integration of the management of the waste stream, energy
generation from waste and focuses specifically on the disposal of oil spill waste. The
outputs of the research fall into two categories. (i) A series of laboratory and ex-situ field
trials to quantify the potential of oil from marine spill incidents as a fuel source, to
evaluate the effectiveness of pixel analysis as a mechanism to monitor the efficacy of oil
spill response technologies, and to record the percentage recovery of oil and sorbent from
the environment as a measure of clean up effectiveness. (ii) To examine the role and
impact of education and training initiatives in disseminating scientific, technical and
legislative material on bioremediation of marine oil spills.

The research demonstrated that there are sufficient levels of carbon present in range of
compounds of oils and sorbents from marine oil spill incidents to be utilised as fuel.
Pixel analysis was established as an effective technique, oil and sorbent compound
dependent, to quantify the extent to which oil had been removed from the environment.
Percentage recovery was deemed a value-added data set to analyse the effectiveness of
sorbents at recovering oils with varying viscosities. In terms of education and training,
feedback from distance learning initiatives specifically developed for the research
pathway, including undergraduate modules, and workshops and training courses for
professionals and industry was analysed and integrated into the distance learning material
on bioremediation. The positive nature of the feedback and subsequent suggestions for
expanding the courses from all target audiences, demonstrated their impact, importance
and effectiveness within the scope of the environmental management process. These
recommendations contributed to the development and design of the bioremediation
research.
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1 Chapter One

1.1 Introduction

This chapter introduces the scope of the thesis which is based around the integration
of the management of the waste stream and the generation of energy from waste, with
specific reference to waste from marine oil spill incidents. The principles and
definitions used in the research pathway are stated, and the need for such research in
the field is justified. The research aims and objectives are presented followed by the
structure of the thesis.

The primary research outputs are:

e A conceptual analysis and summary of the waste management and energy
from waste industries to provide the framework for the research into the
management of oily waste from marine spills.

e A series of laboratory experiments and ex-situ field trials to determine the
feasibility of using oil spill waste as fuel, and to trial a novel application of
pixel analysis to quantify the efficacy of oil spill sorbents.

e An investigation into the role of education and training in the dissemination of
related scientific and technical material, and the development and delivery of
Distance Learning Modules (DLM).

The development of the research pathway was achieved through conceptual

integration of the research areas.

Waste management is a wide field in terms of the range and scope of operational
activities and their associated research requirements. The logistics of waste
production, transport, treatment and disposal, legislation and regulation, are all
established research areas. This research focuses on the utilisation of the waste
product from marine oil spill incidents as one facet of waste management. Within the

scope of managing the end of product of waste management, challenges facing the



industry include pressure on disposal systems, increasing waste volumes, the

environmental imperative and bﬁrgeoning legislation.

A factor that can contribute to the alleviation of such pressures is that of the utilisation
of waste products as sources of fuel. The integration of energy demands and waste
production is an established yet topical subject. The papers of Bebar L (2005), Chaya
W (2006) and Murphy JD (2004) discuss options for the use of a range of waste
products as fuel. It can be said that priority areas in some current political agendas are
high crude oil prices, climate change, increasing public awareness and increasing
waste volumes. Considering these factors, research into waste reduction and energy
production from waste oil is timely. The benefits of waste as fuel include the
potential to reduce waste volumes, the production of a profitable end product, a

cleaner environment, reduction of energy costs and a reduced reliance on fossil fuels.

An area of limited research in terms of the integration of waste management, energy
production and the environment was identified in marine oil spill response. The
research considered the options for clean up of marine oil spills, the logistics of
managing a response and the potential of the waste oil. The paper of Otay E 2000
identified the calorific value of waste oil from a spill incident (Otay E 2000).
However, the utilisation of waste oil as fuel has been subject to relatively few research
programmes. This was identified as an opportunity to integrate further the concepts
of waste management and energy from a novel perspective. For the sake of the
research in this thesis, waste oil from marine spill incidents is not considered to be a
source of renewable fuel, more a value added stage in the logistic chain of waste

management and oil spill response.

If the concept of implementing these technologies at operational level is considered,
an issue that has challenged at all geographical and political levels is that of the
transition from legislation and policy to functional implementation and operation
(Jordan A 1998). One of the most cost effective and efficient tools for dissemination
of technical and legislative material is education and training (Vastag G 1996). It can
be argued that effective implementation at an operational level is a substantive aspect
of environmental management. During the period of research, the author was

personally responsible for the design, execution and reporting of selected components
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of research activity dedicated to dissemination and promulgation of waste
management methodologies in support of current EC research programmes. This was
achieved through design and delivery of education and training material specific to
waste management, energy from waste and oil spill response in selected countries in
the Far East. The skills acquired directly contributed to the development of the
Distance Learning material in chapter five of the thesis. (Green J 2005, Green J 2006,
Green J 2006 (1), Green J 2008, BiWaRE Handbook 2005, BIOREM Handbook
2006, SACODI Handbook 2007, http://www.protekt.hs-bremen.de (1))

1.2 Research aims and objectives

Aim One:

To establish the conceptual structure of the waste management and energy from waste

industries.

Objectives:
e To establish current operational and technical concepts, and legislative
structure of the waste management and energy from waste industries

e To provide the framework for the research into the management of oily waste

Aim Two:

To investigate the potential of waste oil-sorbent compounds from oil spill incidents as

sources of fuel

Objectives:
e To quantify the percentage carbon in samples of oil and biodegradable
sorbents.

e To compare data sets for data collected in laboratory conditions and ex-situ
field trials.
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Aim Three:

To examine the efficacy of a range of biodegradable sorbents commercially available

for oil spill response

Objectives:
e To assess the efficacy of pixel analysis as a technique to quantify oil removal
from a range of substrata after sorbent application.
e To quantify the success of oil spill sorbents using pixel analysis
e To use percentage recovery of sorbent as a technique with which to quantify

the efficacy of a range of sorbents.

Aim Four:

To evaluate the role of DLM in the transfer of knowledge and expertise in the production

and management of energy from oily waste.

Objectives:
e To investigate the validity of distance learning in disseminating information
on waste management and energy from waste.
~® To design and construct, deliver and appraise a Distance Learning Model in

bioremediation of marine oil spills.

13 Structure of thesis

Chapter two presents and interprets the key concepts and framework of waste
management and energy from waste; and progresses to a focus on oil spill
management. The conceptual basis of waste and energy from waste are discussed and
legislation and policy are deatailed as drivers for compliance. This leads to a section

on marine oil Spill incidents which includes key considerations in the delivery of an
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oil spill response program. This is followed by an overview of the impact of
education and training in disseminating scientific and technical detail on waste and
energy generation specific to oil. The chapter concludes by outlining the research

pathway and detailing the research methodology.

Chapter three discusses the options for the clean up in marine oil spill response
operations. Major spill incidents that have changed oil spill response practice are
discussed prior to flagging the fate of oil in marine spills. The impacts of oil in the
environment and the most effective mechanisms to manage spilled oil are examined
followed by a focus on disposal of oily waste. The chapter concludes with a study
into the implementation of bioremediation studies in Vietnam through education and
training. The Volgoneft 248 spill is discussed as an example of a spill incident where

the calorific value of the waste oil was used as an indicator of response success.

Chapter four contains the laboratory and ex-situ field trials research. The research
focused on the value of waste oil as fuel using pixel analysis to quantify the efficacy
of sorbents. The chapter contains the concept of research, details of the materials and
products used, the preliminary data collection and feasibility research, the
methodology, results of the laboratory and field research, discussion and analysis, and

conclusions and recommendations

Chapter five is a study into the role of education and training in disseminating
scientific and technical material to specific target groups. The chapter begins with a
brief introduction to the role of education and training. The core of the chapter is
composed of a trialled example of a distance learning model developed and designed
by the author on bioremediation of marine oil spills. The research into education and
training was designed as a functional output of the research pathway and a synthesis

of the research objectives.

Chapter six draws the research themes and primary data collection results and analysis

together. The major conclusions of the research are flagged and discussed.
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2 Chapter Two: Environmental Management and

the Waste Stream

2.1 Introduction:

This chapter addresses the philosophical and conceptual structure of the thesis - the
integration of oil spill response into waste management and energy production, as one
facet of the environmental management process. Specifically, the research focuses
on the disposal of associated residues of oil spills as one aspect of the ‘cradle to
grave’ process of waste management.

This chapter is composed of the following sections: An introduction to the key
concepts and framework of waste management and energy from waste; and a focus on
oil spill management including the fate of 0il in marine spills, environment specific
response to incidents, and the disposal and wider use of oil spill waste. This is
followed by an overview of the impact of education and training in disseminating
scientific and technical detail on waste and energy generation specific to oil. The
chapter conéludes by outlining the research pathway and detailing the research
methodology.

2.2 Waste Management and Energy from Waste:

The management of the waste stream is an international industry as demonstrated by
the Basel Convention on Trans-boundary Movement of Hazardous Wastes and their

Disposal (http://www.basel.int (4)). The Convention came about as a result of

increasing amounts of waste, higher disposal costs, and tighter environmental
regulations. These factors resulted in an increase in shipping vessels known as “toxic
traders” transporting hazardous cargo to countries with less stringent legislation and
cheaper disposal options.

Waste legislation is a driver for compliance and regulation through the development
of protocols, selection of appropriate options and the adoption of best practices.

Major initiatives on legislation and policy have established the framework within
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which waste management needs to operate. The technical options to manage the
waste stream are well established and include a diverse range of biological, chemical
and physical treatment options. One option to alleviate the issue of growing waste
amounts is the utilisation of waste as an energy source. It can be said that the
combination of pressure on fossil fuel reserves and environmental concerns regarding
carbon emissions have contributed to the development of options for utilising waste
products as fuel. Advantages of this process include waste volume reduction, a
positive energy yield and a profitable end product. The production of energy from
waste incineration in compliance with EU standards may be considered in some cases
to be a relatively low risk, environmentally benign method of recycling waste. It can
lead to the recovery of 500 kWh, per ton of waste (Porteous A 2005). In other
examples, it may be considered to be extremely controversial in terms of emissions
and overall impact. Research by Upreti B (2004) suggested that key issues regarding
the location of energy from waste and in particular biomass power plants in the UK
included: plant location, emissions, odour, public health and accidents (Upreti B
2004). There are a range of challenges, both legislative and technical, involved in
exploiting the potential of energy from waste. In some Western countries, one driver
for the utilisation of waste is the increasing pressure on disposal and storage systems
(King AM 2005). In economies with less advanced waste management legislation,
similar pressures may exist but the issue may be a lack of technology and enforcement
of efficient disposal. (BiWaRE Handbook 2005).

The research considered the multi-disciplinary natures of waste management and
energy from waste, this provided the structural context for justification into the

research into energy generation from oil spill waste.

Oil spill waste was selected as a specialist area of research in order to examine both
the use of waste oil and sorbents from spill incidents as fuel, and the role of distance
learning in promulgating best practice. Oil is one of the driving forces behind world
economic growth. It is used to power homes, businesses, industry and transport. Its
influence can be emphasized by fluctuations in stock markets and the political
instability in oil rich-countries affecting the price of crude oil on a daily basis
(Hallcock JL 2004). In 2002, global consumption of oil was 75 million barrels a day,
by 2010 even with moderate levels of development predicted, that is expected to rise
to 90 million barrels per day (IPIECA 2002). There has been a recent drive to find
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alternative sources of fuel, due partly to concern over global oil supplies and also by
an increasing concern over greénhouse gases, and the impact that the oil industry is
having on global warming (Moore TG 2008). These factors have been exacerbated
through the impact of the global recession and uncertainty regarding predicted
recovery times. It can be argued that from the perspective of energy from waste
generation, a long term perspective is required regarding global energy supply,

demand and inherent security of fuel sources.

As the rate of oil consumption has increased, so has demand, and transportation rates
have also shown volatility. 60% of the World’s oil is transported by sea (Burgherr P
2007) and despite substantive transportation developments in the last twenty years,
accidental spillages are still a threat. Statistics from ITOPF (The International Tanker
Owner Pollution Federation) state that 1,138,000 tons of oil was spilled in recorded
accidents worldwide in the 1990’s. Figures for the current decade show that 192,000
tons have been spilled thus far (http://www.itopf.com (2)). In light of these statistics,
the research acknowledged that as a percentage of the oil spilled into the sea per
annum, the contribution of large scale spillage is small. It is estimated that 5% of the
oil that enters the oceans every year comes from major spill incidents
http://response.restoration.noaa.gov (1).

A significant role of the environmental management oil spills, regardless of the
treatment techniques used, is the organisation of the disposal of oily waste. After the
~ Sea Empress incident off Milford Haven, Wales in 1996, 20,000 tons of liquid waste
and 11,000 tons of solid waste required disposal (Law RJ 2004). The techniques used
were: landfill, stabilisation in asphalt, processing in oil refineries and land farming
(Law RJ 2004). In terms of energy production, one occurrence of the calorific value
of the waste oil being used as a benchmark of oil quality was found in the literature
review (Otay E 2000). These factors suggest that there may be potential to derive
energy from such incidents as shipping-related oil spills, however depending on the
condition of the oil with regard to contaminants, pre-treatment may be required in
order for it to suitable as fuel (Champ A 2003). Considering this factor, the laboratory
and ex-situ field trials were designed to explore options and logistical requirements to
assess the potential through a series of scaled-down incineration experiments
quantifying carbon levels in waste oil and sorbent compounds. A key conceptual

point to the philosophy of the research into energy from waste oil from marine spills
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is that it is not considered a source of renewable energy, rather a value added stage in
the environmental management of the waste stream, energy production and the
development of oil spill response.

If the concept of utilising the waste oil from spills as a source of energy is taken one
step further, there is scope for expansion from the research in this thesis. Based on
the results of the laboratory and ex-situ field trials, and the acknowledgement that in
terms of global spill volumes, large scale marine incidents contribute a small
percentage, the concepts and research could be expanded to include small scale
industrial and other terrestrial spill incidents.

The delivery of education and training may be considered to be a core component in
equipping the next generation of students and trainees with the tools and knowledge
necessary to make the transition into the working environment. It is also essential in
establishing and maintaining standards, implementing methodologies and developing
practicable protocols at industry level. Within the range of education and training
strategies, the effectiveness of distance learning as tool to disseminate knowledge,
maintain standards and demonstrate best practice was examined through research-led
delivery programmes. The range of delivery options in distance learning initiatives
has become increasingly interactive and arguably more effective. Teaching and
learning resources have benefited from the growth in e-learning (Newton R 2007).
The importance and potential of education and training is demonstrated by its
inclusion in a range of legislative initiatives and organisations, including: the IPPC
Directive, EMAS, ISO 14001, Agenda 21, NOAA, the IMO and ITOPF.

Throughout the thesis, education is considered as a process with the capacity to
improve technical or professional qualifications, develop further the abilities of
participants, and to enrich knowledge and training in any formal, post-compulsory
activity that develops knowledge, skills and attitude (http://www.unesco.org (1)).

During the research, the role and implementation of education and training were
examined as functional outputs of technical and scientific material through a series of
education and training packages. In order to determine the most effective techniques
with which to disseminate the material, pedagogy and the conceptual development of
distance learning were studied within the literature review.

If the role of education and training in developing and implementing energy from

waste strategies is considered, it is not contained in either of the EU Directives that
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are related to energy from waste (The Waste Incineration Directive, Directive on

Renewable Energy: the Promotion of Electricity from Renewable Energy Sources).
(http://europa.eu (8), http://europa.eu (6), http://eurlex.europa.eu (2), http://europa.eu
(5), http://europa.eu (1)).

From a demand perspective, energy sources that reduce dependency on fossil fuels
and contribute to emission reduction are attractive to industry and Governments
(Asifa M 2007). The potential of energy from waste may be demonstrated by the fact
that in 2006, 8% of the UK’s municipal solid waste was processed in energy from
waste generators, and the UK Government’s Waste Strategy for England 2007
predicts that this level will increase to 25% by 2020. Energy from waste replaced the
equivalent of 776,000 tons of oil in the UK in 2006. (http://www.esauk.org (1)).

Emissions from the incineration of waste include carbon dioxide, dioxins, antimony,
lead, magnesium, chromium and cobalt (Porteous A 2001). However, their release
into the environment is strictly managed by the Waste Incineration Directive
(http://europa.eu (8)). The combination of fears over pollution and the ‘NIMBY
Syndrome’ have led to opposition to the development of incinerators (Upreti B 2004).
The issue of resistance to energy from waste technologies can be addressed by
interactive communication, public participation, education through stakeholder
involvement and training of personnel (Upreti B 2004). In order to achieve these
objectives, education and training policies, and activities for a specific target audience
can be utilised to increase knowledge through dissemination of information to local
communities. The use of education and training as tools to facilitate use of energy
from waste technologies was implemented in case studies coordinated and organized
as part of the EU BiWaRE Project (BiWaRE Handbook 2005). During the period of
research, the author was directly responsible for a range of distance learning models,
and contributed to the design and implementation and delivery of workshops and
training courses specific to energy from waste and renewable energy. (BiWaRE
Handbook 2005, Green J 2005, Green J 2006, Green J 2006 (1)). The distance
learning initiatives were designed to be delivered to students in higher education
establishments, workers, professionals and industrial partners in Vietnam, India,
Thailand and Cambodia. The workshops and training courses were designed to be
delivered to industrial partners and professionals to increase their knowledge and

awareness of technology options that may be appropriate for their companies.
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The structure of the research pathway and methodology can be seen in figure 2 in

section 2.7.

2.3 Policy and Legislation related to Waste Management

This section considers the major factors in the management of the waste stream, that
is, the functional organization and understanding necessary to deliver effective
treatment and disposal of waste to the highest standards of compliance and
environmental quality. It is broken down into a summary of the core concepts of
waste management and an overview of the legislative and regulatory control of waste
management.

It is widely acknowledged that the key to effective waste management is a holistic
approach to the chain of processes (Dijkema GPJ 2000). Individual stages cannot be
interpreted or treated as autonomous entities but need to be addressed as one aspect of
the environmental management process. In terms of integrating the disposal and
utilisation of oil spill waste into waste management, key concepts and the legislative
structure are provided to establish the boundaries within which oil spill waste can
operate.

The management of waste is an inter-disciplinary industry is demonstrated by the
existence of the Basel Convention on the Control of Transboundary Movements of
Hazardous Wastes http://www.basel.int (3). Policy and legislation are key drivers for
developing and implementing environmental management strategies, thus key pieces
of legislation for waste management from International to National level were
coﬂsidered.

As a case study of implementing waste management policies and highlightirig the
potential for integrating waste management and energy policy, the UK perspective on

energy from waste is flagged.

2.3.1 Definition of waste

The identification of one definition of waste that encompasses all relevant activities to

be controlled and items that are considered as waste is not feasible. There are a range
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of perspectives from which the issue of defining waste is addressed. One approach is
to define waste by developing a list of descriptions of activities or substances that fall
within that definition. This includes descriptions of industrial pollutants and the
concentrations of substances that are emitted in industrial processes. Potential issues
with using this type of definition include having to constantly update lists of
substances and advances in technology affecting substances or emissions. These
issues are a necessary exercise to avoid exploitation of gaps in definitions (Cheyne I
1995). An alternative to this technique is to define by compliance with, or breach of,
legislation. This can be demonstrated in the UK Environmental Protection Act 1990,
whereby the definition of a statutory nuisance is dependent on the activity within, or
the state of the premises in question, resulting in damage to health or constituting a
nuisance (Cheyne I 1995).

A key theoretical component is separation of the concept of waste from the concept of
pollution. It can be said that pollution is caused by waste, yet waste may not always
lead to pollution. Considering this factor, the nature and definition of waste and waste
management is affected by the cycle of waste management from waste formation,
collection, transport, treatment and final disposal. Problems with waste will only
occur if the inherent risk of the management process is inappropriately handled
(Cheyne I 1995). For this research, the definition of waste in Article 1a of the Waste
Framework Directive is used:

"waste" is "...any substance or object...which the holder discards or intends or is

required to discard” http://eurlex.europa.eu (1).

 2.3.2 International legislation

The Basel Convention is a global agreement, ratified by member states and the
European Union for addressing the issues and challenges posed by hazardous waste. It
provides assistance and guidelines on legal and technical issues, gathers statistical
data, and conducts training on the appropriate management of hazardous waste
http://www.basel.int (3). The key objectives of the convention are:

¢ To minimize the generation of hazardous wastes in terms of quantity and

hazardousness.
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e To dispose of them as close to the source of generation as feasible.

e To reduce the movement of hazardous wastes http://www.basel.int (1).

The Convention has been updated since its introduction in 1992 http://www.basel.int

(4). Recent developments include the enhancement of information exchange,

education and awareness-raising in all sectors of society and co-operation and
partnership at all levels between countries, public authorities, international
organizations, the industry sector, non-governmental organizations and academic
institutions (Draft Strategic Plan for the Implementation of the Basel Convention
2002).

The Convention has aided the development of Regional Centres for Training and
Technology Transfer as training and technology transfer are highlighted as policies
that are particularly effective at implementing its objectives. Article 14 details the

education and training requirements for signatories:

-

subregions, regional or sub-regional centres for training and technology transfers

“The Parties agree that, according to the specific needs of different regions and

regarding the management of hazardous wastes and other wastes and the

minimization of their generation should be established.”

- J

- bttp://www.basel.int (2)

- 2.3.3 European Legislation

At a European perspective, there is one key directive on waste management and a
number of more specific directives regarding specific waste types. Member states of

the European Union are legally obliged to comply with all EU legislation.
The five European Directives that are relevant to waste management are:

o The Waste Disposal Directive
e The Hazardous Waste Directive

e The IPPC Directive
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 The Landfill Directive

* The Waste Incineration Directive (discussed in Chapter Four)

(http://europa.eu (1), http://www.deffa.gov.uk (3), http://ec.europa.eu (1),

http://ec.europa.eu (2). http://europa.eu (3))

Table 1: Summary of EU waste legislation Directives.

Directive
Waste Disposal

Directive

Hazardous

waste directive

The IPPC

Directive

The Landfill

Directive

Key considerations

- Member states must prohibit abandonment, dumping or uncontrolled disposal of
waste and promote waste prevention, recycling and reuse.

- They must inform the Commission if rules give rise to technical difficulties and
excessive disposal costs

- The use of certain types of waste for energy production must be explored
- Provides provisions to control the movement o fhazardous wastes

- To provide a precise and uniform European-wide definition of hazardous waste
and to ensure the correct management and regulation of such waste

- Defines hazardous waste as wastes featuring on a list drawn up by the European
Commission, because they possess one or more of the hazardous properties set out
in the HWD

- To minimise pollution from various industrial sources throughout the European
Union

- Operators of industrial installations covered by Annex I of the IPPC Directive are
required to obtain a permit from the authorities in the EU countries.

- Permits must take into account the whole environmental performance ofthe plant
- To prevent or reduce as far as possible negative effects on the environment from
the landfilling of waste, during the whole life-cycle ofthe landfill

- To reduce pollution of surface water, groundwater, soil and air, and on the global
environment, including the greenhouse effect, as well as any resulting risk to human
health

Sources: http://europa.eu (1), http://www.defra.gov.uk (3), http://ec.europa.eu (1).

http://ec.europa.eu (2). http://europa.eu (3)

Table 1 summarises the key considerations and focus of each Directive. Key factors

the Directives cover include: mechanisms for regulating the waste stream, the

environmental impacts of waste and inappropriate handling and treatment of waste,

and environmental management of waste.
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2.3.4 UK legislation

The situation in the UK is included as a case study in order to examine the influence
of international and FEuropean legislation at a national level. There are two
perspectives to examine: (i) the extent to which international law affects policy at
national level and (ii) the contribution of the UK to developing international
environmental law and policy (Bell and McGillivray 2006). In the UK, international
agreements are transposed into National Law through legislation. They create legal
boundaries that bind the UK within its international obligations as opposed to
enforcing regulations on individuals or businesses. Since the advent of the EU, the
role of developing international law within the UK has been integrated into generic
EU responses (Bell and McGillivray 2006).

The latest document to date published by the UK Government is the Waste Strategy
2007. It outlines a “Waste Hierarchy’ for treating waste products. The philosophy of
the Waste Hierarchy is predominantly environmental but includes financial incentives
through encouraging production with fewer natural resources and reducing the cost of

treatment and disposal. The Hierarchy can be seen in Figure 1.

The waste hierarchy

W aste prevention
Re-use
Recycle/compost
Energy recovery

Disposal

Figure 1: UK Waste Hierarchy
Source: Waste Strategy for England 2007

A key aspect of the Strategy is to promote the environment through increased
recycling of resources and recovery of energy from residual waste using a range of

technologies. An incentive has been developed to introduce enhanced capital
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allowances for investment involving the use of secondary recovered fuel (SRF) for

combined heat and power facilities.

In terms of energy generation from waste, DEFRA (Department of Environment,
Food and Rural Affairs) has identified a range of techniques for energy retrieval from
waste. DEFRA considers the incineration of waste as a source of energy to be an
integral aspect of waste management. Renewable energy and CHP (combined heat
and power) are exempt from the Climate Change Levy and this boosts the financial
feasibility of waste to energy schemes. The rationale behind CHP technology is that
heat and power are produced from the same plant. Currently, around 30-50% of the
input energy is converted into energy in a power plant; the remainder of the energy is
lost as waste heat. If the waste heat can be utilised, it is possible that between 80 and
90% of the input energy could be harnessed and fuel bills could be cut by 40% (Waste
Strategy 2000).

A further potential source of fuel for energy recovery from waste is a product that is
derived from Municipal Solid Waste (MSW). Refuse derived fuel (RDF) is composed
of MSW with recyclable and non combustible elements removed
(http://www.defra.gov.uk (4)). It can be incinerated and the heat given off used to

power generators.

In order to facilitate the extension of research and development into energy recovery
from waste at UK level, the following initiatives have been highlighted to promote

energy from waste products:

e Increasing the environmental and financial value obtained from recycled
material collected by local authorities through a strengthened advice service,

e Ensuring that Regional Spatial Strategies and local development plans
conform to national planning guidance on waste

e Improving procurement and investment by local authorities through

comprehensive support and strengthened central and regional coordination

DEFRA have highlighted three possible techniques to harness energy from waste

material.
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(i) The use of individual waste streams directly as a fuel source,

(ii) To separate recyclables from existing waste streams. This can either be done a
source or through some mechanical means, the residue is then incinerated and the
resulting energy is sold to the National Grid.

(iii) To use a mechanical or biological treatment (MBT) to turn the waste product
into Refuse Derived Fuel (RDF).

If these factors are considered regarding the integration of oil spill waste as fuel, it can
be stated that incineration is one of the conventional techniques for disposing of waste
oil (Boopathy R 2000). If an energy yield can be harvested from the incineration
process, space in landfill sites can be freed for other waste.

It is estimated that 30,000 tons of oil was recovered from Welsh beaches after Sea
Empress ran aground in 1996 (Law RJ 2004). The oil was dispersed through wave
action and the addition of chemical dispersant agents to the shore. Laboratory tests
showed that the presence of water in an emulsion did not affect the oil’s ability to dry
out or combust (see Chapter Six). Statistics for the UK show that there were 5049
incidents of oil spills from offshore installations in 2005, and 664 incidents from
discharges attributed to vessels and offshore oil and gas installations in 2004. These

figures suggest there is a ‘supply’ of waste oil from spillages that could be utilised as
fuel (http://www.defra.gov.uk (5)).

As compliance with legislation and conformance with policy objectives tend to drive
management response, their framework is fundamental to the way in which the
industry has developed. Environmental law operates at a range of geographical levels:
national, European and international. International environmental law predominantly
functions to negotiate a combined response to the threat of international
environmental issues. European law is more specific and aims at achieving common
standards among member states. National laws are the most specific and outline
specific functions in order that countries comply with both European and international
standards (Bell S 2006).
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2.4 Policy and Legislation related to Energy from Waste

Having flagged key themes and the legislative structure of waste management, this
section focuses on deriving energy from the disposal of waste, Core concepts and the
legislative structure are considered.

If the waste and energy industries are considered from the perspective of supply and
demand, it is acknowledged that crude oil is not a feasible long term solution to our
energy needs (Tjernstrom E 2008). It is an inevitability that the world’s largest oil
users will look to alternative sources of energy in the future (Salameh M 2003). A
further issue that has arisen is the potential impact of carbon emissions on climate
change (Tjernstrom E 2008, Thuiller W 2008) The emissions of greenhouse gases in
the last half century have increased four fold (http://www.dti.gov.uk (1)) and carbon

emissions have been identified as a significant contributor to this. It is estimated that
currently fossil fuels are providing 80% of the worlds energy needs, this factor,
combined with the fact that global economic output doubles every 30 years, provides
strong evidence for expansion into other fuel sources (Asifa M 2007). Research
illustrates that the global consumption of energy is expected to rise by 57% between
2002 and 2025, if fossil fuels continue to be used at their current rate, the reserves of
North America, Europe and Eurasia, and Asia-Pacific are predicted to disappear in 10,
57 and 40 years respectively (Asifa M 2007).

The challenge is twofold, to reduce and regulate carbon emissions while providing a
secure supply of energy to match increasing global demand. Current research on
stabilisation of emissions is divided; the paper of Green C (2006) suggests that the
largest issue facing the energy climate issue is whether technology exists to facilitate
stabilisation of emissions. While Metz et al, (2001), O’Neill et al, (2003) and Swart
et al, (2003) propose that the stabilisation of emissions can be achieved at a relatively
low cost and that the major barriers are socio-economic and institutional. However,
the current generation of academics and professionals view the issue of emission
reduction, the incineration of waste as a fuel source and the introduction of waste oil
from spill incidents, can contribute to reducing pressure on landfill sites and ease
dependence on fossil fuels.

The integration of waste management into the energy industry has developed due to

two factors. (i) The increasing demand for energy and concerns over the impact of
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carbon emissions on climate change. (ii) The increasing volumes of waste being
produced and associated issues with disposal. In the UK, municipal waste volumes
are increasing by 3-4% per annum and total volumes are predicted to double by 2020
(Bulkeley H 2005). Traditionally, landfill has been the dominant option. However,
the decline of new sites due to fewer ‘extractive’ industries operating, combined with
the fact that regulations governing landfill operations have tightened, have reduced its
feasibility (Bulkeley H 2005). The EU Landfill Directive states that the volume of
municipal waste sent to landfill is to be reduced to 75% of the 1995 level produced by
2010, 50% by 2013, and by 35% by 2020 (Bulkeley H 2005). These statistics,
together with a review of technology undertaken in the initial phase of the research
provided a section of the justification framework of the author’s research into energy

from oil spill waste.

2.4.1 International Legislation

With regard to International legislation, the Kyoto Protocol is one of the highest
profile global commitments to climate change and reduction of greenhouse gas
emissions. The Protocol was developed at the UN Framework Convention on Climate
Change at the Earth Summit in Rio de Janeiro in 1992. It was formally agreed five
years later and commits developing countries to reduce greenhouse gases to below
1990 levels by between 2008 and 2012 (http://www.dti.gov.uk (1)). Data from the
International Energy Agency (IEA) shows that between 1990 and 2003, the world’s
emissions of greenhouse gases increased by 20% and the world economy grew by
49%. This shows a reduction of energy consumption relative to economic growth but
the IEA have estimated that 85% of the worlds energy needs over the next 25 years
will be provided by fossil fuels. This will lead to an increase in the amount of carbon

in the atmosphere through emissions of 60% (http://www.dti.gov.uk (1)). A potential

solution to alleviating this issue is exploring alternative sources of fuel, in particular,

renewable sources that have a low ‘carbon footprint’.
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2.4.2 European legislation

The first landmark document detailing the EU commitment to renewable energy was
the White Paper for a Community Strategy and Action Plan in 1997. White Papers are
not legislatively binding but contain proposals for action in a specific area. A
substantive driver for this was environmental concern over fossil fuel consumption
(http://ec.europa.eu (5)). A target of 12% of gross inland energy consumption from
renewable energy sources was set to be achieved by 2010, of which electricity would
represent 22.1%. With the 2004 expansion of commitments to renewable energy
sources, the EU's target became 21% (http://ec.europa.eu (5)). The White Paper
highlights the necessity for change at a global level to reduce greenhouse gas
emissions and warns of environmental consequences in the future if levels are not
reduced. It highlights a range ofissues with energy production that require regulation
including spills, waste, noise, amenity damage and atmospheric pollution from
emissions (http://ec.europa.eu (5)).

There is no specific piece of legislation at European level focused on developing

energy from waste sources. The two policy areas of EU law that relate to energy from

waste are waste incineration and renewable energy.

Table 2: EU waste management Directives

Act Scope Targets
The Waste - To prevent or reduce pollution of air, water or By 31 December 2008, the
Incineration soil resulting from the incineration ofwaste Commission must report on the
Directive - Covers ‘co-incineration’ plants designed to application of the Directive,
produce energy or material products using waste progress achieved in emission
as core or additional fuel control and  with  waste
- Not specific to energy generation from waste, management. Other reports on
does not cover all wastes that are incinerated the implementation of the
- No legal requirement to utilise the resulting heat Directive will also be produced.
as energy
- Heat generated from the incineration process
must be put to good use as far as possible
Renewable - Constitutes an essential part of the package of - All Member States should be
energy: the measures needed to comply with the commitments required to set national targets
promotion of made by the EU under the Kyoto Protocol on the for the consumption of
electricity reduction of greenhouse gas emissions. electricity ~ produced from
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from - Includes electricity produced from wind, solar, renewable sources

renewable geothermal, wave, tidal, hydroelectric, biomass, - The Member States must
energy landfill gas, sewage treatment gas and biogas publish every five years, a
sources. - National targets for the proportion of electricity —report setting targets for future

produced from renewable sources in each Member renewable energy consumption
State as part of an overall objective 0f20% for the for the following ten years and
EU. showing what measures have or

are to be taken to meet those

targets

Sources: http://europa.eu (7), http://europa.eu (6), http://eurlex.europa.eu (2), http://europa.eu
(5), http://europa.eu (1)

Table 2 provides a structural outline of the Waste Incineration Directive and EU
renewable energy policy. The Waste Incineration Directive was implemented in 2000
and was the first piece of European legislation that covered the use of co-incineration
plants, (http://europa.eu (1)) The regulation of co-incineration facilities included
monitoring of the amount of hazardous and non-hazardous waste being incinerated,
the plants capacity and monitoring of performance. Although it is not legally binding
to utilise the heat from the incineration process as fuel, the Directive states that the
heat must be put to as good a use as feasible (http://europa.eu (1)). The renewable
energy legislation highlights the use of biomass, landfill gas and biogas as options for
facilitating member states renewable obligations. Members are obliged by EU law to
set targets and develop action plans to increase the use and scope ofrenewable energy
technologies. Biomass currently accounts for between 44 and 65% of renewable
energy used in the EU. It currently meets 4% ofthe EU's energy needs, equivalent to
69 million tonnes of oil, and the EU has set a target of increasing this to 150 million
tonnes by 2010. It is estimated that an increase of this magnitude could reduce

greenhouse gas emission per annum by 209 million tonnes.
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2.5 Marine oil spills

Having examined key concepts and the legislative background to the waste
management industry and energy from waste, this section provides contextual
background to the oil spill response industry and considers the existing framework
within which waste o0il from marine spill incidents may be used as fuel. Key
considerations include: the fate of oil in marine spill incidents, environment specific

response to oil spills, disposal of oil spill debris and the use of oil spill waste.

The fate of oil in terms of its physical form and the environments it is deposited in, in
the wake of a spill incident, are critical factors that affect every stage of the response
operation. It can be said that the techniques, timeframes and efficacy of spill response
operation are fundamentally affected by the volume and physical form of the oil.
There are a diverse range of factors that can affect the fate and distribution of oil once
spilled, these include: the volume and type of oil, geography, geomorphology,
hydrography, hydrodynamics, prevailing meteorological conditions, and the chemical
and physical processes that the oil undergoes when spilled. Typically, the logistics of
an oil spill response operation will be determined by how these factors have affected
the nature and distribution of the spilled oil.

If the physical nature of the oil is considered, the extent to which it is emulsified and
weathered affect factors including: its persistence in the environment, its ability to
spread, its behaviour when it is washed onto shore and the type of equipment required
to remove it. In terms of gaining this information prior to implementing an
appropriate spill response, a range of information can be collated and analysed. This
includes information regarding the type and volume of oil spilled which provides
information on the likely state of the oil once it has grounded and the extent to which
it will spread. The sea state at the time of the incident can be used to estimate the
extent to which the oil has spread and become emulsified. Satellite tracking is used as
a tool to monitor and predict spill movement and the likely timing and location of
beaching. If this information is combined with site specific data on predicted oil
beaching sites including substrate, exposure and sensitivity; a timely and appropriate

response can be formulated and implemented.
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If the concept of taking environment specific response to an oil spill incident is taken
further, there are a range of factors both conceptually and practically that have
changed within the industry. If the conceptual development of response technology
over time is considered, the case studies of the Torrey Canyon, Exxon Valdez and
Braer each had substantive impacts in either the development of technology or
legislative and regulatory controls. In the case of Torrey Canyon the use of toxic
dispersants to break down beached oil was reviewed and the legal and legislative
boundaries of fault and blame for spill incidents were developed. The impact of the
Exxon Valdez led to the Government of the United States developing OPA90 which
phased out the use of single hulled tankers in American waters over a set time period.
Lord Donaldson’s report in the wake of the Braer incident reviewed procedures
regarding the reporting of vessels in difficulty and designing a response operation
specific to the circumstances of the spill.

The advancement of science, technology and our understanding of the impacts of oil
in the environment have led to a more diverse range of procedures and products being
made available to respond to oil spills. This includes a higher variety of options and
more effective technology. This has been combined with tighter legislative
requirements regarding pollution prevention and waste minimisation and treatment.
Considering these factors, oil spill response strategies focus on selecting the most
appropriate strategy from environmental and economic perspective to remove the oil.
Factors including oil persistence, oil volume, site accessibility, site sensitivity and the
size of area affected are considered. Two theories have been developed to formalise
appropriate responses, Net Environmental Benefit Analysis (NEBA) and Time
Windows of Response are discussed in more detail in chapter three of the thesis.

It can be said that a critical stage in the efficacy of an oil spill response operation is
effective containment, removal and treatment of the spilled oil. A critical stage of the
research pathway into determining whether waste oil from spill incidents is suitable as
fuel was to examine current options and procedures for waste oil removal and
treatment. If the logistic chain of waste oil removal, treatment and disposal is
considered there are two core factors. The initial collection of oil and storage on-site,
and the decision making process required to determine how the waste is treated and
disposed. If the on-site removal and storage is considered, key factors include
maximising the efficiency of oil collection to minimise the volume of contaminants

collected, oil and contaminant segregation on-site and effective containment of waste

31



oil. The decision making process to determine the most appropriate technique with
which to dispose of the oil depends on available technology, the physical form and
volume of the oil and the options for oil transportation. If this process is taken one
step further, oil spill waste can be used in a variety of ways that can reduce the
volume of the waste product and in some cases end in a financial; gain. The possible
further use of oil spill waste largely depends on its physical form, this is particularly
applicable to using it as fuel as the more pre-treatment that is required on a fuel source
the more expensive the process is and the fewer facilities exist to refine it.

These options are all discussed further in chapter three of the thesis.

2.6 The role of education and training

Having discussed the conceptual background to the thesis and outlined core concepts
in waste management, energy from waste generation and the oil spill response
industry, this section of the chapter focuses on the application of education and
training in disseminating environmental policy, best practise and delivery from the
legislative and policy level to functional delivery and implementation.

The research into education and training in improving environmental performance is a
functional output of the research pathway and a synthesis of the integration of waste
management, energy from waste and a focus on marine oil spills. In chapter five of
the thesis, a DLM on oil spill bioremediation developed for the thesis is examined.
It’s structure and delivery was informed by Distance Learning strategies in waste
management, renewable energy and oil spill response developed by the author and
delivered in Vietnam/India and Thailand. The research in Vietnam/India and
Thailand provided the opportunity to design, develop, implement and review a series
of education and training packages. These were used to ‘ground truth’ the efficacy of
education and training as mechanisms to disseminate scientific and technical material,
and inform the development of the distance learning model on bioremediation. The
techniques developed as an output of this research have the potential to be used to
disseminate and educate personnel regarding the use of waste oil as fuel.

In the fields of waste management and oil spill response, education and training

strategies are designed to inform and improve the decision making process through
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dissemination of information and facilitation of communication. The benefits of
dissemination of data and education and training are value added in as much that they

can:

* Act as a catalyst for further action.

* Raise awareness ofkey issues.

* Assist continuity of activities and the adoption ofbest practice.

* Disseminate the importance of concepts, tools and methodologies to a wider
audience.

* Encourage the development of local or internal capacity and competence to
continue and enhance further objectives ofthe taught material.

* Demonstrate commitment and progress where evidence of performance is
intrinsic to funding and support.

* Recruit support and resources to sustain the activity for the future.

* Maintain ongoing interest and supportin projects.

(PROTEKT Handbook 2007, SACODI Handbook 2007)

For these concepts to be effectively implemented through distance learning, a range of
factors including the following need to be considered: the stated target audience,
course duration and delivery mechanisms, student support infrastructure, the range

and scope of assessments and resource availability. (Sherry L 1996, ACSB 1999).

In terms ofthe benefits and cautions associated with distance learning, they are stated

in Table 3:

Table 3: Benefits and cautions of DL
Benefits Cautions
- Fees for training, conferences, seminars and - Cost effectiveness. The creation and operation
consultants can be reduced by DL. ofnetworks to maintain DL must be funded
- DL enables organisations to cross borders, cut - There is a risk of students felling behind with
costs and share knowledge reduced tutor contact
- Provide businesses the opportunity to keep - Potential student social isolation
employees up to date - Technical problems can delay progress

- Students can study at their own pace - Quality of instruction
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- Employers gain from increased knowledge and
understanding of employees without releasing
them for long periods

- DL can be integrated within an organisation

- Location is not an issue

Sources: Harper KC 2004, Barratt RS 2006, Cook DA 2007, Valentine D 2002

The role of education and training is implicit in ongoing environmental management.

Organisations and companies maintain ongoing training and improvement in
environmental performance to meet policy and legislative requirements and further
professional development (Barratt R 2006). Evidence of the application, role and
efficacy of distance learning can be demonstrated by its inclusion in internationally
recognised environmental management systems and legislation.

The EPPC (Integrated Pollution Prevention and Control) Directive 1996 is a piece of
European legislation regarding minimising waste from point sources
(http://ec.europa.eu (4)). Under the IPPC, operators will apply standards to ISO 14001

or EMAS (the EC’s Eco-Management or Audit Scheme) standards. They both require
that the management system provides a commitment to ongoing improvement in
environmental performance (DEFRA (3rd ed.), 2004). Other commitments to
education and training found within EMAS include organisations acknowledging the
need for staff information and training on environmental issues. It flags that staff
directly involved in environmental performance should be provided with an upgraded
level of environmental qualifications (Official Journal of the European Communities
L 247/1 2001).

Education and training is further included in Agenda 21, a UN initiative dedicated to
political commitment in development and environmental cooperation. There is an
emphasis on public participation and the active involvement of the non-governmental
organizations (http://www.unep.org (1)). Agenda 21 is spilt into chapters of which
number 36 is titled ‘Promoting education, public awareness and training’
(http://www.unep.org (1)).

What originated as a fundamentally formal education tool has expanded into an
intrinsic aspect of progressive environmental management. Maintenance o f standards
and protocol, compliance with legislation and policy and ongoing development of

environmental performance can all be supplemented and maintained by the
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integration of education and training initiatives. They can be applied from grassroots

level at schools and in HE to management and industry level research.

2.6.1 Development and delivery of DLM’s

This section provides a summary of the development, design, implementation and
feedback for the distance learning material developed to analyse the efficacy of DL
strategies for the research pathway ofthe thesis (Green J 2006, Green J 2005, Green J
2006 (2), Green J 2008, BIOREM Handbook 2006, and SACODI Handbook 2007).

The process of constructing a DLM from conceptual development to review and
critical analysis is a cyclical process where feedback is fed into ongoing review and

development.

Table 4: DLM structure

Development of structure and content of DLM

Design of structure and delivery of DLM

Implementation of DLM

Feedback from course participants

Analysis and review of DLM performance.

The development ofthe DLM in bioremediation of marine oil spills:

* Identification ofmaterial to populate DLM and target groups
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e Development of aims and objectives
¢ Identification of learning outcomes

e Structure and format of taught material

The first stage is sourcing the material with which to populate the package and
identification of target groups. During this process the nature, format and extent of
available material is analysed and considered for inclusion in the taught material. The
DLM on bioremediation was populated from sources including: technical and
scientific reports, the literature review for this thesis, independent internet research
and scientific journals. Identification of the target audience is necessary at this stage
as it affects balance of technical, scientific and case study material and aims,
objectives and learning outcomes. The target audience for the DLM includes local
authorities, port and harbour personnel, oil companies and regional government.

The information selected to populate the DLM is then divided into modules, sections
and chapters. This facilitates development of the learning outcomes of the material
which are tailored to the target groups of the DLM in question. Once this process has
been completed, the expressed aims and objectives of the taught material are
developed and the structure and breakdown of the package is confirmed. The full
proposal is submitted to independent experts and academic colleagues for review prior
to the assessment exercises and fine details of the design being developed. In terms of
delivery, the core delivery format for the taught material is PowerPoint, the extent of
the detail on the slides varies depending on the target audience and the tutor. The
slides are designed to provide an overview of the course content allowing students to
scribe what the tutor is saying. (BIOREM Handbook 2006 (1), Green J 2006, Green J
2008, PROTEKT Handbook 2007).

An accompanying core text document was developed and written for the training
package. It was designed to be presented to students at the start of the full DLM as a
working document for the lectures. Its function in the DLM was to act as a first
reference point for further information. It further contains a range of assessment
exercises that are found at the beginning and end of each chapter that are designed to
test student’s knowledge, understanding and ability to analyze the information they
are taught. Leamning outcomes and self assessment questions are designed to

reinforce understanding and knowledge of key concepts and summary and
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suggestions and tutor marked assessments are designed to test students ability to
analyse and interpret what they have learned.

As the full DLM is designed to be taught remotely, a support system was designed for
the staff delivering the content and the course participants. Staff notes were
developed and designed to support the staff in the delivery of the course. They
include information such as which equipment to use and sources of additional
information to adapting the content for different target audiences. Student notes were

provided to accompany the lecture and to elaborate on each part of the taught course.
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2.7 Methodologies

Environmental clean up

Waste management The case of marine oil spills

Collect Incident
f Transport Response J
I 0il I
Reduce Sorbents Recover
Reuse Transport J
Treat
Dispose Dispose

Options for energy from waste

Review Laboratory/ex-situ

field analysis

Research Pathway
(Methodologies/techniques)

Laboratory and ex-situ Case studies

field trials

Functional research outputs

Methodologies Education and training

Protocols through dissemination

Figure 2: Research pathway
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2.7.1 Research methodology

The research pathway is displayed in Figure 2. The principles of, and stages in, waste
management and oil spill clean up are stated. From within the logistic chain of waste
management, the stages where the derivation of energy from waste is feasible were
selected for further research. ‘Reuse’ and ‘disposal’ were highlighted as stages that
have potential for energy generation. Options, cautions, and benefits were established
and demonstrated through the use of case studies. Having established that developing
energy from oil spill waste had been subject to few research projects, further research

and investigation was carried out.

The stages in the environmental management of an oil spill response incident were
also reviewed and analysed. The processes from the incident to the final disposal of
the waste were stated and from within the range of recovery, treatment and disposal
options, mechanisms for energy derivation were flagged. The ‘recovery’ process was
highlighted as the stage where material could be retrieved for exploratory laboratory
and field trials for energy generation.

The science of energy from waste generation was studied in order to develop the
research into energy from oil spill waste. Legislation, management options,
technologies, benefits, cautions and protocols were examined, and the implementation
of the processes in the field was reviewed. Laboratory and field-based research into
the feasibility of energy from oily waste built on the published results of previous
workers including those of Otay E (2000) on the Volgoneft 248 oil spill incident.

The review of technologies and logistics of waste management, oil spill clean up and
energy from waste facilitated the development of the research pathway. Case studies
of waste management, oil spill response and energy from waste technologies were
examined to validate options and implementation. Further case studies into the
conceptual basis of distance learning, the role and relevance of distance learning in
the dissemination of data, and the analysis and interpretation of techniques to

implement distance learning were studied.
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A series of laboratory tests and ex-situ field trials were specifically designed to
evaluate the carbon content of a range of compounds of commercially available oil
spill sorbents and oil. Carbon was recorded as a quantifiable measure of the
compounds ability to ignite and thus be used as fuel. The oils that were selected
exhibited different properties in terms of their behaviour, viscosity and composition.
In the course of the review of literature, the role and use of image pixel analysis was
identified as an analytical technique with which to monitor environmental
performance. The papers of Lee JH 2005 and Pettorelli N 2005 discuss the role of
pixel analysis in environmental monitoring. It was considered that the technique
could provide a quantitative data set for the efficacy of shoreline response techniques
in the wake of an oil spill incident (Lee JH 2005, Pettorelli N 2005). The research
pathway identified that the sole use of image analysis in oil spill response to date was
satellite tracking of oil at sea (Kozai K 2003).

The data from the laboratory and ex-situ field trials, and the delivery and review of the
education and training packages form the functional research outputs of the thesis.
Throughout the duration of the research a series of Distance Learning Modules,
workshops and training courses were delivered to communities, industrial partners
and academic colleagues. Post delivery, the packages were reviewed and critically
appraised from scientific, technical and pedagogic perspectives prior to the
development of the next project. This process informed the research contained in the
thesis on distance learning. The data from the laboratory and ex-situ field trials
consisted of a series of Scanning Electron Microscope (SEM) images of the sorbents
before and after oiling. Time lapse photographs taken at pre-determined points
through the oil recovery operation, and a comparison of three pixel distribution
images in unpolluted, polluted and cleaned states were analysed as part of the
programme. The relationships between the various pixel distributions provided a
quantitative indicator of sorbent performance and environmental recovery. An
extension to the data set was incorporated into the analysis through weighing the
quantity of oil and sorbent before and after application. This gave a further
quantitative data set regarding the performance of the sorbent. The relative successes
of combinations of oils and sorbents, in terms of proportion of oil removed, are

discussed through their percentage recovery results. Table 5 summarises the data sets.
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Table 5: Outputs of laboratory and ex-situ field trial research
Research stage Outputs
Preliminary research A review ofsorbent application, scope and role in oil spill response.
An investigation into the range of options of image and pixel
analysis.
Core research Scanning Electron Microscope (SEM) imagery of sorbents pre and
post oiling.
Laboratory trials of products and procedures prior to data
collection.
Data collection in the laboratory and Southampton.
Analysis and interpretation  Critical review and analysis of results and procedure. Statistical

analysis and discussion.

2.7.2 Evaluation of implementation

The application of case studies to the science of oil spill response and energy from
waste enabled critical analysis and review ofbest practise and performance. Selected
data and case studies were extracted, analysed and interpreted from a series of
technical reports to which this research programme contributed (BIOREM Handbook
2006 (1), PROTEKT Handbook 2007, SACODI Handbook 2007). Substantive
outputs from the material in the technical reports were the workshops, training
packages and DLM’s. The expertise acquired in their development was used to
develop a DLM for bioremediation of marine oil spills.

The review of literature provided a further range of case studies that were analysed,
interpreted and integrated throughout the thesis. The case studies ranged from local
and regional, to national, European and International. Issues related to, legislation,
policy, environment, socio-economic aspects and industrial technology were
considered. The case studies were used to illustrate and investigate the options and
challenges to the implementation of policy and legislation, to demonstrate the efficacy

oftechniques in the field, and to examine commercial performance.

2.8 Conclusion
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This chapter has detailed a brief introduction to the field of the research and flagged
the conceptual background of the research in this thesis. The over-riding concepts of
waste management and energy from waste have been discussed to provide a
framework for the substantive output of the thesis - an investigation into the
integration of oil spill response into waste management and energy production. The
substantive outputs of the research are: laboratory and ex-situ field analysis to
quantify the potential of waste o0il from marine spill incidents to be used as fuel, to
examine the efficacy of pixel analysis as a tool to quantify the efficacy of oil spill
sorbents and research the impact of education and training in marine oil spill research
using bioremediation as a working case study.

The next chapter of the thesis provides a detailed examination of the management of
marine oil spills, treatment techniques used and a series of case studies specifically

selected to support the research pathway.
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3 Chapter Three: Oil spill management

3.1 Introduction

An area of limited research in terms of the integration of waste management, energy
production and the environment was identified in the management of marine oil spills.
This chapter examines the link between the management and disposal of oily waste
from spill incidents and options for utilising oil spill waste. The following concepts
are stated and reviewed: oil spill incidents that have changed the science and
implementation of oil spill response, the fate and impact of oil in the environment,
and environment - specific response to oil spill incidents. The potential use of a range
of waste oils as fuel is established (Bebar L 2002) and the contextual background of
energy from waste generation has been stated and reviewed in chapter two of the
thesis. Bioremediation in Vietnam is evaluated as a case study of appropriate
responses to a spill incorporating socio-economic and environmental factors. The
chapter concludes by reviewing and analysing the energy potential in waste oil and

evaluating a case study where the calorific value of the waste oil was quantified.

The structure of oil spill response procedures and implementation is established, tried
and tested. However, restricted dissemination and availability of data can affect
effective management and implementation (Kirkland LH 1999). It may be considered

that the following factors affect oil spill response management:

e Lack of studies, examples and explanations of EMS implementation.
e Lack of technical data for options and management.

e Lack of skills and knowledge.

e Application of inappropriate solutions.

e Multiple stakeholders with conflicting interests

e Reactive as opposed to proactive environmental policy.
(Kirkland LH 1999)
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An option to increase knowledge and awareness, and to facilitate effective
management is education and training of personnel (Vastag G 1996). Concepts
including proactive policy towards environmental issues and communication between
stakeholders can be introduced into training schemes as core skills to be incorporated
into management.

The successful management of the response to an oil spill incident relies on an
accessible technical and scientific body of knowledge, comprehensive response
structures, appropriately trained personnel, coordinated management, effective
communications and the ability to adapt to changing situations and circumstances. For
the sake of this research, oil spill response was selected as a field where education and
training can enhance strategies for clean up. Within oil spill response, there is scope
for training and information dissemination regarding oil type, behaviour and impact,
environmental variables, options for containment and recovery and implementation of
policy. An essential aspect of education and training is working within a framework
of knowledge, protocol and implementation. Regarding oil spill incidents, a typical

response operation can be broken down into the following stages:

e The management of the response from initial deployment of personnel to post
recovery analysis of objectives and performance.

e Identification, maintaining and managing, recovery, transportation, treatment
and disposal of waste.

e Environmental and economic targets of the response operation.

e The timing of field operations.

e An understanding of the complex terrestrial, coastal and marine conditions
that can impact the geographical footprint of the spill, the spread and
behaviour of the oil, oil persistence in the environment and the logistics of

clean up.

Vietnam was selected as a case study to evaluate the role of bioremediation in a
country with a relatively undeveloped oil spill response system. This provided an
opportunity to examine the impact of developing oil spill response protocol through
education and training in a society with limited prior experience of either. The

objectives of the research in Vietnam were to develop a set of scientific and technical
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Guidelines on bioremediation of oil spills in Vietnam and to design, construct and
deliver a series of education and training packages on bioremediation to Vietnamese

personnel.

3.2 Case histories

As a percentage of the oil spilled into the sea per annum, the contribution of large
scale spillage is small. It is estimated that 5% of the oil that enters the oceans every
year comes from major spill incidents http://response.restoration.noaa.gov (1). In the
last 50 years, there have been a number of large scale oil spills that have received
widespread media coverage including: Amoco Cadiz, Prestige, Exxon Valdez, Sea
Empress and Braer. It can be said that this attention to the industry has contributed to
further research and develop the techniques used to remove oil from the environment
(Kim I 2002). A high profile example of this is the pressure that was exerted on the
US Government post-Exxon Valdez, to only permit double hulled vessels into US
waters (Kim I 2002). In order to evaluate the suitability of response procedures to a
given environment and the potential of energy recovery from the resulting waste, it
was necessary to examine selected spills to investigate the manner in which their
responses were managed. Three high profile spills that led to a shift in regulation and
management of tankers, and response to oil spills were Torrey Canyon, Exxon Valdez

and Braer.

3.2.1 Torrey Canyon

Torrey Canyon ran aground on Seven Stones Reef, off Cornwall, UK on 18 March
1967 (Figure 3). The vessel’s tanks ruptured on impact and in the following 12 days
the full cargo of 119,000 tonnes of Kuwait crude oil was spilled
(http://www.itopf.com (1)). One of the features of the Torrey Canyon incident that
places it above other similar incidents in terms of severity, was the use of first
generation dispersants that were more toxic to sessile marine flora and fauna than the
oil. In total, 22,500 gallons were applied to the oiled shores per day and the sandy
beaches were ploughed up with bulldozers prior to application of the dispersant

(O’Sullivan A 1967). Laboratory experiments conducted after Torrey Canyon showed
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that the concentration required to kill 50% of intertidal organisms in 24 hours of
exposure was between 5 and 100 ppm (parts-per-million) with limpets in the genus
Patella being particularly vulnerable. These lethal concentrations are lower than
those needed to disperse oil. As a consequence, communities of flora and fauna
disappeared in areas of the shore that were subject to dispersant spraying
(http://www.ukmarinesac.org.uk (1)). Due to an unsuccessful salvage operation on
the tanker and worsening weather, the decision was taken to bomb the hull to bum the
remaining 19,000 tons of oil on board. In total, 160 1,0001b bombs were dropped,
11,000 gallons of kerosene, 2000 gallons of napalm and 16 rockets were dropped on

the tanker. Torrey Canyon eventually sank in heavy seas (Burrows P 1974).

Figure 3: Torrey Canyon

Source: http://wmv.livingmemorv.org.uk (1)

In the wake of the response to the Torrey Canyon incident, the legal and legislative
boundaries of whom to blame for such an incident were raised. An ad-hoc committee
was established to manage the impacts ofthe incident and it became a permanent role
of the IMO (International Maritime Organisation) thereafter. In 1969, a conference
held by the EMO adopted a convention regarding the civil liability ofthe ship or cargo
for damage caused by a pollution incident. It was designed to ensure compensation
was paid to victims and the liability placed on the ship owner (http://www.imo.org
(2)). Two further conferences in 1973 (The International Convention for the
Prevention of Pollution from Ships) and 1978 (Tanker Safety and Pollution

Prevention) led to the International Convention for the Prevention of Marine Pollution
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from Ships (MARPOL), 1973 as modified by the Protocol of 1978, which entered into
force on 2 October 1983 (http://www.imo.org (4)).

Table 6 has further details on the implications of the post spill committee meetings.

Figure 4: Torrey Canyon post bombing

Source: http://www'.axfordsabode.org.uk (1)

3.2.2 Exxon Valdez

Exxon Valdez grounded on Bligh Reef, Prince William Sound, Alaska on the 24th
March 1989. 37,000 tons of Alaska North Slope Crude Oil spilled into Prince
William Sound (Figure 5). In terms of volume, the incident was 35th on the list of
major oil spills since 1967 (http://www.itopf.com (8)). However, the fragility of the
environment in which the oil was spilled, and the impacts on flora and fauna, raised
its profile above other spills of a greater volume (Paine RT 1996,
http://www.itopf.com (4)). The strategies implemented in the wake of Exxon Valdez

were as follows:

*  Booms deployed to prevent oil contaminating salmon fisheries.

* Fishing banned in areas affected by oil.
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e Oiled birds and mammals were removed and brought to rehabilitation centres
for clean up.

e 1500 vessels involved in assessment, clean up, wildlife rescue and logistics.

e 12,000 people removed oil from beaches.

e 500km of shoreline in Prince William Sound sprayed at high pressure with
heated sea water.

e 110km of shoreline were treated with fertiliser to stimulate biodegradation.
(Paine RT 1996).

The combined efforts of all the strategies removed between 10 and 14% of the total
oil spilled (Paine RT 1996). The clean up required 40 times that much oil to operate
the boats and equipment. Burning was not deemed an option due to the volatile
components of the oil evaporating and the risk of disrupting local communities. It is
estimated that up to 50% of the oil could have been burned with no danger to the
vessel (Paine RT 1996). Exxon paid post-spill costs of $2300 million to fishermen
and cleanup workers and reached an out-of-court settlement with Federal and State
officials to pay $900 million more over 10 years to “restore the resources injured by
the spill, and the reduced or lost services (human uses) they provide” (Paine RT 1996,
Trustee Council, Exxon Valdez Oil Spill 1995).

Due to the fragile nature of the environment where the spill occurred and the images
that spread through the media; the public reaction to the Exxon Valdez was extensive,
and this triggered demands for changes in policy and legislation regarding tanker
movements in US waters (Birkland A 2002). As a result of the incident, the US
Government drew up the OPA 1990 (Oil Pollution Act). OPA90 created a
coordinated structure and response unit to manage spills in US waters. In the 1980’s,
the House and the Senate were deadlocked on whether federal spill policy would pre-
empt state laws (Birkland A 2002). The oil industry supported pre-emption, citing that
is would be more effective to have one regulatory regime managing an incident as
opposed to several. For example, an oil spill near Philadelphia could expose a vessel
to liability in New Jersey, Pennsylvania, and Delaware and Federal pre-emption
would prevent problems with multiple liability regimes. A significant outcome of the
Exxon Valdez incident was the House’s turnaround on pre-emption. The impacts and

subsequent public reaction to Exxon Valdez led to the House to shift from supporting
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pre-emption to an adoption of the Senate position that no pre-emption be permitted.
As a result of this, the OPA was drawn up and signed by the President on August 18
1990 (Birkland A 2002). What OPA90 introduced were tougher penalties and
liability for the spillers of oil, the allocation of more funds to be made available to
manage spills, and the decision that over a pre-determined timeframe, single hulled

tankers would be phased out from operating in US waters (Birkland A 2002).

Figure 5: Exxon Valdez
Source: http://darkwing.uoregon.edu (1)

3.2.3 Braer

On the 5th February 1993, the Liberian registered tanker Braer ran aground following
engine failure in severe weather on Garth’s Ness, Shetland. Over a period of 12 days,
84,700 tons of Norwegian Gulfaks crude oil and 1500 tons of heavy bunker oil spilled
into the sea (Figure 6) (http://www.itopf.com (3)). Response operations for the Braer
incident were unusual as a result of a minimal proportion ofthe oil reaching the coast.
A combination of a light crude, high winds and rough seas dispersed the oil through
the water column before a surface slick formed. Once in the water column, the oil
droplets were adsorbed onto sediment particles which sank to the sea bed. Sub-surface
currents spread the oil over a wide area, although deposits were found in two deep,
fine sediment 'sinks’ (http://www.itopf.com (3)). Severe weather conditions limited
mechanical recovery of the oil at sea so 130 tons of chemical dispersant were sprayed

onto the slick. Oiling of shorelines was minimal relative to the size of the spill and
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cleanup involved the collection of oiled debris and algae by a small workforce
(http://www.itopf.com (3)).

The Braer incident led to the Donaldson Report being commissioned by the UK
Government into marine salvage operations designed to prevent the escape of
pollutants into the environment and to limit their effects should spillage occur. The
report was an inquiry into the adequacy and most effective methods of employing
intervention powers in the context of pollution from shipping and offshore
installations. The recommendations that the Donaldson Report had in relation to the

Braer incident are in Table 6 (Edgell N 1994).

Figure 6: Braer

Source: http://gruppen.greenpeace.de (1)
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Table 6: Legislative and regulatory changes after oil spill incidents.

Cause of spill

Braer

Engine failure

Torrey Canyon

Human error

Response

Lord Donaldson’s

report

International
Convention for the
Prevention of
Pollution from Ships
1973.

Recommendations

1) The requirement for internationally agreed rules
requiring the early reporting of difficulties experienced
by laden tankers.

2) The necessity to arrest the decline in the number of
professional salvage companies.

3) The value of well planned and rehearsed emergency
response plans

4) The requirement for whatever action is taken to be
appropriate to the circumstances of each particular

incident

1) Determine who is to be held responsible for damage
caused by oil pollution,
2) Detemiining liability and the level of compensation

for damage
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Implications

1) Since 1994 the UK Government has published details of foreign
flag vessels in UK ports in accordance with Recommendation 41.
2) Introduction of the Merchant Shipping (Salvage and Pollution)
Act 1994. Strict liability for oil pollution in UK waters to covers
spills from all ships

3) Measures and recommendations to be put into place for tankers
in UK waters to protect sensitive areas from the risk of pollution.
This was submitted to and adopted by the IMO.

4) EU restrictions on tanker traffic in sensitive areas

5) EU Common Policy on Safe Seas - enhancing safety in
maritime transport.

1) Introduction of the International Convention for the Prevention
of Marine Pollution from Ships, 1973 as modified by the Protocol
of 1978 relating thereto (MARPOL 73/78)

2) Introduction of the International Convention on the

Establishment of an International Fund for Compensation for Oil

Pollution Damage (FUND), 1971



Exxon Valdez Oil Pollution Act 1) Tougher penalties and liability for the spillers ofoil, 1) In the 1980’s the Senate was divided over whether spill policy
Human error (OPA) 1990 2) The requirement for the allocation of more funds to  would pre-empt state regulations.

be made available to deal with spills, 2) Exxon Valdez; led the House and Senate to resolve their

3) Over a pre-determined timeframe, single hulled o
differences on the pre-emption issue and the OPA was drawn up
tankers to be phased out from operating in US waters . .
and signed by the President on August 18 1990.
3) The OPA led to stricter penalties and liability for spillers of oil,
allocated resources for dealing with spills, and placed
responsibility on the federal executive branch to respond to oil

spill incidents promptly.

Sources: Plant G 1995, Kim I 2002, Edgell N 1994, Negro MC 2007, Kim I 2002, A Common Policy on Safe Seas 1993, Birkland A 2002, Booth S 1995,
http://www.imo.org (2), http://www.imo.org (3)
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3.2.4 Analysis

The circumstances surrounding the impacts of and responses to, the Torrey Canyon,
Exxon Valdez and Braer incidents were fundamental to the subsequent changes in the
philosophy and regulation of oil spill response. Pieces of legislation such as
MARPOL and OPA 90 were the first policy related steps in oil spill response history
designed to prevent future incidents from occurring. The impact of phasing out single
hulled tankers in American waters as stipulated in OPA 90, was reflected in statistics
that showed oil spills declined in US waters from 2,383 for the 1981-1990 period to
1,375 for the 1991-2000 period. The volume of tank ship (barge) oil spills declined
from 27,651,000 gallons for the period 1981-90 to 1,390,138 gallons for the period
1991-2000. Double hulled tankers have subsequently been incorporated into
MARPOL, it is a requirement that all new tankers built after 1993 of 5,000 dwt and
above are to be fitted with double hulls separated by a space of up to 2 metres (on
tankers below 5,000 dwt the space must be at least 0.76m) (Talley WK 2004).

Lord Donaldson’s Report focused on prevention of incidents and control of associated
pollution. A key finding was that the concepts of pollution and safety are closely
linked and that a fundamental aspect of maintaining safety and preventing pollution is
to maintain the structural and operational integrity of the vessel. It was further
proposed that explanations of why guidance is being given, as opposed to imposing
mandatory guidelines that are difficult to enforce, is an efficient method of
maintaining standards. Regarding response to marine oil spills, Donaldson’s Report
concluded that the UK is correct to maintain the capability to spray dispersants from
the air but this should be followed where necessary with additional techniques. Strict
liability for oil pollution in UK waters to covers spills from all ships was also
introduced and this has become a key aspect of the logistics of spill response (Corbet
AG 1995). As a direct result of Lord Donaldson’s report, restrictions on tanker traffic
in sensitive areas, measures and recommendations for tankers in UK waters to protect
sensitive areas from oil were implemented (Warren LM 1994, Corbet AG 1995).

It was the response to the Torrey Canyon incident that first highlighted the potential
damage that inappropriate response options can cause the environment. The lethal
concentrations of dispersants were lower than those needed to disperse the oil.

Grazing species such as Patella and barnacle species are key species in structuring
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shore communities and the loss of grazers caused algal blooms in the months after the
spill. Fuciod cover took 15 years to return to pre spill levels but oiled shores that
were not treated at all recovered to pre-spill conditions within three years (Hawkins
SJ, Southward AJ 1992, Southward and Southward 1978, O’Sullivan A 1967). These
statistics give an indication of the environmental consequences that can be caused by
inappropriate environmental management. When developing the methodology for the
laboratory and ex-situ field work in the thesis, it was intended to remove the oil from
the substrata using environmentally benign techniques. By calculating the percentage
recovery of oil and sorbent it was possible to quantify sorbent efficacy, thus
commenting on the optimum combination of oil-sorbent-substrata and associated oil

recovery.

3.3 The fate of oil in marine spills

Factors that influence the fate and distribution of spilled oil include: the volume and
type of oil, geography, geomorphology, hydrography, hydrodynamics, and prevailing
meteorological conditions of the area, and the chemical and physical processes that
the oil undergoes when spilled. Typically, the logistics of an oil spill response
operation will be determined by how these factors have affected the nature and
distribution of the spilled oil. With regard to the research carried out in this thesis, the
behaviour of the oil is critical because information on environmental factors that
affect oil state and behaviour can affect its ability to combust and thus be suitable for
use as fuel (Allen B 1999). Figures 7 to 10 illustrate a series of environments affected

by oil and their impact on oil movement and behaviour.
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Figure 7: Oil slick at sea in Alaska

Source: http://www.evostc.state.ak.us (1)

Figure 8: oiled rocky shore after Prestige incident

Source: http://whvfiles.org (1)
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Figure 9: oiled sandy beach in Lebanon

Source: http://www.iadedthea.com (1)

Figure 10: oiled mangroves in the Philippines

Source: http://weblog.greenpeace.org (1)
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As Figures 7 to 10 shows, the required response to a spill incident is fundamentally
influenced by the environment in which the oil is present. In highly sensitive
environments such as mangrove swamps, minimising environmental damage as a
consequence of clean up is as critical as reducing oil volume. Oil on sandy beaches
may be absorbed and pollution on rocky shores leads to rock pools, boulders and
shingle being oiled. It can be said that the influence of marine and coastal processes
on spilled oil has a substantial impact on its behaviour, persistence in the environment
and the techniques used to remove it from the environment. The next section of this
chapter examines the processes oil undergoes when spilled and presents four case

studies in terms of oil impact in the environment.

3.3.1 Processes

Oil at sea, if left, will break up and disperse into the environment over time. This
dispersion is due to a range of chemical and physical processes that the oil undergoes
following release. Collectively, the processes are known as weathering - the in situ

breakdown through mechanical or chemical means (http.//www.itopf.com (6)). Its

viscosity and persistence in the environment determines how the oil breaks up. Light
oils such as kerosene evaporate rapidly and disperse over a wide area in a relatively
short time frame. Heavier oils including a range of bitumens, asphaltanes and resins
do not evaporate and are more persistent in the environment. They are referred to as
persistent oils; the lighter fractions such as propane and benzene are known as non-
persistent oils (http://www.itopf.com (6)). The major types of weathering, the
behaviour of weathered oil and associated implications for clean up are presented in
Table 7.
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Table 7: Types of weathering and their implications for clean up

Weathering type
Spreading

Evaporation

Dispersion

Emulsification

Dissolution

Behaviour of oil
- oil spreads fast and becomes thinner
- speed of spreading depends on oil viscosity
- after time slick splits and forms bands parallel to the wind
direction
- light compounds evaporate quickly

- speed of evaporation depends on volatility of oil

- extent of dispersion dependant on sea state

- the higher the sea state the higher the rate of dispersion

- large droplets rise to the surface and form a slick, small
droplets stay in water column.

- water droplets become mixed with oil and form a
‘mousse’

- increases volume of oil by 3 or 4 times.

- water soluble compounds within the oil dissolve into

58

Implications for clean up
- thin slicks reduce the possibility of in situ burning
- slicks can spread hundreds of kilometres in 2-3 days limiting the possibility of

offshore clean up

- faster spreading leads to a high surface area and faster evaporation rates.

- refined products (kerosene, gasoline) can evaporate completely

- up to 40% of light crude oils can evaporate in 24 hours

- spills of volatile oils in confined spaces represent a fire hazard

- remaining residue post evaporation has high viscosity and density which
complicates removal operations.

- increased surface area due to dispersion can aid processes such as biodegradation
- viscous oils do not disperse readily, are highly persistent in the environment and

if left to dry at the coast form asphalt like ‘pavements’ if not removed.

- increases volume of oil and subsequent storage requirements

- decreases o0il’s buoyancy making it more likely to sink

- increases viscosity and oil ‘stickiness’ complicating pumping and storage
options.

- decreases oil’s ignitability

- decreases oil’s surface area reducing effectiveness of biodegradation

- only the lightest compounds of crude oil are soluble, these compounds are lost



Oxidation

Sedimentation/sinking

Biodegradation

surrounding water.

- oils react chemically with oxygen

- high viscosity oils form ‘tar’

- the presence of ‘tar’ increases the persistence of the oil in
the environment

- oil can adhere to pieces of suspended sediment and sink

- shallow water that is often high in suspended particles is

an ideal environment for sedimentation.

- sea water contains bacteria that can degrade crude oil
- availability of nitrogen, phosphorous and oxygen are the

main limiting factors.

quickly through evaporation.
- heavy ends of crude oil are insoluble in sea water.
- leads to formation of soluble products or persistent tars

- overall impact on oil dissipation is minor

- when mixed with sediment, oil forms dense tar ‘mats’ on the shore

- once mixed with sediment oil will sink if washed offshore

- if mixed with fine particles on sheltered shores, oil becomes persistent in the
environment.

- restricted by availability of nitrogen, phosphorous and oxygen

- is most efficient at oil-water interface where bacteria in the water have access to
the oil and oxygen is available

- oil on shores with a low surface area restricts biodegradation efficiency

- oil mixed with sediment is limited due to a lack of oxygen and nutrients.

Sources: API, NOAA, USCG, USEPA 2001, http://www.itopf.com (6), http://www.itopf.com (9)
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These processes are significant contributing factors to the nature, extent and eventual
degree of success of a response operation. Regarding types of weathering, there are
three listed in Table 7 that can assist the clean up process (evaporation, dispersion and
biological weathering).  Light oils evaporate soon after release onto the surface of
the water, high rates of evaporation reduce the volume of oil requiring recovery and
removes a significant proportion of the oil’s toxic volatile compounds

http://www.itopf.com (6). Light oils are also prone to dispersion; the rate of

dispersion depends on the viscosity of the oil and the sea state. The increase in
surface area of the surface slick as a result of dispersion can aid natural degradation of
the oil compounds. Light oils disperse into the water column and spread over a wide
area reducing their environmental impact. Biological weathering in the form of
biodegradations can reduce oil volume. The process is most effective at the oil-water
interface where bacteria can access the oil and an oxygen supply to facilitate
metabolism. The significant limiting factor of this process is availability of nitrogen,
oxygen and phosphorous which are essential to bacteria’s ability to metabolise oil.

The remaining types of weathering (spreading, emulsification, oxidation and
sedimentation) adversely affect the efficacy of a recovery operation. In spite of
spreading increasing slick surface area and thus exposure to bacteria, it can
complicate recovery at sea. The thinner the layer of oil on the surface, the less likely
ignition will be possible. Oil can also travel for many kilometres in a relatively short
space of time which can complicate mobilising shore clean up and prioritising sites
for recovery. Emulsification of oil multiplies the volume of material requiring

recovery and disposal by 3-4 times http://www.itopf.com (6). It also decreases the

oils ability to float on the surface and its ignitability. The increased volume has
consequences for recovery and storage and final disposal of the waste product.
Regarding the use of waste oil as fuel, the water content is a critical factor in
determining its potential. Heavily emulsified oils may require extensive pre-treatment
prior to incineration as fuel; this will have consequences for the financial viability of
any waste oil as fuel projects. Sedimentation becomes a factor in response when oil
droplets adhere to sediment particles. This increases the volume of material to be
recovered and can lead to the formation of ‘mats’ of oil on the shoreline. If the oil is
washed offshore after beaching the additional weight of the sediment causes it to sink
and thus it can become persistent in the environment (API, NOAA, USCG, USEPA
2001, http://www.itopf.com (9)). |
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3.3.2 Impact of oil in the environment

Regarding the physical, chemical and biological impact of oil in the environment, it
can be said that it is affected not only by the circumstances of the spill but also by the
nature of the clean up methods used. This section focuses on selected oil spill
incidents and identifies the techniques used to remove the oil and their associated
environmental implications. Regarding specific tools and methods to remove oil from
the environment, each technique has benefits and cautions. Figures 11 to 15 display
the range of options for oil containment and recovery and the environments they

operate in.

Recovery methods that may be appropriate include:

e Booms and skimmers in open water. A containment and recovery system is
used whereby a boom is placed on the water surface to contain the slick and a
skimmer removes the oil from the surface within the confines of the boom.

e Dispersants, that are capable of removing certain oil types from the sea by
dispersing the oil into the water column. Wave and tidal energy cause the oil
to break up into small droplets that are diluted and biodegraded by micro-
organisms naturally occurring in the marine environment.

e Absorbents, materials that are capable of absorbing the oil into their structure.

e Adsorbents, materials that are capable of condensing the oil into a layer on
their surface.

e Mechanical techniques including high temperature water pressure and

scrubbing.
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Figure 11: oil containment boom

Source: http://www.pcs.gr.jp (1)

Figure 12: Oil skimming unit

Source: http://www.pcs.gr.jp (2)
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Figure 13: Oil dispersant application

Source: http://wvm.noaanews.noaa.gov (1)

Figure 14: aerial dispersant application

Source: http://www.oceansatlas.org (1)
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Figure 15: shoreline clean up techniques

Source: http://www.saa.org (1)

3.3.2.1 Impacts: Torrey Canyon

The circumstances of the Torrey Canyon incident are stated in section 3.2.1. The
subsequent patterns of species distribution and recolonisation reflected the extent of
the damage the spill caused. The first evidence that Patella had re-colonised shores
was in the winter of 1967/8. The limpets had begun to re-establish themselves under
the dense canopy of Fuchoids thus preventing further Fuchiod plants colonising. As
the plants aged, limpet grazing of their holdfasts weakened them further and between
1971 and 1975, the shores became bare to the extent where there was less algal
coverage than before the spill. Interactions between communities in the littoral zone
are finely balanced between algal species, grazers and species that rely on them for
both food and shelter. The variations in their distribution in the wake of Torrey
Canyon provides evidence of the impact oil has on these communities, and further
flags the impacts of using the chemical dispersants available in 1967 which were
deemed appropriate and effective (http://www.ukmarinesac.org.uk (1)). Research
showed that the timescale for recovery at these sites was 10 years with treatment; this
was longer than first thought by ecologists at the time. It was wrongly assumed that
dense growth of algae was an indication of recovery and some ecologists proposed

that the sites had fully recovered in 2 years (Southward AJ 1978). However,
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Southward and Southward (1978) dismissed these assumptions and the expected rapid
recovery. Evidence shows that some sites heavily treated with dispersants did not
returned to pre-spill conditions in 10 years, and in the most affected cases it took 15
years for the sitess to recover fully (Southward AJ 1978,
http://www.ukmarinesac.org.uk (1), http://www.itopf.com (10)).

The differences in opinion highlight the complications that occurred regarding
monitoring recovery of the oiled shores. In the case of Torrey Canyon the issue was
to be able to differentiate between the effects of human intervention and natural

remediation.

3.3.2.2 Impacts: Exxon Valdez

The environmental impacts on the flora and fauna of Prince William Sound were
extensive and a pattern of acute mortality followed the release of the oil. OQiling of
marine mammals and seals caused loss of insulating capacity, hypothermia, oil
smothering, drowning and ingestion of toxins (Peterson C 2003). Estimated figures

for mass mortalities were:

e 1000-2800 sea otters
e 250,000 sea birds

e 302 harbour seals
(Peterson C 2003)

Mass mortality of macroalgae, microalgae and benthic organisms also occurred. This
was attributed to a combination of exposure to toxins, oil smothering and
displacement by high pressure water application. Oil was trapped in many coastal
types of sediment including mussel beds and this provided a biological route for the
oil into a range of producers and heterotrophs. Long term chronic exposure was
recorded in fish species, sea otters and ducks. This was particularly associated with
species reliant on sediment foraging for food and sediment environments for nesting
(Peterson C 2003).

Exxon Valdez was the first major spill incident where bioremediation was trialed as a

response operation (Lee K 1999). The process involved the application of nitrogen-
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containing fertilisers to stimulate growth of indigenous hydrocarbon degrading

microorganisms.

Following laboratory trials, field experiments were carried out in order to evaluate the
effectiveness of bioremediation agents. The impact of the bioremediation agents was
recorded by monitoring changes over time in the o0il composition relative to hopane,
which is a stable high-molecular weight hydrocarbon present in the oil. The field data
sets showed that fertilizer additions accelerated the rate of 0il removal by a factor of
five (Lee K 1999). Analysis of the results showed this was due to the level of nitrogen
present in the pore water of the intertidal sediments. The results of the study showed
that the rate of bioremediation can be improved by measuring nutrient levels in
sediments to ensure sufficient levels of nutrients are maintained during microbial

application (Lee K 1999).
3.3.2.3 Impacts: Sea Empress

Sea Empress ran aground off the Welsh coast in 1996 in the UK’s only predominantly
coastal National Park. The flora, fauna and habitats of the National Park and
surrounding area are regulated and managed through the National Park and additional
designations including an MNR (Marine Nature Reserves), 7 SAC’s (Special Area of
Conservation), 3 SPA’s (Special Protection Area), 6 NNR’s (National Nature
Reserve), and 75 SSSI’s (Sites of Special Scientific Interest). (PCNPA: The State of
the Park 2004).

One of the most high profile species that was affected by the spill was the Cushion
Star Asterina which had a population of 150 individuals at West Angle Bay prior to
the spill. This number was reduced to 13 in the wake of oil beaching at West Angle.
However, removal of egg masses to specialist incubators increased numbers to 45 by
1998. The population has subsequently recovered and removal of individuals during
the oil recovery phase significantly increased understanding of Asterina reproductive
biology (Edwards R 1999). The tourist industry is also of significant value to the area
contributing an estimated £343 million per-annum to the County’s economy (Edwards
R 1999). A significant attraction of Pembrokeshire to the tourist is its coastal and

marine scenery and wildlife and access to popuIar activities include walking, SCUBA
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diving, canoeing, kayaking, coasteering, fishing and sailing. It was feared that the
impact of the oil would significantly reduce tourist numbers in the years after the

incident (Edwards R 1999, http://www.visitpembrokeshire.com (1)).

In spite of the highly sensitive geography of the area, the anticipated environmental

damage was less severe than initially predicted. This was due to:

e The spill occurring in February, this was a time of low use from a tourist and
environmental perspective. The majority of the seabirds had not returned to
the area to nest and many of the fish species had migrated offshore or were
inactive.

e On the day of the spill, the wind was blowing northerly thus carrying the oil
away from the coast.

e Forties Light Crude is a light fraction of crude oil, 40% of the spill evaporated
off the surface of the seawater before it was blown to the coastal areas. The
application of chemical dispersants from the air proved to be successful, it was
estimated that 28% of the oil dispersed naturally and 24% was dispersed
through chemical use (Edwards R 1999).

e The damage was less than anticipated due to the techniques used to remove the
oil from the beaches (priority to amenity beaches and mass removal of bulk oil
from accessible shores by a workforce of over 1000 individuals.) (Edwards R
1999).

Due to the weather conditions and the light oil type that was spilled, between 5-7% of
the spill reached the shoreline (3,700-5,300 tons which transformed into 11,000-
16,000 tons of emulsion). Within 6 weeks of the oil beaching, beaches were visibly
cleaner and open to the public. Clean up operations carried on for 18 months and
were focused on pockets of oil exposed on beaches or washed ashore (Edwards R
1999). The range of options used to recover oil from the surface of the water and

shores after Sea Empress were:
e Offshore dispersant spraying,

e Mechanical recovery on beaches and rocky shores

e Protective booms to retain the oil offshore and facilitate dispersant spraying.

67


http://www.visitpembrokeshire.com

(http://www.itopf.com (10), Lunel T 1998)

These measures, in addition to a high rate of evaporation and natural dispersion,
reduced the quantity of oil reaching inshore waters and beaching. It is estimated that
200km of coastline was contaminated and a shoreline cleanup operation was
initialised involving mechanical recovery, trenching, beach washing, and the use of
dispersants and sorbents (Lunel T 1998).

A range of techniques were employed for bulk and residual cleaning including manual
removal and the application of 12 tonnes of dispersant. At the height of the response
50 vessels, 19 aircraft and 25 organisations were directly involved with 250 staff
working on the response at sea and 950 working on the shoreline (Edwards R 1998).
Due to the proximity of the spill to high amenity coastal areas, there were a range of
impacts that affected humans, both from a health and economic perspective.
Regarding human health, short term effects of the oil were noted in the aftermath of
the clean up operation. Conditions such as nausea, dermatological irritation and
headaches were noted. This was particularly the case in personnel who had not worn
adequate safety clothing during the clean up. Crops and other agricultural products
had been deemed safe.

The expected impact on the tourism industry was substantial but due to the success of
the clean up and to the loyalty of returning visitors, the impact on tourist numbers in
the summer of 1996 were less than predicted (Lunel T 1998).

Fishing and lobster potting are a traditional source of income and employment in
Pembrokeshire. As a precaution, a closure order was put in place for all commercial
and recreational fishing in the area affected. The orders were implemented to ensure
the survival of the fisheries and to prevent any tainted fish being sold. The orders
were lifted progressively and no mortalities of fin-fish, crustaceans or molluscs were
attributed to the spill (Edwards R 1999). In the absence of mortalities, it was decided
to carry out biological and chemical analysis on the fish, invertebrate and mollusc
populations. The immune systems of species including Mytulis edulis (the Common
Mussel) was impaired and improved with contamination decrease, other impacts such
as growth impairment and alteration in DNA were tested for and anomalies in the data
sets were found. However, whether these differences were due to the effects of the oil

or other environmental contaminants was not established (Edwards R 1999).
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Amphipod communities showed little impact of contamination by oil, although some
changes were evident at the population level. A decline in the populations of
amphipod fauna as the genera Ampelisca and Harpinia and the family Isaeidae was
recorded. This was accompanied by increases in the diversity and abundance of
polychaete populations as opportunist species colonised in the absence of amphipod
fauna. Within five years of the spill the amphipod fauna had shown clear signs of
recovery (Nikitik C 2003).

3.3.2.4 Impacts: Prestige

On the 19" November 2002, Prestige sank 160km off the coast of North West Spain
in waters 3600m deep (http://www.spillcon.com (1)). The vessel had sustained a 50m

gash on her starboard side and under tow at the direction of the Spanish authorities;
she broke up in heavy seas and spilled a total of 64,000 tons (www.panda.org (1)). Of
the 64,000 tons spilled, 20,000 tons were washed up on the shoreline of Cantabria, the
region most affected. These contaminants were mainly removed from sandy beaches
and rocky intertidal areas (Juanas JA 2007). A large scale offshore cleanup operation
was carried out. The response was complicated by adverse weather conditions and by
the inability of fishing vessels that lacked cargo heating capability to discharge
recovered oil. Over a thousand vessels participated in the cleanup in sheltered coastal
waters and during favourable weather. The open-sea recovery operation off Spain
removed 50,000 tonnes of oil-water mixture. Despite this and the deployment of
20km of booms, 1,900 km of shoreline were oiled. The shorelines of Spain were
cleaned manually by a workforce of over 5,000 military and local government
personnel, contractors and volunteers. Issues raised included the time-consuming
nature of the process in rocky areas and secondary oiling of previously cleaned areas

by re-mobilised oil (Juanas JA 2007, http://www.itopf.com (7)).

Preliminary studies on the effect of the Prestige’s oil on the shorelines show evidence
of substantial damage. The damage extended to areas of the shore above the EHWS
(Extreme High Water Spring) mark, particularly to lichens which were affected by oil
droplets being carried by onshore winds. In the littoral zone disappearance of the

brown alga Pelvetia canaliculata, Fucus spiralis, Fucus vesiculosus and

Rhodothamniella floridula was recorded (www.panda.org (1)). Over the 12 months

following the spill, benthic macrofaunal species that are known to be sensitive to
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crude oil declined and were replaced by opportunistic species, most commonly
polychaetes. This decline was followed by a three year decrease in populations
known to be vulnerable to oil. It was in the fourth year after the spill that pollution
sensitive species reappeared on the shore (Suarez et al 2005). One of the issues that
made responding to the spill logistically complex was the nature of the oil the
Prestige had been carrying. It was a heavy fuel that had a high density and low
viscosity and thus did not evaporate or disperse naturally. The health issues flagged
by the response personnel included headaches, rashes, eye redness, respiratory

problems, nausea, trauma and dizziness (Suarez et al 2005).
3.3.2.5 Analysis:

The case studies illustrate the range of impacts that oil can have in terms of its
interactions with the environment (weathering), the species balance of the shore, the
specific environment in which it is spilled and the techniques used to recover it. It can
be said that the range of impacts, environments and possible options are diverse and
demand a multi-disciplinary response. There is no one set of definitive guidelines for
spill response. However, there are a set of common denominators that may be
considered for each incident, regardless of location. Documents that can be utilised in
these scenarios are guidelines detailing best practice, options, protocol, benefits and
cautions. Location-specific material can be added as appendices or case studies to
focus the mechanics and logistics of the operation. If the mechanisms used to remove
oil from the environment in each of the four incidents discussed are interpreted in
further detail, it is possible to comment on how the oil spill response industry has
developed over time.

Torrey Canyon was the first major tanker incident that was brought to the widespread
attention of the public (Southward AJ 1978), what set it apart from other incidents
was the indiscriminate use of toxic dispersants. In terms of removing oil from the
shores, they were largely successful; however, they were often applied undiluted
direct onto substrata which caused widespread mortality in littoral flora and fauna.
(http://www.itopf.com (10)). Initial predictions by ecologists at the time that the
shores had recovered within 2 years of the incident proved inaccurate. Further

analysis of species diversity and distribution in the years after the incident suggested
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that the shores took between 10-15 years to recover where dispersants had been
applied (Southward AJ 1978).

Exxon Valdez is the largest oil spill in American waters to date. It attracted intense
interest from the public and media due to its size and the fact that it occurred in an
area of pristine wilderness that supports species including Sea Otters and Bald Eagles.
As a result of these factors and the fact that the oil was threatening an important
fishing area; the response was the most expensive ever recorded for an oil spill
incident. At its height, over 10,000 workers were involved at a cost of US$2billion
http://www.itopf.com (4). Despite the expense and level of manpower involved, the
amount of oil recovered was equivalent to between 10-14% of the total spilled, as
previously stated. The machinery used to remove and transport the oil used 40 times
more oil than had been spilled (Payne RT 1996). The level of hot water, high
pressure washing used to remove oil from coastal substrata was also the most
extensive to date. In spite of most oiled shores being visibly cleaner one year after the
spill, studies at the time suggested that the application of high pressure hot water
substantially delayed recovery on a range of shores through the removal of algal

species and grazers http://www.itopf.com (4). Exxon Valdez was the first major spill

incident to trial bioremediation as an oil removal strategy. The science of
bioremediation and its application to oil has been subject to extensive laboratory
research; the challenge facing the industry has been to extend this research to field
conditions (Head I 1999). Exxon Valdez provided an opportunity to study the efficacy
of bioremediation at a scale not previously encountered. What the studies from Exxon
Valdez proved was that in order to effectively implement bioremediation in the field,
it was necessary to quantify the amount of fertiliser required by the amount of
nutrients present in the environment, not as pre-determined dosage for a given area of
shore. This could be monitored by on-site recording of ground water nutrient levels

throughout fertiliser application (Bragg JR 1994).

Due to the fragility and high amenity value of the coast where Sea Empress ran
aground, the subsequent response and clean up operation was subject to extensive
scrutiny from the public and media. Regarding the efficacy of response measures, Sea
Empress can be used as a direct comparison to Torrey Canyon in terms of dispersant
application. If the figures from Sea Empress are examined in further detail, the
amount of oil spilled was 72,000 tons, of this, 40% (28,800 tons) evaporated which
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meant there was in excess of 40,000 tons of oil at sea that could have come ashore.
Forties Blend Crude has a tendency to produce a 70% water-in-oil emulsion which
could have translated into 130,000 tons of emulsion beaching on the South Wales
coastline (Lunel T 1995). The reality of the situation was that between 11-16,000
tons washed ashore (Edwards R 1998). The mechanisms responsible for this reduced
amount were mechanical recovery at sea which removed 4,000 tons and the effective
use of dispersants (Lunel T 1995). It is estimated that 50% of the total oil spilled was
dispersed, 80% of which was dispersed by chemicals. Research carried out by Lunel
et al stated that the application of dispersants significantly enhanced natural
degradation rates and resulted in a net environmental benefit through reduction of
surface oil (Lunel T 1995).

The Prestige incident is an example of factors that can reduce the efficacy of a
response operation. The oil spilled from Prestige was heavy fuel oil, it was viscous
and highly persistent in the environment and due to this factor, the oil drifted on the
sea surface with winds and currents. It came ashore in Galicia, where the
predominantly rocky coastline was heavily contaminated, the Bay of Biscay and the
Atlantic coast of France. The initial response to the oil beaching was hampered by
severe weather and by the inability of the fishing vessels first on the scene, lacking the
cargo heating capability necessary to discharge recovered oil (Albaiges J 2006). The
at-sea recovery operation removed 50,000 tonnes of oil-water emulsion. However,
this and the deployment of over 20kms of boom did not prevent extensive coastal
contamination. The high levels of contamination were attributed to poor weather
conditions restricting the deployment and efficacy of booms (http://www.itopf.com
(7), Albaiges J 2006). In total, 1,900 km of shoreline were affected
(http://www.itopf.com (7)).

In the aftermath of the incident, what emerged as a factor behind the ineffective initial
response was a lack of a decision making framework and organisational ability to
implement a strategy (Albaiges J 2006). In the absence of a strategic contingency
plan, the first responders on-site were fishing vessels and volunteers on the beaches.
As a result of the organisational failure, the Spanish Governments Ministry of Science
and Energy devised an Urgent Strategic Action and Scientific Response Plan to

manage funds and implement response strategies (Albaiges J 2006). It was organised
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and implemented in six stages that included: the behaviour of the oil in the sunken
tanks, seismic risks for the wreck, the fate of the oil, biological impacts of the oil,
socio-economic impacts and the definition and implementation of contingency

planning (Albaiges J 2006).

The response to the Prestige incident highlighted the need for a coordinated and
planned response to future incidents. Research by Albaiges et al. 1996 suggested that
due to the persistence of the oil spilled and the nature of the environments
contaminated, it was necessary to continue environmental impact assessments beyond
2 years immediately after an incident. However, it was stated that release of
hydrocarbons into the sea from other sources could skew the analysis of impacts from
a major spill. It was proposed that a strategy of continual development and expansion
of knowledge and techniques to predict impacts and provide guidance was necessary
(Albaiges J 2006).

3.4 Environment specific response to oil spill incidents

This section covers two options recognized by industry to facilitate appropriate
response to oil spill incidents; these are Time Windows of Response and Net
Environmental Benefit Analysis (NEBA). Bioremediation is also discussed as an

option suited to oil spill response in the coastal habitats and ecosystems in Vietnam.

3.4.1 Time windows of response:

The concept of ‘Time Windows of Response’ application to an oil spill incident is that
there is a specific window of time in the response operation where any one technique
will be at its most effective. A key factor in spill response is reacting to the changes
that the oil undergoes when spilled and adjusting the response accordingly. It is an
understanding of these changes and how they are influenced by environmental factors
that leads to a ‘time window’ being calculated for a response strategy. With regard to
the clean up operation, it can be said that oil spreading, emulsification and

evaporation dictate the nature of clean up. Oil thickness, flash point, pour point
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density and viscosity are all altered when oil undergoes one of these processes
(Nordvik A 1999). Oil viscosity is a substantive factor in the efficacy of dispersant
application and mechanical recovery. The flash point and water content influence
ignitability and the length of time oil will bum; density affects the effectiveness of
separation techniques. Table 8 shows oil spill response technology and factors
influencing their time window. It is noted that where emulsification is flagged as a
factor, it is possible to partly reverse the process by the application of heat or

chemicals (Nordvik A 1999).

Table 8: Response techniques and factors affecting response
Technique Factor affecting response

Skimmers weir Extent of emulsification

Oil thickness

adhesion Oil thickness

Viscosity
Oil and water separation mechanical) Density

Emulsification

Viscosity
Dispersants Viscosity

Pour point

Water content

Emulsification (water content and stability)
In situ burning Flash point

Release ofcombustible vapour

Rate ofevaporation prior to combustion

Emulsification

Source: Nordvik A 1999

The factors highlighted in Table 8 are specific to spills at sea where variations in the
oil’s characteristics and behaviour can complicate response operations more so than
responses on land due to the inherent dynamics and interactions between the oil and
the environment. Weir and adhesion skimmers use different mechanisms but oil
thickness and the extent to which it has emulsified affect the ability of the skimmer to
remove the oil from the surface ofthe water (Nordvik A 1999). Separators operate on
the difference in density between oil and water, and evaporation and emulsification

both reduce this difference. A further consideration is that the weight of crude and
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refined oils varies and the extent to which they separate can be affected. The use of
chemical dispersants is one of the most established techniques for responding to oil on
water (Chapmana H 2007). If the viscosity of the oil, its pour point, water content or
stability are increased then the oil becomes less dispersible. The higher the amounts
of wax and asphaltanes present in the oil the higher the likelihood that dispersant
effectiveness will be compromised (Nordvik A 1999).

A caution with in situ burning of oil is the resulting smoke and if the oil is emulsified,
ignition may not be possible. Ignition and continued combustion of oil relies on the
flash point and the release of combustible vapour. It is the vapour, not the liquid oil
that burns during the process. The most flammable components of the oil burn at
below 150°c but they are also the first to evaporate. The heavier ends in the oil burn
at around 350°c and require a higher ignition temperature. Another factor that affects
the combustibility of oil is the droplet thickness on the surface of the water. It is
possible to alleviate this by booming the slick but this requires specialist fire proof
booms. It can be said that in situ burning as a response is highly oil and environment
specific (Nordvik A 1999).

3.4.2 Net Environmental Benefit Analysis (NEBA)

The conceptual basis of Net Environmental Benefit Analysis (NEBA) is to respond to
a spill situation while minimising environmental impacts and ensuring that the clean
up mechanisms can justify further environmental consequences. The advantages and
disadvantages of natural clean up are introduced as an option from socioeconomic and

environmental perspectives. There are four stages to a NEBA:

e Research of available information on the physical characteristics of the area,

e A review of previous local incidents.

e Development of a database of information regarding the environmental
outcomes for each possible response strategy.

e Advantages and disadvantages of natural and engineered responses are

assessed (IPIECA Report Volume Ten 2000).
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Within NEBA, both oil on water and the shore are covered. With regard to managing
oil on water, predicting the speed and direction of travel is critical. The assumption
that the slick will reach sensitive shore areas covers the worst case scenario. It is
often the case that using low toxicity dispersants is the most suitable strategy as they
are deemed low risk to fish stocks and they can reduce the amount of oil beaching
(IPIECA Report Volume Ten 2000). Oil on the shore presents a multi-disciplinary
challenge and response. There are a range of considerations regarding oiled shoreline

response within NEBA:

Table 9: NEBA considerations
Issue Considerations
Severity ofoiling - heavy mechanical recovery can cause more damage than oil
- heavily weathered mousse can persist in the environment for up to 25
years if not removed.
- low pressure hoses can remove oil from sediments without extensive
mixing occurring.
Interacting systems - interacting systems (nearshore ecosystems/breeding birds) are vulnerable

to oil is the shore is not cleaned
- high pressure hot water may be used to remove sticky oil in a seal
breading area
- the resultant long recovery time for intertidal grazers is deemed to be
accepted as seals have a higher clean up priority.

Socio economic values - Prioritizing between amenities such as beaches with a high tourist value
and marinas and sensitive environmental areas is a priority
- If oil is running offthe shore onto a shellfish bed which is used as source
of local food the shellfish will survive the tainting but will be unsuitable

for consumption.

- The issue raised is whether this justifies heavy cleaning of the shore to
prevent the runoff when it may be the case that natural cleanup has already
started and artificially speeding the clean up may damage the shore

Source: IPIECA 2000

NEBA aims to highlight scenarios where it is justifiable to cause further damage
through response options if the perceived advantages to the environment and the
economy are deemed high enough. The advantages and disadvantages of each clean

up option are analysed against natural clean up, and it can be the case that the
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recovery time is extended by using aggressive clean up techniques. This was
demonstrated after the Torrey Canyon incident (O’Sullivan A 1967). If it is the case
that a clean up is focused on the short term health and appearance of the shore, NEBA
may highlight there is no long-term ecological justification for clean-up and that
operations should cease (IPIECA 2000, Kerambrun L, 1998). As the over-riding
philosophy of NEBA is that it may be justifiable to cause further damage to the
environment through specific response options, it is essential to analyse past incidents
and the outcomes of their responses, the net value of socio-economic and

environmental amenities in the area and the predicted impact of an incident.

In an effort to quantify the application and efficacy of NEBA, a 20 year long study
was carried out in Panama (Baca B 2005). In 1984, non-treated Prudhoe Bay crude
oil and dispersed crude oil were deliberately released into sites representative of
mangrove, seagrass and coral ecosystems as part of the TROPICS (Tropical Oil
Pollution Investigations in Coastal Systems) research project. The effects of the non-
treated and dispersed oil were recorded and analysed over a 20 year period. In the
immediate aftermath of oil application, mortality of invertebrates, seagrass and coral
was observed at both sites, and it was noted that mortality in the mangrove forest was
significantly higher in the non-treated oil site. Observations over the 20 year scope of
the project showed continued presence of oil, diminished mangrove population and
substrata erosion in the untreated site. At the dispersed oil site, no oil was detected
and no long term toxicological impacts noted in flora and fauna (Baca B 2005).

The data set for the NEBA study consisted of biological data to quantify the impact of
oil on the ecosystem and physical data to measure hydrocarbon levels and substrata
erosion. In order to analyse the results further, flora, fauna and ecosystems were spilt
into parameters representative of their overall importance to the community. PIL1
were considered highly important and consisted of key organisms, PIL2 were
considered secondary in importance yet represented a significant proportion of field
measures. PIL3 were considered to not be directly important to the community, they
were predominantly transient species that results suggested were not significantly
affected by the presence or otherwise of oil (Baca B 2005). The core results of the
study can be seen in Tables 10 and 11.
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Table 10: NEBA 1984 compared to 1994.

Habitat Component Parameter **pIL | Crude Crude Disp Disp Ref Ref NEB?
1984 1994 1984 1994 1984 1994

Mangrove | Trees Number Living 1 149 80 72 70 108 108 YES
Trees Mean Trunk Diameter (cm) 2 pX *6.9 B9 9.4 758 9.0 YES
Trees Mean Height (m) 2 44 50 $.0 4.9 44 4.7 NO
Trees Open Canopy (LAl#) 2 27 39 31 36 24 26 YES
Trees Canopy Density () 2 NM *38.1 NM 44.1 NM 56.1 YES
Trees Leaf Production (#/mo) 2 0. 047% 0.67 0.40* 0.78 0.73 NO
Trees Leaf L/'W Ratios 3 2.21 2.16 2.19 2.16 2.37 2.24 NO
Trees Mean % Herbivory 3 NM 240 NM 184 NM 20.1 NO
Trees Mean Lenticels'cm? 3 044 0.61 0.37 0.52 042 0.52 NO
Mangrove sediment | Hydrocarbons (mg/1) 3 0.9 194 0.6 *30.8 0.6 1.1 NO
Seedlings Number Living 3 13 “89 33 19 26 21 NO
Tree Snails Mean #itree 3 297 “879 766 *690 448 927 NO
Tree Oysters Mean #/m root 3 53 “184 48 83 6] 64 NO
Cup Oysters Mean #/m root 3 16 *77 33 58 23 35 NO

Seagrass Scagrass Mean Shoot Density (#/m?) 2 841.7 | *4400 | Bl67 516.0 666.7 4520 YES
Seagrass Mean Growth (cm/da) 3 048 0.53 0.38 048 0.46 0.58 NO
Seagrass Mean Leaf Area (cm?) 3 222 17.6 24.4 18.6 276 204 NO
Urchins Mean #/line intercept 3 1.93 1.69 153 0.57 0.77 1.00 NO

Coral Corals Total Cover (%) 1 30.5 35.6 335 269 213 12.8 NO
Fauna Total Cover (%) 3 50.3 50.8 50.3 453 493 48.5 NO
Flora Total Cover (%) 3 7.0 18.5 A8 *26.9 19.3 34.5 NO
Organisms Total Cover (%) 3 573 69.3 54.0 *76.1 68.5 83.0 NO

Source: Baca B 2005

Table 11: NEBA 1984 compared to 2001 and 2002.

Habitats Component Parameter **PIL | Crude | Crude Disp Disp Ref Ref NEB?

(1984/2001) 1984 2001 1984 2001 1984 2001

Mangrove Trees Number Living 1 149 141 72 60 108 85 NO
Trees Mean Trunk Diameter (cm) 2 5.3 23 8.9 10.2 7.5 9.0 YES
Trees Mean Height (m) 2 44 *3.1 5.0 54 44 4.3 YES
Trees Open Canopy (LAl #) 2 2.7 *23 il 5.0 24 36 YES
Trees Leaf L/W Ratios 3 221 238 2.19 2.08 237 2.14 NO
Trees Mean % Herbivory 3 NM 12.6 NM *22.3 NM 10.2 NO
Seedlings Number Living 3 13 475 33 *13 26 21 NO

Habitats Component Parameter **PIL Oiled Oiled Disp Disp Ref Ref NEB?

(1984/2002) 1984 2002 1984 2002 1984 2002

Seagrass Seagrass Mean Shoot Density (#/m) 2 841.7 *2280 | 8167 “412.0 666.7 593.3 YES
Seagrass Mean Growth (cmida) 3 048 0.43 0.38 “0.47 0.46 0.40 NO
Seagrass Mean Leaf Area (cm?) 3 22.2 *2B8.5 244 20.2 276 174 YES

Coral Corals Total Cover {*2) 1 30.5 “67.5 33.8 45.5 213 168 YES
Fauna Total Cover (%) 3 503 *79.5 50.3 533 493 373 YES
Flora Total Cover (*4) 3 7.0 6.0 38 310 193 420 NO
Organisms Total Cover (%) 3 57.3 85.5 54.0 84.3 68.5 79.3 NO

Source: Baca B 2005

A net environmental benefit was believed to exist if results from all PIL1 values and a
majority of PIL2 values were significantly different between the non-treated oil and
dispersed oil data sets.

The key patterns in the data between 1984 and 1994 were as follows:
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The use of dispersant use in the mangroves is supported by all PIL1 species
and 60% of PIL2 species.

The seagrass data showed a significant reduction in shoot density between
1984 and 1994. As a result of seagrass growth and leaf area not being
positively or negatively affected by dispersant application, it was concluded
that there was a net environmental benefit to dispersant application over
seagrass beds.

Application of dispersants showed no long term positive or negative effects on
coral recovery. Significant increases in flora and total organism cover at the
dispersed site were not deemed to be applicable to the experiment as the

control site experienced similar trends (Baca B 2005).

Key patterns in the data between 1984 and 2001 showed the following:

The mangrove data showed a net environmental benefit in PIL2 species, it was
noted that a significant proportion of the trees that were oiled had died and had
been replaced by seedlings. This led to a return of tree numbers but a
reduction in trunk diameter, canopy cover and tree height.

Shoot density for seagrass was highest at the dispersed oil site. Density was
significantly lower at the untreated and dispersed oil site in comparison to the
control but the untreated site was the only one that was still significantly low
compared to the 1984 data. This supports the use of dispersant use for
seagrass beds using NEBA to quantify the results.

The most significant result from the coral data was a significant increase in
coral cover from the untreated oil site, this may have been partially attributed
to a decrease in seagrass cover, but the results supported the use of dispersant

application in nearshore coral environments (Baca B 2005).

The most recent data collected from the site (2004), further supported the use of

dispersant application using NEBA as a quantifiable benchmark for efficacy. The

findings of the study concluded that oil contamination remained at the untreated oil

site but was not evident at the dispersed oil or control site. Qil originating from the

untreated site leached into adjacent environments, erosion and sediment re-
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distribution occurred at the untreated site but not at the dispersed or control site.
These findings provide positive evidence in the use of dispersants in nearshore
environments and that they can lead to a net environmental benefit in comparison to

sites that are not treated for oil contamination (Baca B 2005).

3.43 Case study: Oil spills in ecologically sensitive

environments

With regard to environment specific response to oil spills, an alternative to
determining time periods for each response option or perceived socio-economic and
environmental gains is to base the decision making process for clean up on the

vulnerability of the affected environment.

Bioremediation is an option that utilises microbial populations that are either naturally
occurring or introduced into the contaminated environment to degrade oil.
Bioremediation can be defined as: “the use of living organisms, primarily
microorganisms, to degrade environmental contaminants into less toxic forms”
(Vidali M 2001). It utilises naturally occurring bacteria and fungi or plants to
degrade or detoxify substances hazardous to human health and/or the environment,
the process is an environmentally friendly technique to remediate oil spills (Odokuma
LO 2003). Research was carried out in Vietnam to facilitate implementation of in-
situ and ex-situ bioremediation technologies and demonstrate the dissemination of
bioremediation technology to universities and oil spill response personnel (BIOREM
Handbook 2006, Green J 2006).

3.4.3.1 Introduction:

The main outputs of the research in Vietnam were a series of practically orientated
guidelines on decision making and implementation of in-situ and ex-situ techniques
for bioremediation of contaminated shorelines. The material was disseminated
through a workshop, training scheme and distance learning package which the author
researched, developed and designed (Green J 2005, Green J 2006 (2) BIOREM
Handbook 2006). The objectives of the research were to:
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¢ Promote environmental awareness,

¢ Contribute to the implementation of bioremediation as a feasible technology
for pollution remediation,

e Facilitate networking, coordination and collaboration between stakeholders,

e Promote integrated planning, coastal zone management and waste
management

e Integrate the science into higher education to train future generations of
professionals in Vietnam (BIOREM Handbook 2006).

Vietnam was selected due to its sensitive coastal and marine habitats and its
expanding economy. It has 3,400km of coastline, over 300 islands and in excess of
1,000,000km? of exclusive economic waters; it covers less than 1% of the worlds
landmass yet is home to 10% of the world’s species (BIOREM Handbook 2006).
Within the ASEAN (Association of South-Eastern Asian Nations) network, Vietnam
has been highlighted as a medium priority for expansion in the oil and gas industries,
it is also reliant on the tourist industry in coastal areas for income and employment
opportunities. The most frequently occurring types of shoreline are mangrove
swamps, wetlands, tidal flats, marshes and sandy beaches - these are all high
sensitivity shores vulnerable to oil spill damage. Over half of Vietnamese cities are
found on the coast, coastal communities contribute 40% towards Vietnams GDP and
provide jobs for 10 million people. Many of the smaller communities rely on inshore
fishing for their livelihoods. Recently, the number of ships using Vietnamese waters
has increased and the oil and gas industry has expanded. A gap between policy and
implementation of legislation and policy has been flagged and training has been
highlighted as an option to facilitate further integration (BIOREM Handbook 2006).

81



Southeast Asia

CHINA

AUSTRALIA

Figure 16: Vietnam --------—- .

Figure 17: South East Asia
Source fig 16: http://www.reisenett.no (1)

Source fig 17: http://www.lib.utexas.edu (1)

3.4.3.2 Vulnerability:

Tourism is critical to the Vietnamese economy and the diversity of coastal and marine
habitats; scenery and biodiversity are a key attraction. It is estimated that 70% of
attractions aimed at tourists are in coastal areas, between 1995 and 2000 the number
of tourists increased from 4.5 to 10.7 million per annum (Figure 18). Fisheries and
aquaculture are highly developed in Vietnam and are important to the Vietnamese
traditionally, culturally and economically (Figure 19). The Government treats
fisheries as a valuable asset, in 2000, the export value increased 35% to US$1.3

billion and total output production increased 20% (BIOREM Handbook 2006).
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Figure 18: Vietnamese coastal scenery

Source: http://www.discoverphuquoc.com (1)

Figure 19: inshore Vietnamese fishing boats

Source: http://www.seacology.org (1)

Aside from the physical, chemical and biological impact oil can have on the
environment; humans are vulnerable to spilled oil at a number of levels. Health is an

issue, not solely through contact with spilled oil but through the risk of ingesting oil
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that has been taken up by a tainted organism. Vulnerability of a society to an oil spill
can be quantified by the ability of that society to adapt and manage the circumstances
of the spill (BIOREM Handbook 2006). Economically, oil spills can cause disruption
to livelihoods, damage fishing and agricultural areas and force a community to adapt
to a changing environment. The social impact of an oil spill is most influenced by the
resource dependency on coastal and marine flora and fauna of the affected

communities.

Research into the feasibility of bioremediation in sheltered vulnerable shoreline
environments has been carried out (Wright A 1997, Burns K 2000, Duke N 2000).
The results of the studies carried out on mangrove swamps and salt marsh
environments showed that in salt marshes up to 72% of the hydrocarbons spilled were
removed by microbial action. It was noted that air temperature affected the speed of
microbial degradation and in lower temperatures the rate reduced to 56% (Wright A
1997). Mangrove swamps are particularly vulnerable to oil and in the event that the
oil is not treated it can persist for decades (Wright A 1997). It is noted that absence
of oxygen in mangroves is an inhibiting factor for microbial action. Results from
studies by Burns K et a/ 2000 in Australia stated that bioremediation accounted for a
20% decrease in oil presence and the addition of fertilisers further contributed to
degradation. It was noted during the study that species of tree and worm which are
vital to the ecological balance of the mangroves studied were not adversely affected
by the presence of bioremediation agents (Burns K 2000). Considering these factors,
it can be said that a range of Vietnamese coastal ecosystems are suited to
bioremediation as a mechanism to remove oil while minimising the potential
environmental damage associated with mechanical oil removal. The Vietnamese
coastal zone can also be classified vulnerable due to a dependency on tourism and

coastal and marine resources.
3.4.3.3 Oil spills

If the issue of vulnerability is aligned with that of oil spill management, an economic
diversification program can be implemented where alternative employment
opportunities are promoted in areas highly dependant on fisheries and marine and

coastal resources. In Vietnam, poverty is defined by food security; if the amount of
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rice per capita per month is below 25kg in urban areas, 20kg in rural areas and 15kg
in highland areas, the person in question is deemed to be below the poverty line. By
these standards over 90% of Vietnam’s rural population is poor. This factor suggests
that diversification of the workforce can not be achieved prior to addressing the
poverty levels (BIOREM Handbook 2006). The increase in Vietnam’s industrial
activity poses a further oil related threat to Vietnam as it has led to an increase in
wastewater production of which the majority is pumped into rivers with minimal
treatment. This has resulted in a situation where Vietnam’s coral population has
deteriorated. With regard to the number of marine oil spills that have occurred in
Vietnamese waters recently the volumes have been relatively low. Between 1992 and
2004 all spills that were recorded and led to the loss of over 700 tons of oil per
incident were caused by collision, spills below 700 tons were caused either by
shipwrecks, collision or loss during loading or through discharge. Of the 29 spills
recorded, only 12 had full details available for spill volume, oil type and damage
assessment (BIOREM Handbook 2006). This data is key to implementing effective
strategies to respond to an incident and to judge the potential impacts of the oil in the
short, medium and long term. Spill information and statistics are further core
components of developing and implementing oil spill management training and

strategies.

The most frequent cause of oil pollution in Vietnam is through maritime transport
incidents involving either collision or accidents in ports. Between 1987 and 2001
there were 90 spills in Vietnamese waters of which over 50% came from collisions or
loading and unloading related accidents. A further source of oil pollution is the
drilling and production industry. There are two types of pollution that are associated
with this activity (i) operational pollution involving spillages from day to day
activities, and (ii) accidents due to mechanical failure of equipment. Spills of this
nature are rare in Vietnam; in 1999 there were 10 recorded incidents. With regard to
future developments that may affect the nature shipping and oil spills in Vietnam, the
economy and associated industrial activities are growing. The strategic position of
Vietnam in the Far East is a significant factor as it is situated on many major shipping
routes. It is currently home to 110 ports and with the increase in shipping this is

predicted to further rise (BIOREM Handbook 2006).
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3.4.3.4 Dissemination of legislation and policy

Vietnamese legislation concerning environmental management and specifically oil
pollution is a recent addition to the legislative framework. The key act is the National
Plan for dealing with oil spill response. By 2010 the plan aims to be able to respond
promptly and effectively to spill incidents with the core aim of minimising damage to
the environment and the economy. It also aims to have established mechanisms,
policies and organisations from central government to grass roots levels in place

(BIOREM Handbook 2006).

The Plan includes facilities designed for different levels of response across the
country. The response centres are either ‘establishments’ or ‘regional centres’.
Establishments have facilities and equipment available to manage spills of a limited
magnitude. The Regional Centres are larger and hold technical information and
communication equipment to facilitate and coordinate a response; they also hold spill
response equipment and safety equipment for workers (BIOREM Handbook 2006).

Oil spill response activities are implemented at three levels in Vietnam — grassroots,
regional and national. Grassroots level strategies are aimed to achieve a degree of
self-sustainability in companies that handle oil. The companies devise oil spill
contingency plans internally and fund equipment and training needs. In the event of a
spill on a larger scale, they are expected to form part of a larger task force. If the
facilities of any one company are limited the scheme is designed for them to work
with other local companies to respond to a spill incident. Each regional area has a
specialist ‘oil spill response coping centre’. The centres are controlled and funded by
the state and have dedicated professionally trained response personnel. Two centres
in the central and southern regions of Vietnam have been developed and based on
feedback on their performance, a northern centre has been proposed. It is intended
that by 2010 all three will be fully operational. In the event of a spill that is beyond
the capability of a regional centre the State mobilizes forces from other regions and
organisations. Should the magnitude of the spill be beyond the National response
units, the Government would seek the aid of foreign response units and personnel

(BIOREM Handbook 2006).
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3.4.3.5 Recommendations

With regard to dissemination of data and development of oil spill response centres
throughout Vietnam, the following recommendations were developed through

analysis of the EU research and the literature review.

e Widespread promulgation of standards on oily waste management and
treatment.

e Promulgation of technical guidelines on oily waste management and
treatment.

e The use of specialist technology to treat hazardous waste. It has been noted in
some cases older technology is attractive to businesses due to reduced cost.
Incentives can be introduced to encourage use of more efficient ‘green’
technology.

e Improvement of monitoring and enforcement of hazardous waste management
and treatment procedures. This can be seen to be a partnership between
government and industry as opposed to strict policy-led enforcement.
Education and dissemination of data regarding environmental and human
impacts of untreated hazardous waste can be made available.

e Increased recycling and reuse of treated waste.

e Improvement of public awareness and perception on collection, separation and
recycling of contaminated waste. This can be extended further to increasing
industry awareness and the provision of further training for personnel who
work with oily waste.

e Dissemination and communication of the fundamental principles of the
dangers of hazardous waste and associated options for treatment into the
curriculum

e Positive incentives, including: reductions in the cost of new equipment,
financial offers, positive company image in the public domain prior to fines
and warnings being implemented.

¢ Inclusion of local people in waste management and recycling decision making

and implementation in their neighbourhoods.
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In order to develop the feasibility of bioremediation as an option for oil spills in
Vietnam, a set of guidelines and a training package were designed for managers,
decision makers, foremen and students at HE institutions (BIOREM Handbook 2006
(1), Green J 2006, Green J 2006 (1)). The guidelines consisted of technical and
scientific material related to bioremediation and site specific input from Vietnamese
research partners on the state of the coastal environment, oil spill response and
contingency planning and legislation in Vietnam. It can be said that there is a value to
having generic guidelines present with the addition of site specific expertise that can
be manipulated into training and education packages. The structure of the

bioremediation guidelines were as follows:

Table 12: Guidelines for bioremediation

Structure of Guidelines Conceptual outline
1) Introduction to marine oil pollution - Scientific and technical background
- Environmental impacts - Best practise response options and contingency
- Socio economic impacts planning
- Case histories - Implementation of response options in previous
- Response options case histories

- Sensitive areas

- Contingencyplanning
2) Framework conditions in Vietnam - Vietnam as working example
- Oilpollution - Current legislation and management options

- Contingencyplanning and legislation
-Management
3) Non biological treatment of oily sand, soil and - Technical data
sediment - Options
- Best practise
- Relevant companies in Vietnam
4) Bioremediation ofoily sand, soil and sediment - Technical data
- Options
- Best practise
- Relevant companies in Vietnam
5) Guidelines for implementation of - Implementation of 11 steps of guidelines
bioremediation of oil spills - Flow chart in the form of a ‘Decision Tree’ to
aid the decision making process
6) Workshops and training package: - Manipulation of the guidelines into modules for

Bioremediation of Oil Spills in Vietnam. education and training.



- 2 day training course for professionals in
Vietnam

- Dissemination o f data through project website

Sources: BIOREM Handbook 2006, Green J 2006 (1)

The Guidelines were designed to provide a holistic view of the issue and industry, to
focus on Vietnam with regard to protocol and legislation, and to implement scientific
and technical information through education and dissemination programmes. The
structure of the guidelines is flexible and in theory could be applied to any country,
industry or government department. Screenshots of the Guidelines and Training

Course can be seen in Figures 20, 21, and 22.

22 Sources of Oil Pollution

The precise contnbullon of indvidual contaminants by the snipping industry remains obscure and uncertain
mamty due to the quality of the data and the sources from which they are derived However it remains a
poetic misconception that oil spills fotowing collisions or tanker accidents are the biggest cause of marine and
port pollution They account only for 5%, or 0.12 million tons, of the 2 60 rmlion tons of oil which endup quietly
in the seas each year, while oil and oily waste entering the manne environment from traditional, both, legal
and illegal routine snip maintenance and other operations are more than four times larger (1996 0 52 mMion

tons) than amounts from accidental cargo spills

Taole 2.2-1 Sources of oil and oey wastes m seawater

TONS PER

SOURCES OF OIL AND OILY WASTE ENTERING THE SEAS YEAR %
(millions)

« used engine oil
DOWN THE DRAIN * oil rungffand wastes from land-based 3% 53
industrial sources

+ other land-based sources

- bilge and tank cleaning

« fuel leakages

« oily ballast water 0.52 20

« oily and wastes

ROUTINE SHIP MAINTENANCE
AND OPERATION

« cargo residues
« atmospheric deposition of
UP IN SMOKE hydrocarbons In the seas through air 0.34 13
pollution from vehicles and industry
« oil released from the ocean bottom and
NATURAL SEEPS . . 0.24 9
eroding sedimentary rocks
« tankeraccidents

BIG SPILLS . . . 0.12 5
« accidents of other types of ships

TOTAL 2.60 100
[Wewligk Johanna B Lkavervlaf Bremen: 200

Figure 20: Guidelines screenshot

Source: author
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Table 26-2 Drierent response opbons and thew advantages snd disadvaninges

OPTION: RYPERLINK METHOD OF ADVANTAGES DISADVANTAGES
APPLICATION
Sorbents Oil Spill Responses Summary - Can be applied manually or | Useful in dean up Used sorbents preseni are a 1oxic
{Offshore) edonty mechanicatly using blowers | operslions in snaccessidle ‘waste hazard and need to be disposed
or fans locations of property
For use on sea o land inexpensive and usually Some absorb water as wel! as ol and
availabie in large quantities | can sink
Can be used st sea and on Some lose particies in the water and
land are hard 10 coliect after use
Synthetic absorbents can Can be used once only once
absorb up to 70 tines their absorbed. the oil cannot be released
own weight in oil Can be hard 10 apply in windy
condivons
["Shoreline cean up Qil Spik Response Summary - shoreling | Manuat or mechanical Good politics! strategy Potentisl cause of environmental
dasnup Aids recovery of amenity damage
beaches and p d Requi ication and
areas of shore logistics
inaccessible areas of shore may be
impossible to reach
Care must be taken not to remove
. of sub
Aggressive techniques such as high
pressure water jets and sand biasting
harm flora snd fauns

Figure 21: Guidelines screenshot 2

Source: author

The Environmental limpact of Marine Qi) Spills:

This section contains information in the three tiers of detail.

Tier One Environmental Impacts of Marine Oil Spills
Tier Two Enmvironmental Impact of Spills overview of content
Tier Three Environmental Impact Links

Contingency Planning for Marine Oil Spills:

This section contains the three tiers of information and additional reports on
the ITOPF and IPIECA perspectives on contingency planning. it also includes
a link to the EPA guidelines for bioremediation report (163 pages) and a link
to the contents of the repont for quick reference.

E Tier One Contingency Planning for Marine Oil Spilis
Tier Two Contingency Planning ovenview of content
Tier Three Contingency Planning References
ITOPF The ITOPF Perspective
IPIECA The IPIECA Perspective
EPA Contents EPABigreme diati ideline: N
EPA Report EPAbjoremediation guidelines report

Figure 22: Training course screenshot

Source: author
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It may be considered that the biggest challenges facing personnel in an oil spill
response operation are the unpredictability of the event, the volumes and dynamics of
the oil and environmental variables. These factors necessitate the need for a
comprehensive, holistic management system that starts in advance of, and finishes
beyond, the timescale of the incident and the clean up. Dissemination of protocol,
procedure, practical, skills and best practise is a cost effective technique to develop

the next generation of environmental managers (Vastag G 1996).

3.5 Disposal of oil spill debris

Disposal of oil spill waste was investigated as one aspect of the preliminary research
into the laboratory and ex-situ data collection. Options, procedures, best practice and
cautions were researched for integration into the investigative rationale.
Environmentally friendly disposal of debris collected off the shore and water surface
after an incident is a substantive undertaking. Post Torrey Canyon, 4,000 tons of oil
and oil emulsion was removed from Guernsey and 4,200 tons from French beaches.
(http://greennature.com (1)) Post Prestige, data shows that 23,428 birds were affected
by the pollution by May 2003, of these, 75% were found dead. (www.panda.org (1))

The Tasman Spirit ran aground off the coast of Karachi, Pakistan in 2003, on August
14™ between 500-600kg of dead fish were recovered. (http://www.reliefweb.int (1)
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Figure 23: Oily waste bagged ready for incineration after Exxon Valdez - Alaska

Source: http://www.adn.com (1)

The impact of oil spill waste can affect:

* The aesthetic appeal ofa coastal area

* Economic value

*  Human health

» Safety

* Living conditions for surviving wildlife?

* Physical quality ofthe natural environment?
The IPIECA (International Petroleum Industry Environmental Conservation

Association) has developed a package designed to aid responders with disposal of

waste after an oil spill.
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3.5.1 IPIECA perspective

The IPIECA have devised a ‘waste hierarchy’ that is focused on waste reduction and
recycling to minimise the amount of waste produced after an incident.
(IPIECA/Energy Institute/Cedre 2004). In the case of a marine oil spill, this can be
affected by circumstances surrounding the spill over which the clean up operators will
have little or no control. An example of this would be emulsification of the oil
offshore which leads to a higher volume of material requiring collection and disposal.
Other factors that affect the amount of oil that reaches a given coastline include: the
rate of evaporation, spreading, dispersion, solution, emulsification, biodegradation
and photo-oxidation (http://www.amsa.gov.au (1)). The resultant debris is classified
into two groups (IPIECA/Energy Institute/Cedre 2004).

1) Recovered oil. This can turn into oil-and-water emulsions post-spillage and can be
difficult to pump and store. If the pour point of the oil is higher than the ambient

temperature, heavy residues of oil are left if in situ burning is carried out.

2) Oil spill debris. This can include oiled algae, pebbles, rocks, sorbent materials,
wood, plastics and moribund flora and fauna. This additional volume of material can
complicate collection and disposal of oil. It has been estimated that after a spill, the
amount of debris requiring disposal is five times the amount of oil spilled taking into
account the entrained water (IPIECA/Energy Institute/Cedre 2004).

A key factor in managing oil spill waste is separation. The IPIECA have devised a
‘classification by source of pollution’ technique. In this system, waste is channelled
into separate storage depending on the most suitable containment option

(http://www.amsa.gov.au (1)). It is recommended that vulnerable beaches are

highlighted in local and national contingency plans and strategies put in place to clear
these beaches of waste before the oil grounds. Segregation of waste types at source,
covered containment sites to prevent rainwater and contaminant infiltration and re-use
of recovery equipment are advised techniques. Sorbents are most efficient if used
sparingly and effectively (IPIECA/Energy Institute/Cedre 2004).
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Figure 24: Waste oil collection

Source: http://www.dec.state.ak.us (1)

In the immediate aftermath of a spill, facilities for emergency storage of waste are

necessary. Emergency storage areas should be:

* Close to the centre of operations,

* Easily accessible,

» A flat pan area with one access route in and out to minimise further
contamination.

* Sorbents should be easily accessible should there be any spillage.

» Storage sites are recommended to be above high water springs.

It is possible to store large quantities of liquids by digging large pits andlining them
with heavy gauge oil impermeable materials such as PVC or oil resistantrubber. If
there is material mixed in with the liquids then it must be filtered and disposed of
separately. Remaining issues include the financial and logistic aspects of providing
storage pits and appropriate measures transport and disposal of the liquids. There are

a range techniques available for the final disposal oftreated waste.
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Table 13: Options and implications for oil spill waste disposal

Option
Land farming

Landfilling  with
refuse

Burial

Insitu burning

Incineration.

Application
waste is spread and mixed in with soils to aid aerobic
microbial degradation

oil is incorporated into a landfill site with municipal
or industrial waste

oil is buried in pits, or other depressions prepared for
disposal, the excavated soil is used as a final cover for
the waste.

Metabolic utilisation of organic compounds by
microorganisms

Burning the oil at the site ofthe incident

Waste is removed and incinerated at a dedicated
facility

Sources: Champ A 2003, Nordvik A 1996, AMSA 2004

Cautions
- site to be located away from water
- low soil permeability necessary
- flat land necessary to reduce leaching

- overloading can lead to leaching of ol

- sites with sufficient capacity to accept
and cover waste should be chosen

- potential ignition - volatile components
must be dispersed.

- oil toxicity

- oil leaching to groundwater

- long term presence of oil

- disruption to flora and fauna
inexpensive  with  low

requirements

- technically sophisticated is not required

energy

- simple

- fast

- can remove high quantities of ol
- cheap

-versatile

- reduces volume for storage

- cost of transportation-

- pre-treatment of waste may be
required

- cost ofusing dedicated facility
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Benefits
- aerobic nature of land farming is more efficient
that anaerobic landfill sites
- contaminated material can be applied directly
- site can be reused or used for other purposes
- suitable for building on post remediation

- few arrangements have to be made to take oily
waste at existing sites

- oiled debris can be mixed with other waste and
used an a sorbent

- burial close to site of origin lessens costs and time
- no mixing required

- rate of oxidation is temperature dependant

- presence of toxins or lack of oxygen, nitrogen or
phosphorous can inhibit degradation

- large land areas are necessary

- no energy is recovered from the oil

- requires specialist equipment
- air pollution

- flashback

- secondary fires

- bum residue is highly viscous

- efficient
- volume reduction of waste
- filters on chimneys reduce air pollution



If the options displayed in Table 13 are considered, the most effective option for an
incident will depend on the circumstances of the spill, and the facilities and budget
available for clean up. Regarding the composition and volume of waste material
produced, and methods of disposal, options were researched in the conceptual design of
the lab and ex-situ data collection. If oil is to be used as fuel, quality restrictions are
stringent and restricted by safety, corrosion (due to a high chloride content) and the
presence of toxic suspended solids can affect the suitability of a product as a fuel source.
High water content may restrict combustion to the point where auxiliary fuel is needed
(IPIECA/Energy Institute/Cedre 2004). Regardless of the treatment technique,
environmental monitoring is necessary to manage environmental pollution such as
surface runoff and settlement of oily residues, contamination of groundwater, retarded oil
degradation and contaminated vegetation. Strategies can be put in place to counter these
threats  including monitoring of groundwater and oil-soil  mixtures

http://www.amsa.gov.au (1). The health and safety of the workers involved in the clean

up can be addressed through health and safety equipment and clothing being made
available to all personnel. The risk of secondary contamination can be reduced the
designation of ‘clean’ and ‘dirty’ sites at the work site, decontaminating personnel and
equipment, lining all containment vehicles and checking all storage is oil proof.

The UK MCA (Maritime and Coastguard Agency) provides technical guidance on waste
minimisation and segregation in the UK for oil spill situations and their recommendations

are as follows:

96


http://www.amsa.gov.au

Table 14: MCA guidance on waste minimisation

Stages of clean up
Waste segregation

Wastes generated
Oiled equipment

Recovered oil

Oiled seawater and vegetation

Oily water Waste minimisation
Oily sorbents

Oiled beach material

Oiled flotsam and jetsam

Seabird and shore life
carcasses

Secondary contamination

Source: http://www.mcga.gov.uk (1)

For waste oil from a spill incident to be considered an economically viable source of fuel,
the purer the oil recovered the higher the chance of'it being suitable (Otay E 2000). Ifthe
range and composition of waste collected in the wake of an oil spill is considered, factors
including the amount of flora and fauna, sediment and beach detritus will affect the value
ofthe recovered oil as a fuel source. The key factor to consider is the extent to which the
oil has emulsified as the higher the water levels in the oil, the higher the volume of the
waste and the less likelihood that the oil will combust.
regarding whether an oil that has been spilled is a suitable source of fuel is ideally started
prior to clean up so that oil collection and contaminant reduction can be maximised. The

Volgoneft 248 spill incident used the calorific value of the waste oil as a benchmark for

cleanup. It is discussed later in the chapter.

97

Logistics

- Classification of waste type
and source
- Waste to be channelled into
separate storage arcas
- Appropriate containers for
waste type sourced

Potential impact sites
identified before oil reaches
the shore
- Impact sites to be cleared of
rubbish before oil has beached
- wastes segregated at source
- contaminated sites to be
covered to minimise runoffin
the event ofrain
- Oiled recoveiy equipment
reused not discarded
- Sorbents used sparingly and
effectively
- Potential spread of oil by
people, transport and
equipment
- designated ‘clean’ and
‘dirty’ sites designated
- Personnel and equipment
decontaminated before
leaving clean up zone

The decision making process
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3.6 Use of oil spill waste:

Waste from a spill can be utilised in a variety of ways that results in reduced volume and
in some cases, financial profit. Research has showed that there are a number of
microorganisms present in soil that have an ability to degrade components of crude oil
(Genouw G 1994). The concept of using these micro-organisms as an oil treatment
technology was first developed in the USA 40 years ago (Genouw G 1994). The process
of refining crude oil requires large amounts of water, and if this water becomes
contaminated it may then contain chemicals from the crude oil and a range of additives
that are used in the fracturing and refining processes (Shailubhai K 1984). Soil provides
a natural environment that is capable of breaking down such chemicals through
bioremediation. Micro-organisms that are present in oil degrade the oily sludge into
intermediate substances such as alcohols, phenyls and fatty acids and these are converted
into carbon dioxide, water and basic cellular materials (Venosa D 2000). An issue with
the treatment of oily waste is that the variety of materials in the sludge makes the
composition and the efficacy of subsequent treatment variable. The most common
techniques for treatment of the sludge are gravity thickening, vacuum filtration, dumping
into lagoons, the ocean or landfill. Dumping into the ocean is no longer deemed a viable
option as many marine organisms rapidly accumulate heavy metals. Incineration is not
generally considered an option as the energy cost and emissions make the process

unattractive to industry (Venosa D 2000).

3.6.1 Energy potential of waste oil

3.6.2 Technology

This section covers the potential energy value of waste oil recovered from spill incidents.
The first section details options for treating marine and coastal oil spills with heat, further
case studies are then studied analysing the use of alternative types of oil as fuel. This

research was carried out as the feasibility study into the laboratory and ex-situ field work.
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With regard to oil spills in coastal and marine environments, several options have been

researched to reduce oil volume and toxicity using heat.

3.6.2.1 Thermal desorption:

Thermal desorption is a process whereby pollutants are removed from sand, soil or other
material by the application of heat to alter the pollutants from a solid to a liquid. The
resulting flue gases are collected and the dust and toxic components are separated for
disposal. The principle behind thermal desorption is that it increases the speed and
efficiency of removing pollutants from the environment and reduces costs. The process
can be carried out both in situ and ex situ (Araruna JT 2004). The in situ process involves
heating either the surface of the contaminated material or applying heat through wells.
The heat converts both groundwater and any water in the soil catena or sand profile to
steam which evaporates the hazardous chemicals in the pollutant. The length this process

requires depends on:

e Nature and amount of chemicals present
¢ Nature and depth of the polluted area
e Type of soil and conditions present (Araruna JT 2004).

Research by Arajuana JT et al. in Brazil trialed in situ and ex situ thermal desorption.
The ex-situ tests were carried out to determine the required temperature and timeframe of
clean up for an efficient response. The tests were conducted on 50g oil samples and were
exposed to temperatures between 100 and 500°% for between 2 and 8 hours. The relative
success of this technique was quantified by analysing the total oil and grease content
exposed to the range of temperatures. To test this approach, samples were tested at two
wavelengths, one that is strongly absorbed by hydrocarbons and the other where limited
absorbtion occurs (Araruna JT 2004). The results of this test show that the oil and grease
content decrease rapidly with increasing temperature. When the samples were exposed to

temperatures of over 850°c, trace amounts of 0il remained in the debris.
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The in-situ tests were carried out on polluted material that had been placed in a masonry
tank. A thermal ‘blanket’ was placed on the tank with two heating elements at 1200°.
The results from the wavelength tests showed that the oil coating the debris had been
100% removed to a depth of 20cm. Lower than 20cm, the technique was less effective
due to the rapid decrease in temperature away from the heating elements. The results
showed that only material that had been exposed to temperatures over 300°c had been
cleaned (Araruna JT 2004). The issue of depth and a related drop in temperature can be
resolved by placing the heating elements at varied depths; however, this may limit the
effectiveness of cleaning at the surface due to it being over the desired temperature. This
is one of the substantive cautions of the system and limits the rate of success for
subsurface cleaning. Despite this, the results from the tests show that desorption is an
effective technique for cleaning contaminated sediments as it also further avoids the
costly process of having to remove the contaminated sediment for treatment elsewhere

(Araruna JT 2004).

3.6.2.2 Land farming:

Land farming has been identified as a successful treatment option on-site at oil refineries
(Venosa D 2000). The technology involves spreading oily sludge in 10-15cm layers,
allowing it to dry for seven days, adding fertilisers and mixing the sludge into the soil.
Breakdown of the waste is achieved by aerobic micro-organisms in the top layers of the
soil where there is sufficient oxygen available (Genouw G 1994, Venosa D 2000). There
are a range of parameters to be considered in this process. The breakdown of oil in soil is
a slow process that involves a complex mix of chemical, physical and biological factors.
The impacts of tillage, soil texture, temperature fluctuations all change the rate of

degradation.

A study into the landfarming of oily waste was carried out at Ghent harbour in Belgium
(Genouw G 1994). The purpose of this study was to determine the optimum treatment
for the process, to demonstrate that the process is an appropriate technology for the

remediation of oil sludge, and to illustrate that landfarming had no deleterious effects on
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the environment in terms of groundwater quality, toxicity to micro-organisms and plant
growth. Field trials were carried out after the laboratory experiments. The test site was
excavated and the oily sludge (40% hydrocarbons) was mixed with soil from the upper
30cm of the site and fertilisers and a starter inoculum were added. Regarding the
different fractions of crude oil, the following observations were recorded: the fraction of
aromatic compounds decreased strongly, the fraction of asphaltic hydrocarbons
proportionally increased, and the levels of saturated hydrocarbons stayed constant. The
explanation for the stable level of saturated hydrocarbons is attributed to the degradation
of aromatic hydrocarbons involving the production of saturated hydrocarbons (Genouw
G 1994). Experimental design such as that carried out by Genouw et al. highlight the
range of fractions that are degradable and the necessity for knowledge of the oil
constituents with regard to potential degradation through landfarming.

A variable that was tested by Genouw et al. was the presence of leaching from the trial
site. The movement of oil, nitrogen and phosphorous over the first four years of the
experimental work was minimal. Percolation levels of hydrocarbons, nitrogen and
phosphate increased minimally post oil application. Analysis of variance showed that
there were no significant defences between the sampling sites and times (Genouw et al.

1994).

Having established the range of possibilities in landfarming and detailed the extent to
which the technology works, the following conclusions were drawn: The addition of
minerals increases the rate of biodegradation, in view of its low toxicity and
effectiveness; acetone was highlighted as an effective solvent for the extraction of soils
and sediments polluted with hydrocarbons. The research further highlighted that varying
fractions of crude responded to microbial action to greater and lesser extents. Fractions
such as aromatic compounds degraded to a greater extent than heavy saturated
hydrocarbons. With regard to the environmental impact of landfarming, the research
showed that leaching of contaminated material from the test site was minimal and was
not deemed to be a threat to local groundwater. If appropriate technical and structural

procedures are followed and sufficient time for degradation is provided (minimum 15
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years) the research stated that biodegradation of petroleum hydrocarbons through

landfarming was an effective way to treat crude oil (Genouw et al. 1994).

3.6.3 The Volgoneft 248

3.6.3.1 Background

On 29 December 1999, the Russian tanker Volgoneft 248 broke in two off the Sea of
Mamarra near Istanbul spilling 1578 tons of heavy fuel oil (Moller T 2002). The storm
force winds that led to the incident played a key role in spreading the oil along the coast.
Five kilometres of coast were affected including rocks and concrete structures at the
resort of Florya. The majority of the oil was deposited above the high water mark and
formed a continuous band of oil between 2 and 10 metres wide and up to Scm thick. Due
to the low temperatures that prevailed in December, the oil was viscous but soon
penetrated into the spaces between the sand grains; it was covered by fresh sand on the
next high tide. At a number of points along the beach a 1-3cm layer of oil was prevalent
between 3 and 30 centimetres below the surface of the sand (ITOPF 1999). The heavy
fuel oil that was spilled had a specific gravity close to that of sea water and as a
consequence, substantial amounts of oil were mixed in with sand, mussel shells and other
debris. The gravity of the oil also led to the un-recovered portion of the spill sinking
either through attachments to water molecules or sediment, or due to turbulent sea
conditions. The residual contamination resulting from this process led to long term

contamination (Otay EN 2002).

3.6.3.2 The Clean up
What sets the response to Volgoneft 248 spill apart from a standard containment and
removal operation was the nature of the payment method used in the clean up. The

amount of money paid to the workers was determined by the calorific value of the oil

they collected.
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Figure 25: The hull of the Volgoneft 248 post impact

Source: http://www.riverships.ru (1)

An action plan was put in place by ITOPF (International Tanker Owner Pollution
Federation) on January 1 2000 outlining the shoreline clean up strategy. An average of
133 men worked every day, their core priority was to remove the accumulations of oil on
beaches and concrete platforms, and to ensure the most efficient clean up strategy - this
was done using hand-held tools and shovels. The waste was stored in plastic bags prior
to transportation to the disposal site; the average rate of removal was 50m2 per man per
day. The main deposits of oil were removed but small tar pieces remained. The
technique employed to remove these was to sieve the upper layers of the sand, a time
consuming yet effective technique (Figures 26 and 27). Every effort was made to remove
the oily waste with minimal contamination; this was partly due to the cost issue and for
this reason front end loaders were not used to remove large amounts of oil due to the
amount of sand they collect. By March 14th, 4,535 tons of waste had been transported in
314 trucks (ITOPF 1999). The oily waste was delivered to a local incineration plant.
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Figure 26: Florya Municipality Recreation Facilities (29 December 2000)
Source: Moller TH 2002

Figure 27: Florya Municipality Recreation Facilities (7 April 2001)
Source: Moller TH 2002

The technique used to manage the recovery operation was known as a ‘no cure-no pay’
contract. The contractors in charge of the recovery operation charged an agreed rate for
the amount of pure oil that was recovered. This approach proved a success for a variety
ofreasons: It maximised the efficiency of the response operation whilst discouraging the
recovery of material other than oil. As soon as the calorific value dropped below an
economically viable level, the clean up ceased. The commercial incentive provided by
this approach can also quantify the issue of ‘how clean is clean?’ The cut off point for
collection when there are only small pockets or widely distributed sheens of oil remaining
is simpler to determine if there is an incentive of contaminant reduction in the collected
material (Moller TH 2002). Approximately a quarter of the waste collected was pure oil

and its overall value was quantified by determining the known calorific value of the total
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cargo. It was assumed that the calorific value of the spilled oil and the original cargo was
the same and that the calorific value of the contaminants in the spilled oil (including:
water, beach materials and sediment) was insufficient to skew the results. The highest
calorific value recorded was 22,070 kJ/kg implying an oil content of 55%. The batch of
oil this result came from appeared visually to be pure oil with no sand or debris. The
remaining 45% was composed of water droplets contained in the oil. The average oil
content in the material sent for testing was 11,627kJ/kg or 29%. Any waste that recorded
an oil content of less than 1000kJ/kg was sent to landfill (Moller TH 2002). In phase one
of the initial clean up, the equivalent of 654 tons of oil was collected by 133 men taking
8919 man days of work. In phase two, the systematic clean up of beaches was initiated
using manual sieving techniques and rakes. Of the 968 tons of material that were
recovered, 73 tons were oil; this is roughly equivalent to 5% of the total spill volume.
Calculations carried out over the entire clean up operation showed that 50% of the spilled
oil was unaccounted for. The data suggested that the majority of it sunk and was lying on
the seabed close to shore (Otay E 2002).

Attempts were made to collect the oil from the seabed; a total of 1488 tons was recovered
with an oil content of 25%. This is around 14% higher than the level of recovery in the
shoreline cleanup. Of the 1488 tons that were collected around 368 tons were pure oil
(23% of the spill volume). The collection rate was higher than the terrestrial work, this
was though to be due to the sunken oil lay in thick deposits on the seabed and was often
more accessible than the oil on the shoreline (Otay E 2002). The payment rate was
US$7000 per ton and it was recognised that the clean up would become more complex
and restricted as it progressed, so an ‘escalator system’ in the payments was
implemented. The payment rate would increase in certain defined areas dependent on the
quantity of pure oil that had been recovered. This process served as an incentive to the
contractors to recover oil that had been buried under the sand (Otay E 2002). It was
thought that the ‘no cure-no pay’ technique employed was an effective way of measuring
the effectiveness of the response operation. The aims of maximising the amount of oil
recovered and reducing the amount of shoreline pollution in times of onshore winds was
achieved. It also set the financial boundaries for all parties involved prior to the clean up

commencing; this reduced any potential delay in complications to the clean up being
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further held up by discussions over pay. Regarding the use of this method to other
incidents, the research by Otay E et al. suggested that it would be feasible to utilise the
technique for bulk removal of oil from shorelines. It was not deemed suitable for fine
scale shoreline oil removal, as the benchmark for success of such operations is typically

based on visual aesthetics as opposed to the calorific value of the oil recovered.

3.7 Conclusions

Having reviewed selected oil spill response incidents from the last 50 years, it is possible
to comment on how the philosophy of spill response incidents has changed over time. It
can be said that in the era of Torrey Canyon and to some extent, Exxon Valdez, the
response operations were a series of reactions to an incident as opposed to the results of
pre-determined development and research. This statement can be supported by the
resulting changes in policy and response implementation in the wake of Torrey Canyon,
Exxon Valdez and Braer. A relatively recent change in the science and philosophy of
responding to an oil spill is the concept that each spill incident and the inter-relationships
between the environment, oil and associated impacts demands a highly specific response
operation. Emphasis has swung away from rapid mechanical and chemical treatment of
oiled shores based on the philosophy that use of heavy machinery and chemicals was
justified by an oil free environment in a relatively short time frame. The concepts of
NEBA and Time Windows of Response highlight the fact that rapidly ensuring an oil-free
environment in the wake of a response operation is insufficient and that in some cases
leaving the oil in-situ can be an environmentally benign option. If this is not the case
then the response can be designed specifically for the oil type, extent of oil weathering
and environments that have been affected. This is highlighted by the case study
examining the role of bioremediation in responding to oil spills in Vietnam. As an option
for breaking hydrocarbons down into their constituent properties with minimal
environmental disturbance, bioremediation is well established. An environment that is
particularly vulnerable to oil spills due to its anaerobic state and subsequent inability to

metabolise o0il, mangrove swamps are ideal environments for hydrocarbon
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bioremediation. This is further supported by the fact that they are highly sensitive to

disturbance and thus unsuitable for mechanical removal of oil.

Typically, the waste from a marine oil spill is either disposed of in landfill, incinerated, or
treated through options including thermal desorption or landfarming (IPIECA/Energy
Institute/Cedre 2004, Araruna JT 2004, Venosa D 2000, Genouw G 1994). An area of
limited research in terms of disposal of oil waste is utilising it as a source of fuel. The
response to the Volgoneft 248 incident highlighted the potential of waste oil in terms of
its calorific value. However, the oil was either disposed of in landfill or incinerated
(Moller TH 2002). The science and logistics of generating energy from waste sources is
established, the papers of a range of researchers including: Kumar S 2000, Umberto D
2003, Ferrer E 2005 and Pacey J 1999, demonstrate the protocols, techniques and options
for utilising energy from waste. This research aims to bridge the gap between the
management of an oil spill response operation and generating energy from waste sources
through quantifying the application of oil spill waste as a fuel source. A data set of the
carbon content of a range of oil-sorbent compounds can provide a benchmark for further
research and investigation into waste oil use. Comparisons between oil-sorbent-substrata
and associated efficacy of oil removal can provide a preliminary database of the optimum
combinations of oil, environment and response strategy.

The efficacy of education and training as a technique with which to disseminate and
promulgate information is established (Vastag G 1996). In light of the distance learning
initiatives, training courses and workshops that were designed and implemented in the
Far East; it would be feasible to use these options and approaches to further develop the
concept of using oil from marine spills as fuel. There is potential to integrate the concept
into environmental management strategies, oil spill response research, energy generation
and waste disposal through the integration the management of marine oil spill waste with
small scale industrial and terrestrial spillages. From this there is scope to view energy
from oil spills as part of the wider waste oil industry, this is further reinforced by the
point flagged in Section 3.2 that only 5% of the worlds oil spills are sourced from major
spill incidents. The substantive contributor to this statistic is small scale industrial and

commercial spillage.
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The next chapter of the thesis contains the laboratory and ex-situ field data that was
collected and analysed to determine whether waste oil from marine spills is a potential

source of fuel.
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4  Chapter Four: Potential of energy from oil spill

waste.

4.1 Concept of research

The experimental design for the laboratory and simulated ex-situ field trials was
developed to determine the efficacy of a range of commercially available oil sorbents and
to determine whether there is a potential for recovered oil and associated wastes from an
oil spill to be used as fuel. The study was designed to provide a full data set regarding
the range of oils and sorbents and interactions between them used in the tests. This was

achieved by:

e Research into their structure and characteristics.

e Research into sorbents ability to retain oil and the behaviour of the spilled oil. A
selection of oils was chosen with varying weights, viscosities and behaviour.

e Analysing the structure of the sorbents under an SEM (Scanning Electron
Microscope).

e Designing a series of tests (pixel analysis, carbon content and percentage

recovery) to analyze their performance.

The substrata used were selected to determine how their porosity and the degree of
weathering affected the results. An aspect of the decision making process into carpdng
out the research was the decision whether to deliberately pollute with the aim of further
developing responses or to react to an incident and trial a potentially less effective option.
Waiting for an incident was not deemed an option as it was possible that the ‘right’ type
of spill would not have occurred for the scope of the research, additionally it would have
only provided the opportunity to sample in the environmental conditions at the time of
the incident. This would limit the validity of the application of this research in the wider
field.
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Deliberate pollution was not deemed feasible as there was no way to guarantee 100%
retention of all materials spilled. With these factors in mind it was decided to carry out
simulated ex-situ fieldwork at a specialist facility in Southampton.

The conceptual development of the research was composed of the following stages:

¢ A study of the structure of crude, refined and weathered oils.
e Analysis of behaviour of spilled oil at sea.
¢ Principals, techniques and application of absorption and adsorption.

o (ase histories.

Oil type, sorbent and substratum were kept constant in all data sets. Every combination
of the three was tested in each environment and five replicates of each combination were

collected. The data collection was focused in three core areas:

¢ Analysis of the pixel distribution of unoiled, oiled and cleaned substrata. Images
were taken before, during and after oiling and the distribution of pixels analysed
to determine how close the cleaned image was to the control.

e Compounds of oil and sorbent were collected, dried and incinerated to quantify
their carbon and moisture contents.

e The total weight of oil and sorbent was weighed prior to application to a
substratum and re-weighed post recovery to quantify the percentage recovery of

the oil-sorbent compound.

4.2 Materials and products used

421 Oil

The oils used were selected to cover the widest spectra of oil types that are recovered

using absorbents or adsorbents. It was decided to test both crude and refined oils. The
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crude that was chosen was Statfjord Light Crude. Statfjord is a light low sulphur North
Sea crude, it is transported from the oil field off the Norwegian coast to destinations
throughout Europe, approximately 180,000 barrels are produced a day. Its pour point is -
2°%. Light crude oils have a tendency to be highly fluid, they spread rapidly on water and
solid surfaces, they have a high evaporation rate and are flammable. If they are spilt on
porous substrata, they have a tendency to soak in; this can restrict the amount of o0il which
is recoverable from an incident. They do not adhere to surfaces and can be removed by
flushing with water. They are highly toxic to humans and marine and coastal flora and

fauna http://www.epa.gov (1). The second type of oil used in the study was a refined

motor oil. 2050 grade oil is designed for modern high performance car and marine
engines. It is available for use on all types of suitable engines. It disperses quickly, its
flash point is 220° and its pour point is -15°%. It is highly persistent in the environment
(http://www.epa.gov (3)). The third type of oil used was provided by OSRL (Oil Spill

Response Limited) in Southampton. It had been recovered from a spill and was

composed of a range of crude and engine oils, it had been subjected to weathering and
had become an oil-in-water emulsion prior to recovery.

The oils were chosen to firstly highlight the behaviour of different oils under different
environments and environmental conditions, and secondly to illustrate the difference in
behaviour of a spilled crude and refined oil. When the oil comes into contact with the
surface of the water it is subjected to a range of weathering processes, this factor formed
part of the justification to source and include oil recovered from the environment

following an oil spill incident.

4.2.2 Sorbents

A range of adsorbents and absorbents were used to recover the oil from the substrata.
Absorbents draw the oil off the surface of the rock or water and in the case of the
products used in the research either soak the oil up into a porous structure or use a
complex folded structure and a high surface area to trap the oil. Adsorbents attract the oil
to their surface but do not take it into their structure. This can make separation easier

than with absorbents.
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The first absorbent is Olyjn peat, it is produced as a by-product of the energy industry in
Finland and sold as a specialist absorbent for oil. It has a porous structure that absorbs
oil, if the spill occurs on water it is possible to compress the peat post application, the
water drains out and the oil remains bound in the peat structure. The second product,
Klausorb, is commercially manufactured by a company called Paulex. Klausorb is a
recycled product made from old fridges and freezers. It is hydrophobic meaning oil, not
water will be absorbed. It can be disposed of by residue free incineration or by landfill
and is non toxic. The third product is an adsorbent called Recoverit, it is commercially
produced in the USA by Robinsons. Recoverit can adsorb up to ten times its own weight
in oil and is biodegradable under ultra-violet (UV) light (i.e. sunlight). It is
environmentally friendly and can be reused. Once the product has adsorbed the oil it can
be placed in a centrifuge for separation. The oil (if of a sufficient quality) and adsorbent

can be reused.

4.2.3 Substrata

Milford Haven Port Authority part funded the laboratory and ex-situ simulation trials.
The Haven supports two oil refineries, this combined with a high concentration of flora
and fauna, ecosystems and protected sites, makes Pembrokeshire an area where spill
response has high profile and priority. The rocks selected are typical of Pembrokeshire’s
geology; two rock types typical of Pembrokeshire are Old Red Sandstone and
Carboniferous Limestone. It was decided to carry out the experimental work on a piece of
Old Red Sandstone, a piece of smooth weathered Carboniferous limestone and a piece of
rough pitted Carboniferous limestone. Carboniferous Limestone was laid down in Great

Britain and Ireland in the Dinantian stage of the Carboniferous period. It is a sedimentary

rock and is characterized by being jointed in the form of horizontal joints, or bedding
planes, and vertical joints. The joints are weaknesses in the rock and are thus exploited

by agents of denudation and weathering. They also lead to the most significant

characteristic of carboniferous limestone, particularly with reference to oil spill response,
its permeability. Old Red Sandstone is a sedimentary rock from the Devonian period. It

is a porous rock, with a greater porosity than Carboniferous limestone. The ex-situ field
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trials offered the opportunity to increase the scope of the research in terms of substrata
type. OSRL had blocks of stone wall and concrete slabs, representative of sea walls and
other coastal concrete structures and a stockpile of marine shingle to simulate pollution in
beach environments. These were used in the tests to simulate field conditions as
accurately as possible and to further test the validity of the methodology in terms of
transferring laboratory analysis to the field.

4.3 Data collection

4.3.1 Pixel analysis

The ability to quantify the success or shortcomings of an oil spill response operation is
critical in ongoing analysis of protocol and performance. One technique that has not been
utilised to test the performance of oil spill response products is image analysis using pixel
distribution as an indicator of product performance. The theory behind this technique is
to take a series of images before, during and after a spill and analyze the difference in
pixel distribution to analyse whether the response has been successful. The software used
for the analysis was Scion Image, designed by Scion Corporation. A breakdown of how

the software works is discussed later in this chapter.

4.3.2 Percentage recovery

The purpose of sorbents is to reduce residual contamination by stabilising the waste oil
and facilitating recovery of spilled oil. A simple yet effective technique to quantify the
success of a clean up is to weigh the material that is recovered from the spill site and
compare it to that which was spilled. The accuracy of this technique depends on there
being sufficient data on how much oil was spilled and how much of any chosen recovery
product was used. In addition, there will be experimental inaccuracies in such an
operation. This technique is most suited to onshore operations, laboratory testing of
products and terrestrial industrial spills. The higher the percentage recovery the more

successful the operation has been.
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4.3.3 Carbon content of oil and sorbent compounds.

Tests were carried out on a compound of oil and sorbent to quantify the amount of carbon
present. Disposal of waste oil after a spill is an integral part of the recovery operation
and incineration is sometimes used as an option to reduce volume of waste oil. There is

potential to utilise the energy given off in the incineration process.

4.4 Preliminary data collection and feasibility research

Preliminary research and two series of tests were performed prior to data collection to
trial and critically assess techniques and gain more information on the products to be
used. A range of behavioural traits of fluid mechanics and the oils physical behaviour
were noted prior to each experimental treatment. There are three main factors that affect
the behaviour of oil when it is spilled: surface tension, specific gravity and viscosity. The
rate at which these factors vary determines the movement and characteristics of the oil
and its impact on the environment. The surface tension of a liquid can be described as
the measure of attraction between the layer of molecules on the surface of the liquid and
the layer directly beneath. The higher the surface tension, the more likely the oil is to
remain in-situ. The lower the surface tension, the more likely the oil is to flow and
spread, if low enough this can happen without the impact of such processes as wind and
tide. An increase in temperature can reduce a liquids surface tension, thus oil is more
likely to spread on water and substrata in warmer waters than cooler waters

http://hyperphysics.phy-astr.gsu.edu (1). The specific gravity of a liquid is the relative

density of the substance in question in relation to the density of water. The majority of
oils are less dense than water and thus float on it. The specific gravity of an oil can

increase if the lighter fractions evaporate http./www.epa.gov (4). Viscosity can be

described as the property of a fluid that resists the force that causes it to flow

http://www.epa.gov (4). Viscosity affects fluids exerting force on each other or another

surface as they move against each other. Viscosity is a critical consideration when

responding to oil pollution as it affects the oils ability to adhere to and be removed from a
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substratum. It also affects thickness and flow rates that affect prediction of oil slick
movement and using equipment such as skimmers. The higher the viscosity the thicker
and more sticky the oil, this makes it harder to recover from substrata but restricts the
amount an oil slick spreads.

In addition to the characteristics of the oil affecting its behaviour at sea, environmental
processes affect the nature and composition of the spilled oil. As both absorbents and
adsorbents were used in the data collection it was decided to observe them with and
without oil under a Scanning Electron Microscope (SEM) to further develop

understanding of how they behave when in contact with oil.

4.4.1 SEM analysis of sorbent structure:

This section of the chapter covers the broad concepts of sorbent materials and focuses on
the products used for research in this study. From the oil spill clean up perspective,
sorbents offer the possibility of comprehensive collection and removal of oil from the
contaminated site. The addition of sorbents to oil changes the oils state from liquid to
semi-solid, this simplifies handling and collection. It is possible with some absorbent
materials to recycle the waste (Adebajo MO 2003). An effective sorbent material must
have the following properties: hydrophobicity and oleophilicity, a high uptake capacity,
retention over time, reusability and biodegrability. Absorbent materials for oil spills can
broadly be classified into three categories: inorganic mineral products (zeolites, silica,
graphite and sorbent clay), synthetic organic products (polymeric materials such as
polypropylene and polyurethane foams) and organic vegetable products or natural
sorbents (straw, wood fibre, and peat moss) (Adebajo MO 2003). Klausorb and

Recoverlt are synthetic organic products and peat is a naturally occurring sorbent.

4.4.2 Site selection for ex-situ field trials:

OSRL is a specialist Oil Spill Response Facility in Southampton; it is joint owned by 32
international oil companies. The facility is designed to offer training for oil spill response

operators and has the capability to dispose of oily waste. Due to Environment Agency

115



regulations and the risk of causing unnecessary pollution, it was not feasible to carry out
any research into spilling and collecting oil in the environment. As a training centre with
fresh and salt water tanks as well as a range of artificially constructed substrata for
training purposes, OSRL offered an alternative to fieldwork. The purpose of the work
carried out at OSRL was to scale up from the laboratory work to gain a broader data set
and understanding into the role of energy from oil spill waste when a range of systems
and processes have acted upon the oil and the environment. The methodology for the
work carried out at OSRL was constant with that used in the laboratory. It was decided to
keep the amounts of oil and absorbent the same so as to eliminate any inaccuracies with
regard to data comparison. The sample area used and oil storage tanks at OSRL can be

seen in Figures 28 and 29.

Figure 28: Oil storage tanks at OSRL

Source: author
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Figure 29: Sampling area at OSRL

Source: author

4.5 Aims

1) To investigate the efficacy of a range of absorbents in terms of their ability to
absorb a given volume of oil spilled on a range of substrata.

2) To determine whether a range of compounds of oil and sorbents are suitable for

use as fuel.
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4.6 Objectives:

Aim one objectives:

1) Determine the extent to which sorbents remove oil from rocks by analysing the
pixel distribution of images of the rocks before, during and after oiling.

2) Determine the efficacy of the sorbents by recording percentage recovery of
sorbent and oil after clean up through a comparison of weights pre-application
and post-recovery.

3) Compare the data sets from lab and field data to determine the effects of
contaminants on the data.

Aim two objectives:

1) To determine the amount of carbon in a compound of oil and sorbent through a
series of drying and incineration trials.

2) To compare the results of the carbon trials from lab and field data to determine
whether the presence of contaminants in the compound affected its ability to

combust.

4.7 Methodology

4.7.1 SEM analysis of sorbent structure

As part of the preliminary research into sorbent structure and the ways in which sorbents
retain material, it was decided to analyse their structure under a Scanning Electron
Microscope (SEM). The sample preparation process for the SEM was as follows:
Samples of the sorbent with and without o0il were mounted on a 12.5mm pin stub. They

were coated in a gold palladium layer to minimise the effects of charging in the SEM
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chamber. Once coated, the samples were placed in the SEM and a range of images were
taken at different resolutions to visualise the structure of the sorbents with and without

oil.

4.7.2 Pixel analysis

Laboratory methodology:

The first stage of the data collection was to obtain control images of the three substrata.
They were wetted to simulate tidal coverage, photographed and placed in a large plastic
dish; 50ml of oil was weighed and then poured onto the surface of the rock from a height
of 10cm. 50 ml was deemed an amount sufficient to cover the rock and assessed as being
satisfactory for the scope of the project. The oil was left to settle for three minutes and
then photographed. 20g of sorbent was weighed and applied to the rock. Rock and
sorbent were left for three minutes to allow the sorbents to act; the mixture of both was
then collected and weighed. The techniques used to remove the oil and sorbent from the
substratum were brushing, washing with cold water and washing with cloths. The rocks
were washed for two reasons, firstly to simulate the effect of tidal washing on the clean
up and secondly to prepare the rock samples for further tests. Once cleaned, the rocks
were photographed again and the distribution of pixels compared with the control image.

It was decided that the refined oil would be used first as this left little or no stain on the
rocks after clean up. This was followed by the weathered product and the crude oil. Had
the crude been used first staining would have affected the validity of the results for the
refined oil. Preliminary tests were carried out to determine the amount of oil necessary to

cover the rock and the amount of sorbent required to soak up the oil.

OSRL methodology:

This technique was applied to the tests carried out in the laboratory and the tests carried
out in Southampton on the stone wall and concrete slab. Due to the difference in size and

the behaviour of the shingle in the environment, an alternative technique was used to
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clean the shingle. A wooden frame was constructed with a steel mesh attached to it
(Figure 30). Once the oil and sorbent had been applied, the shingle was placed on the
mesh frame and shaken for one minute, the debris that fell through the frame was
collected in a tray below and measured. The aggravation time was calculated by
carrying out trials on the materials and deciding the most appropriate time to collect the
sorbent. For the tests that involved aggravation and washing the shingle was placed in a

plastic container and washed using the same techniques as the laboratory tests.
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Figure 30: Mesh grid for aggravation of shingle samples

Source: author
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Figure 31: Split tank for shingle washing

Source: author

The tests were run 5 times as to eliminate any anomalous results and for the sake of
statistical analysis. The samples were photographed after clean up and a database of all

possible combinations of oil, absorbents and rocks was complied.
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It is noted that the techniques used to clean the rocks were less aggressive than others that
could have been used. These techniques were selected to demonstrate that high pressure
hoses and other intensive mechanical options are not always necessary to clean substrata.
A further reason was that a high proportion of the rocks on a rocky shore will be covered
in a biofilm of microalgae, the less harsh the oil recovery technique used the higher the
proportion of microalgae that will survive. Inter-tidal grazers such as the limpet Patella

spp graze on microalgae and themselves are a source of food for a range of bird species.

4.7.3 Scion Image analysis of oil recovery

The first stage of the data collection process using Scion was to obtain control images of
the substrata prior to pollution. These images provided the first opportunity analyse the
applicability of the software to the tests. The substrata were photographed in their
unpolluted state and once again when oil was applied. The images were uploaded into
Scion and the shape of the rock isolated using a cutting tool to minimise inaccuracies by
removing pixels from areas around the rock. Point A in Figure 32 shows the dotted line
drawn by the cutting tool in Scion. Had the pixels in areas B and C been counted, the

distribution of pixels for the substratum would have become skewed.
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Figure 32: Input of image into Scion Image - the dashed line (A) around the rock represents the
cutting tool

Source: author

Once the shape of the substratum had been isolated, the image was split into 256 pixels
where pixel 0 is 100% white and pixel 255 is 100% black. Scion plots a histogram of the
data that shows the pixel distribution of the image, a corresponding picture of the rock
that the histogram data represents, and tabular data comparing counts from a range of
pixel values across the spectrum. The histograms and the tables were manipulated to
compare and contrast a selection of the results. The histogram (D) and data table (E) can

be seen in Figure 33.
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Figure 33: Image trimmed and histogram and data table displayed.

Source: author
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Figure 34: Histogram and data table in Scion Image

Source: author
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All the samples were prepared in a vessel so as not to lose any of the oil or absorbent.
Due to the lack of an axis labelling, legend and title function in the histogram function in
Scion, (Figure 34) it was decided to export the images to Excel for further manipulation
and analysis. The histogram for the Old Red Sandstone oiled with crude oil that was

drawn in Excel can be seen in Figure 35.

sandstone crude oiled

7000
6000
5000
4000 +:
3000
2000
1000

0

no of pixels

1 18 35 52 69 86 103 120 137 154 171 188 205 222 239 256

pixel value

Figure 35: Histogram in Excel

Source: author

The final stage of the methodology for the pixel analysis data was to decide the most
effective technique for analysing the data. It was decided that intervals of 20, starting at
20, throughout the pixel range of 0-255 would be used for the tabular data. This
discounts the lowest and highest of the values so to discount anomalous results and the
effects of reflection, shadows or pooling. One of the potential restrictions of analysing
pixel distribution of an image is that light can affect the accuracy of the results. Natural
light or the flash from the camera can give abnormally high values of the pixels near the

white end of the spectrum.
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4.7.4 Percentage recovery methodology

The oil and sorbents were weighed prior to application to the substratum for two reasons.
One, to ensure accuracy and consistency, and two, to facilitate calculation of their
efficacy through percentage recovery. The recovered mixture was recovered, placed in a
glass vessel and weighed. A percentage recovery of the material was calculated. A
cross analysis of pixel mapping and percentage recovery was carried out on the products.

The results from this can be found later in the chapter.

4.7.5 Carbon and moisture content methodology

The procedure necessary to quantify the carbon and moisture content of the compound of
oil and sorbent has two stages. The sample preparation procedure is as follows: a
ceramic crucible was weighed and the weight recorded. Ten millilitres of oil and five
grams of sorbent were added to the crucible, the compound and crucible were weighed
again before being placed in a drying oven for 24 hours at 80°c. The crucible was left to
cool, removed and re-weighed to quantify the percentage moisture of the compound. The
crucible was then put on a ceramic tray in a muffle furnace for one hour at 550° and
once cooled weighed again. An equation was applied to the differences in weight
throughout the process, the results of which gave a percentage water content and carbon
reading for the compound. The oils and sorbents used in the efficacy tests in
Southampton were collected and brought back to Cardiff to undergo measurement of

moisture and carbon content.

4.7.6 Statistical analysis

A series of statistical tests were carried out on the results from the pixel analysis and
carbon content results. However, due to negative values in the percentage recovery data,
it was not possible to analyse that data statistically. The test chosen for the analysis was
Analysis of Variance (ANOVA) test. Two types of tests were carried out, a two-way

ANOVA and a multivariate nested ANOVA where 4 variables were accounted for.
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Two-way ANOVA.

The two-way ANOVA test was carried out on the data from the drying and incineration
tests on the compounds of oil and sorbent from the laboratory. The results showed
whether there was a significant difference between the different oils and sorbents with
regard to the carbon content and whether the relationship between the oil and sorbent was
affecting the carbon content. The process of converting the data from weights and
percentages to a decimal for analysis is described below. The raw data collected for this
test was in grams, the weights were converted into a percentage for carbon content and
moisture content. This was transformed, or normalised using an arcsine transfer into
decimal data for ANOVA.

Fully nested ANOVA

Due to the number of variables that were tested in the pixel analysis work, it was
necessary to carry out a fully nested ANOVA with 4 variables. The results of the nested
ANOVA provide a statistical result each for the pixel data against the substratum, oil type
and sorbent. The 4 results for the fully nested ANOVA present whether there was a
significant difference between the substratums and the pixel distribution, the oil types and
the pixel distribution and the sorbents and the pixel distribution. The fourth piece of data
represents whether there is a difference between the polluted and cleaned samples and
pixel distribution. A fully nested ANOVA test was also used for the results from the
carbon tests carried out in Southampton. The reason the two way analysis was not used
was that the Southampton data included the substratum which represented an additional

variable in the statistics.
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4.8 Results

This section of the chapter provides the results for:

e The SEM analysis.

* Pixel analysis, percentage recovery and carbon and moisture content from the
laboratory analysis and ex-situ field trials in Southampton.

* Results from the statistical tests.

4.8.1 SEM

Figure 36: Klausorb unoiled
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Figure 37: Klausorb unoiled

Figure 38: Klausorb oiled
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Figure 39: Klausorb oiled

Figures 36 and 37 show Klausorb prior to application of oil. The images show that
Klausorb uses a high surface area to ‘trap’ oil between many layers and prevent its
release. Point A in Figure 37 illustrates the particulate structure of Klausorb and the
many ‘pits’ and layers in the product that trap the oil. The oiled images of Klausorb
show the oil adhered to the surface of the sorbent, Point B in Figure 39 shows oil bound
to the layers preventing release of the oil. Absorption is achieved through a combination

ofthe viscosity ofthe oil and the high surface area ofthe product
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Figure 40: Peat unoiled

Figure 41: Peat unoiled
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Figures 40 and 41 represent the peat prior to oiling. It can be seen from points C and D
that the peat absorbs the oil through a high surface area (point C) and a porous structure
(point D). When the oil is applied it fills the pores in the peat and is bound between the
layers in the peat’s structure. The porous structure of the peat binds the oil to the extent

that when squeezed water drains out and the oil remains bound in the pores.

Figure 42: Peat oiled
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Figure 43: Peat oiled
Point E in Figure 42 shows the oil bound to the layers of the peat, the three dimensional
structure and high surface area is clearly evident in the image. Point F in Figure 43

shows the pores in the peat filled with oil. Ifthis is compared with Point D in Figure 41,

the effectiveness ofthe porous nature ofthe peat is evident.
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Figure 44: Recoverlt unoiled

Figure 45: Recoverlt unoiled
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Figure 46: Recoverlt oiled

~Acc.V  Spot Magn Det WD
.0O0.0kV 40 120x SE 253

Figure 47: Recoverlt oiled
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Points G and H in Figures 44 and 45 shows that the structure of Recoverlt is less
particulate than Klausorb but has a more convoluted structure and a higher surface area.
Recoverlt was the only adsorbent to be tested. Points I and J (Figures 46 and 47) show
the complex structure covered in the layer of oil (point I) and the individual oil droplets

that are attached to the surface of the product (point J).

4.8.2 Pixel analysis:
4.8.2.1 Control Images and histograms:
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Figure 48: Weathered limestone unpolluted.
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Figure 49: Smooth limestone unpolluted.
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Pixel value

Figure 50: Sandstone unpolluted

Figures 48, 49 and 50 represent the control images for the three substrata. The x axis on
the histograms represents the total number of pixels of every colour in the 0-255 range.
The y axis represents the colour of the pixels. 0 represents a white pixel and 255

represents a black pixel.

4.8.2.2 Polluted images and histograms
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Figure 51: Weathered limestone polluted with crude oil.
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Figure 52: Smooth limestone polluted with crude oil.
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Figure 53: Old red sandstone polluted with crude oil.
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Figure 54: Old red sandstone polluted with refined oil.
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Figure 55: Smooth limestone polluted with refined oil.
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Figure 56: Weathered limestone polluted with refined oil.
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Figure 57: Weathered Limestone polluted with weathered oil

140



4000

s 2500
2000
o 1500

1 18 35 52 69 86 103 120 137 154 171 188 205 222 239 256

Pixel value

Figure 58: Smooth Limestone polluted with weathered oil

Pixel value

Figure 59: Old Red Sandstone polluted with weathered oil

Figures 51-59 represent the histograms for the substrata post oiling. With the exception
of Old Red Sandstone oiled with 2050 motor oil, all of the images of the polluted
substrata are darker than those of the control images. Once the results from the cleaned
images had been processed, they were compared with the control images to quantify the

efficacy of the sorbents.
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4.8.2.3 Laboratory pixel analysis:

The following observations regarding the pixel data in intervals of 20 for the control and

polluted images can be made at this stage:

¢ The lightest of the polluted images is Old Red Sandstone polluted with the 2050
refined motor oil. This is a consideration when comparing cleaned and polluted
images.

e The darkest two polluted images were Rough Limestone polluted with crude oil
and Smooth Limestone polluted with weathered oil.

e The majority of the pixels are found between 40 and 160 on the control images
and 100 to 200 on the polluted images.

e Value 220 for Smooth Limestone polluted with weathered oil (10189 pixels) and
220 and 240 for Weathered Limestone polluted with crude oil (4075 and 5262
pixels respectively) may have been affected by shadows and pooling of oil on the

substrata.

Tables 15 and 16 show the results for the mean pixel value distribution for all

combinations of oil, sorbent and substrata on the polluted and cleaned images
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Table 15: Mean pixel value (20-120) distribution of oil and cleaned rocks - laboratory results

pixel value —» 20 40

Image state — polluted cleaned polluted cleaned

substratum/oil/recovery

1

SL klausorb 2050 16 29.6 77.2 27.6
SL Klausorb weathered 15.2 76.8 314 146.6
SL klausorb crude 11.2 31.6 21.4 31
SL peat 2050 20.6 45.4 33.6 59
SL peat crude 46.6 34.8 76.6 118.6
SL peat weathered 17.4 32 29 40
SL recit 2050 39.8 169.8 126 228.2
SL recit crude 165.4 83.6 383 152.8
SL weathered recit 30.6 62 52 80
RL 2050 paulex 270.8 463 845.8 715
RL paulex crude 161.8 175.4 403.6 295.2
RL paulex weathered 30.8 33.6 76.4 48.4
RL peat 2050 87.6 245.4 339 365.4
RL peat crude 55.6 212.8 82.4 382.2
RL peat weathered 63.8 219.2 134.4 327.8
RL recit 2050 218.8 460.4 701.6 787.8
RL recit crude 162.4 279.6 346.4 330
RL weathered recit 159 105.4 304.6 153.2

polluted

1

1

143

65.4
56.6
37.8
26.2
115.2
57.8
156.2
400.2
96.8
2646
970.6
178.2
303.4
153.4
227.8
846.8
799.4
600.6

60

cleaned

60
327
59.4
74.4
335.2
68.6
270
258.2
1232
1287.2
592
73.6
639.6
844.4
556.4
1286.4
4792
244.8

polluted

134.6
98.6
61.6
32.2
197.8
86.6
78.6
1046.4
288
5828.8
2043.8
415.6
3073.4
292.4
470.8
5961.4
1494 .4

2015

80

cleaned

213
688.6
122.2
106.2
495.2
103
370.2
456.2
194.4
2723.8
1477.8
124.8
1282.4
1581.2
1081.8
2286
955.8

550

100

polluted

301.4
125
70.6
75.6
336.8
167.4
137
2700.4
494
4646.6
2795.6
1357.4
4646.4
706.6
1589
7996.4
2225
1655.6

cleaned

1461.4
1011
234
167.8
930.2
193
595.6
853.6
301.6
5081.4
2993.4
297.6
2051.6
2481.4
1887.6
3852.8
2359.8
1426

120

polluted

1147.2
157.2
113.4

222

1209.2
316.6

2190.2

1330.4

727

1441.4
2989

3615.6

4173.4

1497.2
2130

4716.6

2751.6
673.4

Cleaned

3561.6
1561.2
518.4
389.4
1717.4
498.4
1441
1612.2
551
6165.8
4596.8
807.2
3388.6
2469.4
2335.6
5893
5484.4
3777.6



ORS Paulex 2050

ORS Paulex crude
ORS Paulex weathered
ORS Peat 2050

ORS Peat crude

ORS Peat weathered
ORS recit 2050

ORS recit crude

ORS Recit weathered

Legend:

WL: Weathered limestone
ORS: Old red sandstone
Re: Refined oil

2050: 2050 refined motor oil

198.4
5.2

972
27
2.6
632.6
125.4
283.2

322.4
7.2
8.4

80.2

324.4
4.6

326.6

820.2

403.2

SL: Smooth limestone

812
4.8

5.4
1975.2
63.6
5.6
3877
207.6
529.4

874.2
18

11.8
180.6
791.6
7.6
764.4
3311.6
1039.6

Kl1: Klausorb absorbent
Cr: Crude oil

4118.6
56.2
7.6
1656.2
129.6
9.6
6222.2
313
972.6

144

1578
15
27.8
357.2
1891.2
9.6
1861.8
5018.6
2718.4

6833.4
181.4
13.6
749.6
248
6.8
5470.4
526.2
1562.6

2595
334
96.8

946.8
2306.8
15.2
2922.2
5076.4
5198.6

3988.4
366.6
23.6
2067.4
369
12.2
3267.4
1042
1935

2928.4
75.2
394
2559.8
2116
25.6
3415.2
2979.6
5380.2

2282.6
762

43
1518.4
591

20
566.8
1689.2
4200

1411.4
339.2
2123.6
2700.6
2014.6
48.2
3665.8
356.6
3380.4



Table 16: Mean pixel value (140-240) distribution of oil and cleaned rocks --laboratory results

pixel value -» 140
polluted cleaned
substratum/oil/recovery
i
SL klausorb 2050 2775.2 3140.4
SL Klausorb weathered 345 2351.4
SL klausorb crude 326 1704
SL peat 2050 1408.2 1429
SL peat crude 1321.6 1405.2
SL peat weathered 776.6 1980.2
SL recit 2050 2543 3793.4
SL recit crude 607.8 3195.6
SL weathered recit 1803.4 1220.4
RL 2050 paulex 2098.6 3781.2
RL paulex crude 2967 5025
RL paulex weathered 3107.8 1688.6
RL peat 2050 2734.8 4243
RL peat crude 2417.8 2098.6
RL peat weathered 977.2 1763.8
RL recit 2050 1534.6  4410.2
RL recit crude 2642.8 5644.6
RL weathered recit 1328.6 6120.2

160

polluted  cleaned
7314 3775
1340.2 22582
1366.8 5387.8
2591.2  3557.6
3647.6 29614
1930.8 3890.8
4957.4 8496.4
839.2 5506.4
2663.6 3408.4
2096.4 898.6
31624  3158.4
566.6  2704.4
19142  2845.6
2493.8 22242
5035.6 1968.8
290.4 1660.4
2439.4 23718
4246.2  4663.8

180
polluted  cleaned
3638.4  2180.8
2152.8 32254
4007.6  4139.8
5171.4  4860.4
4229.6 38174
2139.6 40334
6411.2  4189.6
15384  5503.8
1269.2 6143
623.2 206.8
2074 961.4
1107  3525.8
1669.4 1814
2129.8  2058.8
2604.4  2495.8
30.8 323
2204.4 1712.6
2780.4 1085.8

145

200
polluted  cleaned
56 164.8
22464  3686.8
2656.4 1287.8
3734.8 3805
2367.4  2082.6
6862.4  4318.8
744.6 650
3266.6  2366.4
4619.4  6207.2
158.4 55.8
1169.2 272.2
3343.6 22542
1527.6 999.6
2038.6  2032.6
1850.8  2777.6
1.8 45.2
1839 115.8
2348.4 95.2

220
polluted cleaned
21.2 17.4
6173.2 413.6
2820.2 962.4
376.2 1530.4
2878.8 561.2
4699.4 1104.6
2 64.4
4019 135.4
6362.2 421.2
22 8.2
588.8 105.6
2383 340.4
27.8 320.2
2828 28322
3661.4  2075.4
0.4 7.2
1533.4 181.2
2694.6 11

240
polluted Cleaned

0 2.6
2575.8 10.2
53.2 1466.8
11.8 159.6
341.6 32.8
46.8 57.25

0 11.4

2599 15.6
4813.8 44.4
2 1.4

15.4 4.6
934 28.8
2.8 43.6
3248.6 165.4
1347.6 486.4
0 2
1572.6 17.2
1173.6 1.4



ORS Paulex 2050

ORS Paulex crude
ORS Paulex weathered
ORS Peat 2050

ORS Peat crude

ORS Peat weathered
ORS recit 2050

ORS recit crude

ORS Recit weathered

Legend:

WL: Weathered limestone
ORS: Old red sandstone
Re: Refined oil

2050: 2050 refined motor oil

117 2254.8 24.8
1092.8 2747.8 1177.2
156.8 1478.4 991
1428 1885.4 2256.4
1315 2066.2 2563.8
39 121.8 131
519.2 6014.6 1565.8
2333 150 2915.2

5360.6 1588.6 2780

SL: Smooth limestone
Kl: Klausorb absorbent
Cr: Crude oil

32334
3831.6
1548
1743.4
2797
641.6
1018
1036.2
752.6

26.2
2671.4
2210.2
1984.6
5156.8
800.6
1571.2
2585.6
530.2

146

1204.2
1678.2
6514.2
1811.6
2090.2
3403.4
231.8
2313
1550

100.6
4614.2
5905.2
2902.2
2734.2
2903.2

295.8
3065.2

536

18.4
4362
3218.4
2194.6
1012.4
8068.4
36
295.8
127.4

2671.6
2751
7251.4
631.2
2584.4
9314.4
10.8
4107.6
2202.6

1111.2
560.2
1453.6
239
2521.4
1.8
54.2
514

279.4
176.2
0.8

36
1299.2
395.6
0.2
2211.4
0

6.8
33
56.6

138.6
0.2

15.2



Tables

15 and 16 show the results for the mean pixel value distribution for all

combinations of oil, sorbent and substrata on the polluted and cleaned images.

The results have been split into different ‘shades’ in the 0-255 spectrum, the trends in the

results are as follows:

Shade

256 0

The first shade to be discussed is 20. As one of the lightest colours in the
spectrum it would be expected that the images from the cleaned substrata would
have a higher pixel tally than those ofthe polluted substrata. Ofthe twenty seven
combinations of sorbent, oil and substratum, twenty two (81.4%) have a higher
tally in the cleaned data than the polluted.

Of'the 5 results that have a higher polluted tally there are no dominant oil types or
substrata. Recoverlt accounts for 3 ofthe results and peat for 2. At this colour on
the pixel spectrum the high tallies on the polluted images are most likely
attributed to reflection.

The average percentage decrease between the cleaned and polluted tallies for the
twenty two results with a higher cleaned tally was -222.2%. The average increase
between the polluted and cleaned tallies for the 5 results that had a higher polluted
value was 49.7%.

The average values at this shade were 141.5 for the polluted images and 187.3 for

the cleaned images.

100:

256 0

At shade 100 it would be expected that the images from the cleaned substrata
would be higher than that of the polluted data. On nineteen of the twenty seven

images (70.3%) this was the case.
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Shade

4 ofthe 8 results that had a higher polluted tally were Rough Limestone. There is
no distinguishable pattern between sorbents. Recoverlt was the most dominant of
the sorbents. However if differences between polluted and cleaned pixel tally is
considered, Recoverlt was the most effective sorbent and peat the least effective.
The data suggests that oil type did affect pixel distribution as the refined 2050 oil
showed the highest pixel count. The Old Red Sandstone responded least well to
clean up.

The average percentage decrease between the cleaned and polluted tallies for the
nineteen results with a higher cleaned tally was -253.2%. The average increase
for the 8 results where the polluted tally was higher than the cleaned was 51.6%.
The average tallies for pixels in the polluted data set was 1670.3 and for the
cleaned data 1779.9.

180:

256 0

At shade 180 twelve ofthe twenty seven images (44%) had a higher pixel tally for
the polluted images than the cleaned ones.

The results showed that Smooth Limestone had responded best to clean up.
Substrata that had been cleaned with peat showed the highest difference in pixel
tally between the polluted and cleaned images.

The average percentage decrease between the polluted and cleaned tallies for the
twelve results with a higher polluted tally was -597.3%. The average percentage
increase for the fifteen results with a higher cleaned tally was 33.5%.

The average tallies for the polluted images was 2345.1 and for the cleaned images

2706.4
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256 0

* At this shade it would be expected that the pixel tally on the polluted images
would be higher than the cleaned images. This was the case in sixteen of the
twenty seven results (60%)

* The results show that the peat performed least well of the sorbents and the
Recoverlt performed most effectively. The weathered oil was the hardest to
remove. There were no distinctive trends in the distribution of the substrata
through the data set.

* The average percentage increase between the cleaned and polluted tallies was
1180% and the average decrease between the polluted and cleaned tally was
-82.5%.

* The average pixel tally for the polluted images was 856.9 and 104.1 for the

cleaned images.

The statistical analysis for the data was carried out on the substrata, oil and sorbent as
opposed to pixel shades. The results for the substrata (F(23239) = 0.821 N/S) shows there
was no statistically significant difference in the distribution of pixels through the
spectrum due to the different substrata. This is supported by observations made at 20 and
240 where there were no clear patterns in the spread of the substrata through the data set.
At 100 and 180 2 ofthe 3 substrata showed no clear patterns. The statistical result for the
sorbents (F(6,3239>= 6.016, P = 0.01) showed a statistical difference in the results due to
the sorbent used to remove the oil. This is supported by there being a pattern in the data
set when sorted by sorbent in all 4 pixel shades observed. At shade 20, Klausorb
performed least well of the sorbents. At 100 and 240 Recoverlt performed most
effectively and peat least effectively. Peat was most effective at shade 180. There was a
statistically significant difference in the data due to oil type. (F(i83239) = 2.01 1, P =
0.049). This is supported at 2 ofthe 4 shades that were observed. The weathered oil was

the hardest of the 3 to remove and the 2050 refined motor oil the easiest.
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Having discussed the differences in pixel distribution between the polluted and cleaned
images, the next stage of the analysis compared the cleaned images with the control.
Tables 17, 18 and 19 represent each of the substrata and display the average values for
the cleaned, polluted and control images at shades 20, 100, 180 and 240. Table 17
displays the data for the Smooth Limestone.

Table 17: Smooth limestone average values - laboratory results

Data SL IS SL SL SL SL SL SL SL SL SL
Cont. K1 Kl K1 Recit Recit Recit Peat Peat Peat
2050 Crude Wea 2050 Crude  Wea 2050 Crude  Wea
PVi
20 24 Cle 29.6 31.6 76.8 169.8 83.6 62 45.4 34.8 32
Poll 16 11.2 15.2 39.8 165.4 30.6 20.6 46.6 17.4
100 5829 Cle 167.8 930.2 2993.4 1887.6 2051.6 50814 301.6 853.6 193
Poll 75.6 336.8 2795.6 1589 4646.4 4646.6 494 27004 1674
180 3 Cle 2180.8 4139.8 32254 4189.6 5503.8 6143 48604 3817.4 4033.4
Poll 3638.4 4007.6 2152.8 6411.2 15384 1269.2 51714 4229.6 2139.6
240 0 Cle 26 1466.8 10.2 11.4 15.6 44.4 159.6 328 57.2
Poll 0 532 2575.8 0 2599 4813.8 11.8 341.6 46.8
Legend:
PV = pixel value SL = smooth limestone IS = image state
Cont. = control value Kl= Klausorb Cle = cleaned
Wea = weathered oil Recit - Recoverlt Poll = polluted

It is clear that in Table 17 value 100 is the dominant shade in the pixel distribution of the
control image. At shade 20 it would be expected that there would be a higher pixel tally
in the cleaned images than the polluted. Seven ofthe nine results (78%) display this. At
shade 100 due to the dominance of the pixel distribution in the control, a pixel count in
the cleaned image near the control tally would indicate a level of success in the clean up.
Six of the nine results (67%) have a higher cleaned pixel tally. Five of the nine results
(55%) at shade 180 and 240 have a higher pixel count in the cleaned image. This data
suggests that the sorbents have removed a proportion of the oils from the substrata but

not to the extent that the shade of'the cleaned images reflects the control image.
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Table 18: Weathered limestone average values - laboratory results

Data SL IS WL WL WL WL WL WL WL WL
Cont. K1 Kl Kl Recit Recit Recit Peat Peat
2050 Crude Wea 2050 Crude  Wea 2050 Crude
PV i
20 130 Cle 463 175.4 33.6 460.8 279.6 105.4 2454 2128
Poll 270.8 161.8 30.8 218.8 162.4 159 87.6 55.6
100 2781 Cle 2979.6 7996.4 137 3267.4 752 2481.6 29284 2359.8
Poll 1042 2286 370.2 2922.2 366.6 706.6 3988.4 2225
180 101 Cle 206.8 961.4 3525.8 323 1712.6  1085.8 1814 2058.8
Poll 623.2 2074 1107 30.8 2204.4 27804 1669.4 2129.8
240 0 Cle 14 4.6 28.8 2 17.2 1.4 43.6 165.4
Poll 2 15.4 934 0 1572.6  1173.6 2.8 3248.8
Legend:
PV = pixel value WL = weathered limestone IS = image state
Cont. = control value Kl= Klausorb Cle = cleaned
Wea = weathered oil Recit - Recoverlt Poll = polluted

Table 18 represents the data from the Weathered Limestone images. Shade 100 is
dominant in the control image. At shade 20 the pixel count is higher on the cleaned
image on 11 out of 12 results (91%). The presence of pixels in the polluted images can
be attributed to reflection from natural light or the camera. At shade 100 it was expected
to have a higher cleaned than polluted tally, five of the nine results (55%) reflect this.
Two ofthe results with a higher polluted tally were from data with weathered oil and two
were from peat. This suggests peat was less effective than the other two sorbents and
weathered oil was less responsive to sorbent application. The results for shade 180 were
three of the nine results (33%) having a lower cleaned tally. Two of these results
represented 2050 refined motor oil. This suggests it is the least responsive to sorbent
application on Weathered Limestone. It was found that the high surface area of the
substratum affected the efficacy of the oil removal as oil pooled and was harder to
recover. There were no pixels with a value of 240 on the control image and with the

exception of one of the results there were fewer pixels on the cleaned images than the
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polluted ones. This suggested the clean up had lightened the rocks successfully from the

darker end of the spectrum.

Table 19: Old Red Sandstone average values - laboratory results

Data ORS IS ORS ORS ORS ORS ORS ORS ORS ORS
-> Cont. Kl Kl Kl Recit Recit Recit Peat Peat
2050 Crude Wea 2050 Crude  Wea 2050 Crude
PVI
20 600 Cle 3224 7.2 8.4 326.6 820.2 403.2 80.2 324.4
Poll 1984 52 1 632.6 125.4 283.2 972 27
100 3668 Cle 394 1011 234 2116 5380.2 25.6 297.6  2559.8
Poll 23.6 125 70.6 369 1935 12.2 1357.4 2057.4
180 3 Cle 1204.2 1678.2 6514.2 231.8 2313 1550 1811.6  2090.2
Poll 26.2 2671.4 2210.2 1571.2  2585.6 5302 1984.6 5156.8
240 0 Cle 0 6.8 33 0.2 2 15.2 56.6 8
Poll 2794 176.2 0.8 0.2 22114 0 36 1299.2
Legend:
PV = pixel value ORS = Old Red Sandstone IS = image state
Cont. = control value Kl= Klausorb Cle =cleaned
Wea = weathered oil Recit - Recoverlt Poll = polluted

Table 19 represents the data from the Old RedSandstone results. 100 is the dominant
shade in the control image.

Seven of the nine results (78%) at pixel shade 20 have a higher cleaned than polluted
tally. It is noted that both results with a higher polluted tally were from data with 2050
refined motor oil. The anomalous result (Old Red Sandstone, peat and 2050 refined
motor oil) is explained by the combination ofthe sandstone and the pale oil resulting in a
high number of pale pixels. At shade 100 eight of the nine results (89%) have a higher
cleaned than polluted tally. This is a clear indication based on the dominance of pixel
distribution in the control that the application of sorbents has successfully removed the
oil. The result with a higher polluted tally had 2050 refined motor oil, its pale colour
explains this result. The high numbers of pixels in comparison to the control image can
be attributed to the porous structure of the Sandstone, its capability to absorb oil has been

reflected in the high pixel tally of both polluted and cleaned data. Six of the nine results
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(67%) at shade 240 had higher tallies in the polluted images. The low values in the
cleaned images are an indication ofthe efficacy of'the sorbents.
The histograms in Figures 60, 61 and 62 display the averages of the data sets from the

control, polluted and cleaned images.

8000 ~>
7000
6000 --

> 5000 Control image
4000 Cleaned images
K 3000 Polluted images

2000
1000

1 26 51 76 101 126 151 176 201 226 251

Pixel value

Figure 60: Smooth Limestone summary graph

The data from the Smooth Limestone results (Figure 60) shows the control image (blue
line), the average results for the polluted images (yellow line) and the average for the
cleaned images (red line). The area between the red and yellow line at point A and point
B shows the reduction in dark pixels between the polluted and cleaned images. The
differences in height between the peaks of the lines at point C and point D at the 170

pixel shade illustrate the reduction in pixels ofthat colour post-cleaning.
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Figure 61: Old Red Sandstone summary graph

Figure 61 represents the data from the Old Red Sandstone images. The impact the
application of the sorbents had is evident through the peak in the polluted data set at point
E and the peak in the cleaned images at point F. The area between the yellow and red

lines at points G and H illustrate the drop in dark pixels post-sorbent application.
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Figure 62: Weathered Limestone summary graph

Figure 62 represents the data for the Weathered Limestone results. The area between the
red and yellow lines at point I and J illustrate the impact of the sorbents. The difference
in the height of the peaks ofthe data (points K and L) in the polluted and cleaned images

is a further indication ofthe effectiveness ofthe sorbents.
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4.8.2.4 Southampton pixel analysis:

Tables 20, 21 and 22 show the results for the mean pixel value distribution for all

combinations of oil, sorbent and substrata on the polluted and cleaned images
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Table 20: Pixel value distribution on unpolluted and oiled rocks - Southampton data

Pixel 20 40 60 80 100 120 140 160 180 200 220 240
value

Rock

type 1

St Wa Cont 93 1099 3718 6404 6628 4683 1723 657 249 111 82 31
Concrete Cont 61 1187 6755 10132 3714 868 321 123 85 38 21 10
Shingle Cont 2 35 36 32 6 3 1 0 0 0 0 0

St Wa Crude 33 69.6 135.6 344 2154.2 1592 443 .4 199.6 384.4 263.3 1275.2 204.8
St Wa 2050 16.6 35 251 249 680.4 1158.8 1238.2 690 768.6 503.4 368 13.6
St Wa weath 26.4 153.2 563 1146.4 1648.6 1349.8 895.6 629.4 396.2 234 92.8 24.4
Concrete crude 102 33.2 124 907.6 1473.8 630.8 230.4 591.2 839.2 92 333 1116.8
Concrete 2050 119.6 199.6 380.2 882 1213.2 1008 819.2 551.4 160 47.4 20.6 5.6
Concrete weath 0 0 0.4 9 149.6 316 608.2 107.4 6 0.4 0 0
Shingle crude 0 0.2 12 3 6.2 172 35.6 166.6  223.8 3432 211.6 337.6
Shingle 2050 0.4 0.8 2 52 18.4 72.9 312.4 679.4 4452 174.8 7.8 0.6
Shingle weath 219.4 311.2 220.8 193.2 91.2 48.6 152.6 218 332.6 225.2 239 109.6
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The following trends in the average values for the pixel distribution for the control and

polluted images from Southampton can be observed:

e The pixel distribution in the control images of the concrete slab and piece of stone
wall is concentrated between 40 and 140.

¢ The distribution of the pixels for the control image of the shingle is concentrated
between 40 and 80.

e Itis noted that the number of individual pixels is lower on the shingle control than
the concrete or stone wall, this is due to the size of the piece of shingle.

e The addition of oil darkened the images with the exception of concrete with 2050
oil and shingle with weathered oil.

e This is due to the shade of the 2050 oil and the composition of the weathered oil
including various oils and water.

e The surface areas of the substrata were larger than the ones used in the laboratory,
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Table 21: Mean pixel value distribution (20-120) of oil and cleaned rocks - Southampton results

pixel value —p

substrate/oil/recovery I
cone 2050 klau

cone 2050 recit

cone crude klau

cone crude recit

st wall 2050 klau

st wall 2050 recit

st wall crude klau

st wall crude recit
weathered cone klau
weathered cone recit
2050 cone peat

crude peat concrete
crude peat stone wall
2050 peat stone wall
2050 peat shingle agg
2050 peat shingle at+w
crude peat shingle agg

weathered peat shingle

agg

20

Pollute

d

5.8
119.6
13.2
10.2
16.6
254
33
0.2

13.8
12
1.6

0.8

cleane

d

35.4
138.6
32.6
7.4
68.8
109.4
73.6

26.4
103
33.6
35.6
4.2

1.8

40

pollute cleane

d d
32.2 170.4
199.6 209.6
52.6 94.4
33.2 38.6
35 168.4
96.6 257.8
69.6 127.2
0 1.6
0 0.2
0 0.4
12.8 92.6
0.6 295.6
28.4 99.6
151.2 95.8
4 10.2
2.4 3
1.2 0.4
1 1.2

60

pollute

d

533.2
380.2
147.4
124
251
345.6
135.6
0.4
0.4

342
2.4

70
196
7.6
32
32

5.4

159

cleane

d

866.8
493.2
250.2
204.4
380.8
577
218.8
54
0.4
0.2
292
605.6
197.2
205.4
9.8
54

3

pollute
d

1193
882
285

907.6
249
883.4
344
8.6

0.4
579.6
6.8
225.2
437.4
13.2
65.4
2.8

17

80
cleane

d

2380
1185.6
744
707
721.2
1045.2
4122
32

5.6
7.2
681.6
875.6
338.4
377
26.6
4.6
3.8

2.8

100

pollute
d

1357.2
1213.2
400.8
1473.8
680.4
1005.8
2154.2
30
149.6
853.4
999.2
43.8
915.2
478
21.6
321
9.2

48.4

cleane

d

1538.6
1972.4
1876
1898
1368.2
1083.2
820.2
130.2
134
401.6
949.2
1117.8
483
599
57.8
16.6
6.6

9.6

120

pollute cleane

d d
652.6 407.2
1008 1958.8
1535 2139.6
630.8 994
1158.8 2183.6
708.4 1024.4
1592 1571
141.6 273.2
316 660.6
258 704
1296 659.2
513.6 1133.4
327.6 661.8
342.6 849.4
86.6 125.8
300 135.6
21.2 34.8
116.2 32.6



shingle weathered peat aw
weathered peat concrete
weathered stone wall
klausorb

weathered stone wall peat
weathered stone wall recit
shingle klausorb 2050 agg
klausorb crude

shingle

agg

shingle klausorb crude aw

shingle klausorb
weathered agg
shingle klausorb

weathered aw

shingle recit 2050 agg
shingle recit 2050 aw
shingle recit crude agg
shingle recit crude aw
shingle recit weathered
agg

shingle recit weathered aw
shingle peat crude aw

Legend:

St Wall = stone wall, AW = cleaned by aggravation and washing, Recit = Recoverlt, Agg = cleaned by aggravation

3.6
36

26.4
24.6
14.8

0.4
0.8

1.2

1.8
0.4
0.4
0.6

219.4
1.2
0

0
49.2

18.6
43
10.2
0.6

3.4

2.2
1.6
0.2
0.8
0.6

1.8
0.4
0

8.2
92.4

153.2
59.2
35.2

1.2
1.6

0.6

2.2
0.8
0.6
0.2
0.2

311.2
1.2
0

0
26.4

46.4
156.2
37.8
0.8

0.6
5.6

3.8

0.8
4.6
0.4
1.2
2.6

5.6
0.8
0

2
24

8.6
4.4

563
260

10

22

160

4.4
0.8

2.2
2.4

2.2

2.2

2.2

0.6

1.2

0.8

1.2
0

0.6
153.2

158.4
398.6
187
1.2

2.2
13.4

7.2

2.8

14
2.2
2.2
3.2

6.8
2.8
0

54.4
930

1146.4
614.2
640.2

3.6

4.2
7.2

2.4

5.2
3.2
0.8

193.2
4.4
0

1.2
563

762.8
753.2
767.2

2.4

3.8
322

12.2

4.6
25.8
4.6
5.6
8.4

15
1.8
0.2

170.6
721.6

1648.6
737.2
575.8

66

8.8
23.2

3.4

24.2

18.4

10.6

6.2

91.2

3
0

3
1146.4

536.6
1076.8
1625
4.6

6.8
80.8

18.6

11.4
61.4
14.6

9.4
14.6

33.2
4.2
0.8

331
389.6

1349.8
445.4
296.4
468.4

314
48.8

8.4

78.2
79.2
22
9.6
17.2

48.6
7.8
0.8

33
1648.6

402.2
1104
1502.6
11.8

30.2
104.6

43.8

34.4
295.4
45.2
43.8
36.6

85.4
24
0.8



Table 22: Mean pixel value distribution (140-240) of oil and cleaned rocks - Southampton results
180

pixel value

substrate/oil/recovery j
cone 2050 klau

cone 2050 recit

cone crude klau

cone crude recit

st wall 2050 klau

st wall 2050 recit

st wall crude klau

st wall crude recit
weathered cone klau
weathered cone recit
2050 cone peat

crude peat concrete
crude peat stone wall
2050 peat stone wall
2050 peat shingle agg
2050 peat shingle a+w
crude peat shingle agg

weathered peat shingle

agg

140

pollute cleane

d d
1154 130
819.2 1100.8
204.8 13542
2304 652.8
1238.2 22904
446.8 850
443.4 2227.6
736.8 384.6
608.2 392
275.2 46.2
742.2 631.4
864.8 975
348.8 718.4
406.2 899.4
369.2 529.8
373 377.8
79.6 186.6
205.6 166.2

160

pollute cleane

d d
362.4 49
5514 499.6
160.6 782.8
591.2 416
690 1716.2
374.6 545.2
199.6 1679.2
353 287
107.4 116.8
14 2.8
289.2 448.2
1120.6 823.2
77.6 645
392.4 745.6
886 634.8
482.2 575
233.4 223
421.2 372.6

pollute
d

31.2
160
155.4
839.2
768.6
268.6
384.4
104.6

116.2
38
57.8
363.4
463.6
370
376.4

264.2

161

cleane

d

13.2
214.6
408.6
289.4

1023.6

301

691.2
143

2

0
334.8

671
530.6

475
352.8
344.8

237

291

200

pollute cleane

d d
4 5.8
47.4 95.2
236.2 174.4
92 209.6
503.4 438.8
180 153.4
263.6 244.6
69.8 107.8
0.4 0
0 0
58.6 208.6
57.8 489.4
78.4 339.6
205.2 260.2
266.6 221.6
93.2 245.2
497.2 230.6
208.8 158

220
pollute cleane
d d

2 2

20.6 38.4
1153.6 82.2
333 282.4
368 143.4
47.6 57.6
1275.2 87.8
62.8 81.8

0 0

0 0

27.2 129.4
96 290
335.2 156.8
64.4 124.2
21.8 108.6
39 146.2
376.8 219.4
132.4 117.2

240
pollute cleane
d d

0.2 0.2
5.6 10.2
2305.2 725
1116.8 452
13.6 37.6
4.6 24.2
204.8 21.2
123.8 112.2
0 0

0 0

3.6 47.6
4854.6 112.6
380.2 38.6
3.2 41.2

4 83.4

7 46.2
199.6 182.4
0.4 30.6



shingle weathered peat aw
weathered peat concrete
weathered stone wall
klausorb

weathered stone wall peat
weathered stone wall recit
shingle klausorb 2050 agg
shingle klausorb crude
agg

shingle klausorb crude aw
shingle klausorb
weathered agg

shingle klausorb
weathered aw

shingle recit 2050 agg
shingle recit 2050 aw
shingle recit crude agg
shingle recit crude aw
shingle recit weathered
agg

shingle recit weathered aw
shingle peat crude aw

Legend:

St Wall = stone wall, AW = cleaned by aggravation and washing, Recit = Recoverlt, Agg = cleaned by aggravation

340.6
433.4

895.6
795.6
531.2
437.4

167.2
429.4

35.6

120.6
3124
180.6
35.6
40.6

152.6
27
4.8

212
1349.8

656.4
978.2
916.6

39.8

148.4
106.2

135

114.4
297.4
190.4

188
199.6

262.2
239.4
26.2

135.2
975

629.4
409.8
398.6
804.6

426.4
357.8

126.4

183.2
679.4
1013.8
166.6
120.6

218
126.4
103.8

556
895.6

554.2
648.2
405.2
260.6

375.8
276

308.8

268.2
368.6

464
438.2
533.6

580.4
464.8
85.6

96.2
787.6

396.2
125.4
192.6
177.6

241.6
192

318.8

364
445.2
525.2
223.8

235

332.6

888.8
234.8

162

434.6
629.4

196.2
361
129

670.6

384.4
362

203.6

466.2
323.8
385.8
494.6

333

392.8
272
161.8

46.6
431.4

234
49
95.4
146.6

230
164.4

205

312.6
174.8
268
343.2
267

225.2
174.8
205.4

154.8
396.2

62.8
151.8
25.2
405

283.6
190.6

108.6

326.6
268.2
306.8
250.6
116.2

113.4
94.8
165.4

4.6
137.8

92.8
19.8
334
32.2

234
301

497.2

337
7.8
13.8
211.6
319

239
463.2
66.2

74.6
234

16.2
45.4

3.4
74.8

229.6
86.2

33.8

183
50.8
77.6
84.8

106.6

26.8
11
57

0.6
30.4

24.4
4.8
10.2

544.6
397.4

62.4

57.2
0.6
0.2

337.6
204.6

109.6
13.2

1.6
92.8

1.4

13.4
0.4

55

17.4

3.8

194

15.2
12

2.6



Tables 20, 21 and 22 show the results for the mean pixel value distribution for all

combinations of oil, sorbent and substrata on the polluted and cleaned images. The

comments below reflect the difference in the pixel tallies between the polluted and

cleaned images. The next set of results discusses the cleaned images in relation to the

control image.

Shade 20:

Shade

256 0

As with the results from the laboratory work it would be expected that the
pixel tally at shade 20 would be higher on the cleaned imaged than the
polluted one. This was the case in twenty seven ofthe thirty six combinations
(75%).

Of'the 6 results which have a higher polluted tally the shingle and weathered
oil are dominant.

The average percentage increase between the cleaned and polluted tallies for
the 9 results with a higher polluted tally was 67%. The average decrease
between the polluted and cleaned tallies for the twenty seven results with a
higher polluted tally was 169.9%.

The average pixel tally for the cleaned images was 23.13 and for the polluted

images 16.76.

100:
256 0

At shade 100 it was expected that the pixel tally for the cleaned substrate
would be higher than that of the polluted. This was the case in twenty one of
the thirty six (58.3%) combinations.

Of the fifteen results with a higher polluted tally, shingle is the dominant
substratum and peat the dominant sorbent.

The average percentage increase between the cleaned and polluted tallies for

the  fifteen results with a higher polluted tally was 54.5%. The average
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decrease between the polluted and cleaned tallies for the twenty one results
with a higher polluted tally was -252.5%.

The average pixel tally for the polluted images was 464.76 and for the cleaned
images 546.

Shade 180

Shade

256 0

At shade 180 it would be expected to have a higher pixel count on the polluted
images. This was the case in sixteen ofthe thirty six results (44%).

There were no clear patterns regarding oil type in the twenty results that had a
higher cleaned tally, the crude was the dominant oil and Recoverlt was the
least dominant sorbent, the remaining results were split between peat and
Klausorb.

The average percentage increase between cleaned and polluted image tallies in
the twenty results with a higher cleaned tally was 212.2%. The percentage
decrease between polluted and cleaned was -41.5%

The average pixel tallies for the cleaned images were 357.84 and the polluted

images 301.31.

240

256 0

At shade 240 eighteen of the thirty six results (50%) had a higher tally on the
polluted images.

In the data that had a higher cleaned tally crude oil only accounted for a single
result, 2050 refined motor oil was the dominant oil type. Peat was the
dominant sorbent and there were no patterns in the distribution of substrata.
The average percentage decrease between the polluted and cleaned tallies for
the twelve results with a higher polluted tally was -79.6%. The average
percentage increase for the fifteen results with a higher cleaned tally was

1001.4%.
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* The average pixel tally for the polluted results was 315.17 and for the cleaned
images 63.43.

The results for the statistical analysis carried out on the substrata, oil ad sorbents
showed the following: The results for the substrata (F(34248) = 9.925 P < 0.01) shows
there was a statistically significant difference in the distribution of pixels through the
spectrum due to the different substrata. The results showed that at shades 20 and 100,
the shingle was the least successfully cleaned substratum as it had the lowest cleaned
pixel tallies. At the darker end of the spectrum, the concrete has the highest cleaned
counts suggesting it was the most responsive to sorbent application. The results for
C2 (oil type) showed a non significant difference in the distribution of pixels between
the polluted and cleaned images. (F~"s) = 1.908 N/S). Despite the non significant
result the results suggested that the weathered and the crude oils were the hardest to
remove and the refined 2050 motor oil the easiest. There was a statistically
significant difference between the sorbents used and pixel distribution. C3 (F(34248) =
4.166 P <0.001). At shade 20 Recoverlt was the most effective sorbent at removing
oil from the substrata. 140 was used due to lack of patterns at 100 and this showed

Recoverlt to be most effective. Peat was observed to be the least effective.

Table 23: Stone wall averages - Southampton results

Data SW IS SW SW SW SW SW SwW SW SW
Cont. Ki Kl K1 Recit Recit Recit Peat Peat
2050 Crude Wea 2050 Crude  Wea 2050 Crude
PV|
20 93 Cle 6838 73.6 18.6 109.4 1 10.2 35.6 33.6
Poll 16.6 33 26.4 25.4 0.2 14.8 12 13.8
100 6628 Cle 1368.2 820.2 536.6 1083.2 130.2 1625 599 483
Poll 680.4 2154.2 1648.6 1005.8 30 575.8 478 915.2
180 249 Cle 1023.6 691.2 196.2 301 143 129 475 530.6
Poll 768.6 384.4 396.2 268.6 104.6 1926 3634 578
240 31 Cle 37.6 21.2 1.4 24.4 112.2 0.4 41.2 38.6
Poll 16.6 204.8 244 4.6 123.8 10.2 32 380.2
Legend:
PV = pixel value SW = Stone Wall IS = image state
Cont. = control value KlI= Klausorb Cle = cleaned
Wea = weathered oil Recit - Recoverlt Poll = polluted
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Table 23 represents the averages of the control image and all the polluted and cleaned
data for the stone wall data set. It is clear from the table that shade 100 was the
dominant colour in the control image. At shade 20 it would be expected to find a
higher pixel count in the cleaned image than in the polluted, this is the case in 7 of the
9 (78%) of the results. The low number of pixels at this shade reduces the relevance
of the 2 results with a higher polluted pixel count. As shade 100 is dominant on the
control image, a higher cleaned pixel count would imply successful oil removal. 6 of
the 9 results (67%) have a higher cleaned tally. 2 of the 3 results with a higher
polluted tally have Klausorb as a sorbent suggesting it was the least effective product
in this test. At shade 180 it would be expected that the polluted pixel tally would be
higher than the cleaned. This is the case in 2 of the 9 (22%) results. This data
suggests that the clean up had not been successful. It was observed through the
course of the work that the application of oils and sorbents spread the distribution of
pixels thinner over the colour spectrum. The two results with a higher polluted tally
were both from weathered oil data sets, this suggest at this shade weathered oil was
the easiest to remove. As with 180, it would be expected that at shade 240 the
polluted image pixel count would be higher than the cleaned. This was the case in 5
of the 9 results (55%). The pixel tallies for the polluted images for crude recovered
with peat and crude recovered with Klausorb are 380.2 and 204.8 respectively, the
cleaned images results are 38.6 and 21.2 respectively. This suggests that the crude oil
was the easiest of the three oils to remove. 3 of the 4 results with a higher cleaned
count had 2050 refined motor oil as the oil type. This suggests these results were
affected by the pale colour of the 2050 oil.

166



Table 24: Shingle averages cleaned by aggravation - Southampton results

Data  Sh IS Sh Sh Sh Sh Sh Sh Sh Sh
Cont. K1 Kl Kl Recit Recit Recit Peat Peat
2050 Crude Wea 2050 Crude Wea 2050 Crude
PVj
20 3425  Cle 0.6 0.6 3.4 1.6 0.8 2194 42 1.8
Poll 0 0.4 1.2 0.4 0.6 1.8 1.6 1
100 373 Cle 4.6 6.6 18.6 61.4 9.4 332 54.8 6.6
Poll 66 88 3.4 18.4 3 91.2 21.6 9.2
180 11 Cle 670.6 384.4 203.6 323.8 494.6 392.8 352.8 237
Poll 177.6 241.6 318.8 445.2 223.8 3326 463.6 3764
240 0 Cle 3 55 3.8 5 15.2 2.6 4 182.4
Poll 2 544.6 62.4 0.6 337.6 109.6  83.4 199.6
Legend:
PV = pixel value SW = Stone Wall IS = image state
Cont. = control value KI= Klausorb Cle = Cleaned
Wea = weathered oil Recit - Recoverlt Poll = Polluted

Table 24 represents the control image and the average values from the shingle data set
cleaned by aggravation only. The dominant shade of the shingle is 20. It would be
expected that this would be reflected in the data by a higher average in the cleaned
results. In 8 ofthe 9 (89%) results this is the case. Despite this, if the tallies of the
polluted and cleaned images are observed it can be said that aggravation alone is
insufficient as a technique to clean the shingle. The data for shade 100 supports this
observation as only 4 ofthe 9 results (45%) have a higher cleaned value. There are no
patterns in the distribution of oils and sorbents in the data set. At shade 180, a
successful clean up would be demonstrated by the polluted images would have a
higher average than the cleaned. This is the case in 4 of the 9 results (45%). There
was no evidence of any strong patterns in the distribution of sorbent or oil. The data
at 240 showed 7 of the 9 results (78%) having a higher polluted tally. This suggests
in 78% of cases the sorbents have lightened the substrata however this is not backed
up by results at 180 suggesting that aggravation is only suitable for removal of the

thick oil deposits and pools that are highlighted at pixel value 240.
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Table 25: Shingle averages cleaned by aggravation and washing - Southampton results

Data  Sh IS Sh Sh Sh Sh Sh Sh Sh Sh
Cont. Kl Kl Kl Recit Recit Recit Peat Peat
2050 Crude Wea 2050 Crude  Wea 2050 Crude

PVi

20 3425 Cle 0.72 3 2.2 0.2 0.6 0.4 2 0
Poll 44.2 0.8 1.8 0.4 0 1.2 2 0

100 373 Cle 124 80.8 11.4 14.6 14.6 42 16.6 0.8
Poll 20.6 23.2 24.2 10.6 6.2 3 321 0

180 11 Cle 330.8 362 466.2 385.5 333 272 344.8 161.8
Poll 383 192 364 525.2 235 888.8 370 234.8

240 0 Cle 7.7 174 19.4 3 12 1 7 4
Poll 133.8 3974 57.2 0.2 204.6 13.2 42.6 8

Legend:

PV = pixel value Sh = shingle IS = image state

Cont. = control value Kl= Klausorb Cle = Cleaned

Wea = weathered oil Recit - Recoverlt Poll = Polluted

Table 25 shows the results for shingle cleaned by aggravation and washing. At shade
20, 2 of'the 9 results (22.2%) had a higher cleaned pixel tally. This data suggests that
the addition of washing to aggravation did not improve the efficacy of the clean up.
However, the low pixel tallies at this shade reduce the relevance of further analysis.
At shade 100, 5 of the 9 results (55%) have a higher cleaned tally. All results from
shingle cleaned with Recoverlt have a higher cleaned tally; this suggests Recoverlt
was the most effective sorbent. All results where crude oil was used also have a
higher cleaned tally. This suggests the crude oil at this shade was removed most
effectively. At shade 180 it would be expected that the polluted tally would be
higher. This is the case in 5 of the 9 results (55%). There were no occurrences of
2050 refined motor oil in the 4 results where the cleaned tally was higher. This

suggests that at this shade the 2050 oil was most effectively cleaned.
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Table 26: Concrete averages - Southampton results

Data Con IS Con Con Con Con Con Con Con Con
Cont. Kl Kl KJ Recit Recit Recit Peat Peat
2050 Crude Wea 2050 Crude  Wea 2050 Crude
PV 1
20 61 Cle 354 36.2 0 138.6 10.2 0 26.4 103
Poll 5.8 13.2 0 119.6 7.4 0 0 0
100 3714 Cle 1538.6 1876 134 1972.4 1898 401.6 949.2 1117.8
Poll 1357.2 400.8 149.6 1292.2 1473.8 853.4  999.2 4338
180 85 Cle 132 408.6 116.8 214.6 289.4 0 3348 671
Poll 31.2 155.4 107.4 160 839.2 1 1162 38
240 10 Cle 0.2 725 0 5.6 452 0 47.6 112.6
Poll 0.2 2305.2 20 10.2 1116.8 0 3.6 4854.6
Legend:
PV =pixel value Con = concrete IS = image state
Cont. = control value KI= Klausorb Cle = Cleaned
Wea = weathered oil Recit - Recoverlt Poll = Polluted

Table 26 represents the results from the concrete substratum. It can be seen that shade
100 was dominant in the control image. In 7 ofthe 9 results (78%) the cleaned tally is
higher than the polluted one at shade 20. It is noted that the remaining 2 results have
a pixel tally of 0 for both cleaned and polluted images. This suggests that every
combination of sorbent and oil has been effectively removed from the concrete. At
shade 100, 6 ofthe 9 results (66%) have a higher cleaned tally. 2 ofthe 3 results with
a higher polluted tally have weathered oil as an oil type. This suggests that weathered
oil was removed least effectively. There is no pattern in the distribution of sorbents.

At shade 180, 4 of the 9 results (44%) have a higher polluted tally, results from
weathered oil account for 2 of the 4 results. This supports results from shade 100
suggesting removal of weathered oil was least successful. 1 of the 5 results with a
higher polluted tally had Recoverlt as a sorbent. This suggests Recoverlt performed
most effectively of the sorbents. Shade 240 shows 6 of the 9 results (66%) with a
higher polluted tally. There were no clear trends in the distribution of sorbent or oil in

the results with a higher polluted tally. 2 ofthe results had even numbers for polluted
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and cleaned, the only result with a higher cleaned tally was 2050 refined motor oil

removed with peat.
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Figure 63: Shingle cleaned by aggravation summary graph

Figures 63 to 66 display the data from the control image and an average of the
polluted and cleaned images for the various substrata. The patterns shown in the data
are not as pronounced as with the laboratory data but there are various trends that can
be discussed. What can be seen from all of these figures is that the application of oil
and sorbent to the substrata spread the distribution ofpixels over the full colour range.
Figure 63 displays the data from the shingle cleaned by aggravation, it was observed
when comparing values from the control and the polluted and cleaned images that the
technique was ineffective. This can be reinforced by the peaks of the data shown at
points A, B and C. Point D illustrates where the cleaned data has a lower average
than the polluted data at the dark end of the spectrum suggesting that the sorbents

have removed a proportion ofthe oil.
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Figure 64: Stone Wall summary graph

Figure 64 displays the results from the stone wall data. The dominant shade on the
stone wall control was 100 as shown by point E. Evidence that the clean up on the
stone wall had succeeded in removing a proportion of the oil can be seen by the peak
of the cleaned averages at point F and by there being a higher polluted pixel count at

the dark end ofthe spectrum (point G)

5000
4000
£ 3000 *Control image

Polluted images

a 2000 Cleaned images
1000
0

1 26 51 76 101 126 151 176 201 226 251
c pixel value

Figure 65: Shingle cleaned by aggravation and washing summary graph
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Figure 65 shows the average values for the shingle cleaned by aggravation and
washing. Although results showed that the addition of washing to the aggravation
improved the clean up, it is not evident this is the case by looking at the histogram. It
is possible to see where the polluted data has a higher tally that the cleaned data at the
dark end of the spectrum (point H). Point I represents where the first value for the
polluted data is. It can be said that the data between the origin of the histogram and
point I illustrates the success of the clean up due to the lack of pixels from polluted

images.
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Figure 66: Concrete summary graph

Figure 66 represents the data from the concrete data. The two patterns of note on the
histogram are at points J, K and L. Points J and K show the peaks ofthe polluted and
cleaned data where the removal of oil has reduced the number of pixels on the
polluted images. Point L is an anomalous result where the cleaned images are darker
than the polluted ones at the dark end of the spectrum. This could have been caused
by spreading the oil on the concrete slab leading to individual photos or areas of

photos being anomalously dark.
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4.8.3 Percentage loss results

4.8.3.1 Laboratory results

Percentage recovery tests were carried out on all combinations ofthe oils and sorbents
from the laboratory and Southampton. It was expected that the results would show a
lower percentage recovery for the Southampton results due to a range of factors
affecting both oil and sorbent that were not present in the laboratory. The purpose of
the percentage recovery exercise was to analyse the effectiveness of the performance
of the sorbents from a containment and recovery perspective. These results
compliment the work carried out on the pixel distribution as a quantitative measure of
efficacy. Due to the nature of the results from Southampton, it was not possible to
carry out statistical analysis on the percentage recovery results. Various from
Southampton had negative percentage loss results. This was due to two factors, the
high levels of contaminants and the high levels of water on the substrata used in
Southampton. The statistical options for analysing the data were restricted by not
being able to analyse negative data. Table 27 shows the average percentage loss data

of'the results from the laboratory work.

Table 27: Average percentage loss - laboratory work

Substratum Oil type Sorbent % loss
ORS 2050 Klausorb 10.77
ORS 2050 Peat 10.14
ORS 2050 Recoverlt 5.50
ORS Crude Klausorb 24.63
ORS Crude Peat 24.06
ORS Crude Recoverlt 3.36
ORS Weathered Klausorb 33.73
ORS Weathered Peat 7.32
ORS Weathered Recoverlt 15.42
RL 2050 Klausorb 40.90
RL 2050 Peat 41.82
RL 2050 Recoverlt 3.93
RL Crude Klausorb 54.41
RL Crude Peat 28.64
RL Crude Recoverlt 1.82
RL Weathered Klausorb 25.54
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RL Weathered Peat 6.74
RL Weathered Recoverlt 11.92
SL 2050 Klausorb 8.35
SL 2050 Peat 11.29
SL 2050 Recoverlt 4.69
SL Crude Klausorb 5.30
SL Crude Peat 16.19
SL Crude Recoverlt 3.49
SL Weathered Klausorb 13.95
SL Weathered Peat 13.06
SL Weathered Recoverlt 22.52

Legend:
RL - Rough Limestone
SL - Smooth Limestone

ORS - Old Red Sandstone

All the results in Table 27 are positive i.e. less material was recovered than applied.
In order to further analyze the efficacy of individual oils and sorbents, it was
necessary to average the results and sort them by oil type and sorbent. The averages

are displayed in Table 28.

Table 28: Percentage loss summary of averages - laboratory data

Factor Average % loss
ORS 14.99
SL 10.98
RL 23.96
Recoverlt 8.07
Klausorb 24.17
Peat 17.69
Weathered 16.68
2050 15.26
Crude 17.98

It can be seen from Table 28 that of the three substrata, the Rough Limestone has
highest percentage loss figures (23.96%). This was expected and in trials in the

experimental design phase ofthe study shown to be the case. The reason for the high
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percentage loss is related to the high surface area of the Rough Limestone and
subsequent complications in removing the oil. It was noted that the surface of the Old
Red Sandstone had a higher porosity than either of the Limestone samples. This
combined with its surface being more abrasive than Limestone led to it having
percentage loss figures of 14.99%. The Smooth Limestone had the lowest percentage
loss results (10.98%), this is due to the smoothness of its surface and its low surface
area. It was observed during the study that containment and recovery of the oil and
sorbent was most effective on the Smooth Limestone.

The highest standard deviation in the results was from the sorbent data set. Klausorb
recorded the highest percentage loss (24.17%) and Recoverlt the lowest (8.07%).
Klausorb is structurally the finest of the sorbents, on contact with the oils, particularly
the weathered and 2050 refined motor oil it formed a paste like substance and became
sticky. The peat’s ability to absorb oil was not the reason for a percentage loss figure
of 17.69%. The fine material in the peat structure spread rapidly and became sticky
post application, this complicated containing and recovering the product. The highest
average percentage loss of the Klausorb data was when the rough limestone was
polluted with the 2050 refined motor oil. This is the combination of the substratum
with the highest surface area, the most viscous oil and the finest sorbent. The
Recoverlt was the most efficient sorbent due to it having the largest particle size of
the three sorbents; it maintains its structure post oiling and becomes less pasty and
sticky than Klausorb.

The results for the oils had the smallest standard deviation of the 3 data sets. The
crude oil had the highest percentage loss (17.98%) and the 2050 refined motor oil the
lowest (15.26%). Observations made while collecting the data suggest this was due to
the crude oil having the ability to soak into the substrata and due to its lack of
viscosity it spread rapidly. The weathered oil result is related to its wafer content
which aided spreading. Containing the weathered oil as it was composed of a range
of products of varying viscosity contributed to the percentage loss. Once contained,
recovering it was manageable. The 2050 motor oil was viscous and spread the least
of the 3 oils and this aided the containment but due to the paste like substance forming
complicated recovery. This is illustrated by two of the rough limestone results

polluted with 2050 refined motor oil are over 40% loss.
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4.8.3.2 Southampton results:

The results for the Southampton data set are displayed in Tables 29 and 30. Table 29
displays the data from all combinations of substrata, sorbent and oil. The negative
results are due to more material being collected than applied. This was due to the

presence of water and contaminants being mixed with the oil-sorbent compound.

Table 29: Average percentage loss - Southampton data

Substratum Oil type Sorbent % loss
Concrete 2050 Klausorb 14.39
Concrete 2050 Peat 3.41
Concrete 2050 Recoverlt 10.29
Concrete Crude Klausorb 26.00
Concrete Crude Peat 10.47
Concrete Crude Recoverlt 11.37
Concrete Weathered Klausorb -16.33
Concrete Weathered Peat -15.99
Concrete Weathered Recoverlt -63.45
Stone Wall 2050 Klausorb 51.65
Stone Wall 2050 Peat 19.84
Stone Wall 2050 Recoverlt 27.70
Stone Wall Crude Klausorb 37.80
Stone Wall Crude Peat 29.58
Stone Wall Crude Recoverlt 32.54
Stone Wall Weathered Klausorb 11.05
Stone Wall Weathered Peat -48.39
Stone Wall Weathered Recoverlt -39.30
Shingle agg 2050 Klausorb 31.70
Shingle agg 2050 Peat -20.24
Shingle agg 2050 Recoverlt 14.36
Shingle agg Crude Klausorb 43.73
Shingle agg Crude Peat -12.23
Shingle agg Crude Recoverlt -3.29
Shingle agg Weathered Klausorb 23.59
Shingle agg Weathered Peat -22.37
Shingle agg Weathered Recoverlt -6.68
Shingle aw 2050 Klausorb -5.23
Shingle aw 2050 Peat 3.84
Shingle aw 2050 Recoverlt -8.97
Shingle aw Crude Klausorb 41.43
Shingle aw Crude Peat -91.03
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Shingle aw Crude Recoverlt 9.38

Shingle aw Weathered Klausorb 16.30
Shingle aw Weathered Peat -35.22
Shingle aw Weathered Recoverlt -4.69

The averages for the Southampton data era displayed in Table 30.

Table 30: Percentage loss summary of averages - Southampton data

Factor Average % loss

Concrete -2.2

Stone wall 13.60
Shingle agg 5.39

Shingle aw -8.24
Recoverlt -1.72
Klausorb 23.00
Peat -14.80
Weathered -16.79
2050 11.89
Crude 11.31

The two results with positive values from the substrata data are stone wall and shingle
cleaned by aggravation. The stone wall had the highest surface areca and recurrent
complications were observed recovering the oil and sorbent as were found with
Rough Limestone in the laboratory. This was noted when using Klausorb, the paste it
formed in contact with the oil was persistent on the Stone Wall during clean up. The
shingle that was cleaned by aggravation had recorded an average percentage loss of
5.39. Klausorb recorded the highest percentage loss; it was the presence of negative
results in the data that brought the overall average down.

The shingle tests that were cleaned using aggravation and washing recorded an
average percentage loss of-8.24. As with all the tests conducted cleaning the shingle
in this way the reason more material was collected than spilled was due to the
sorbents retaining the water used to wash the substratum as well as the spilled oil.
The concrete had an average of -2.2%, ofthe nine tests conducted with the concrete,

three had a negative percentage loss and they were all from the data using the
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weathered oil. It was observed that the weathered oil spread fastest on the concrete
and in doing so it came into contact with contaminants and any water that was present
on the substratum. On several occasions, the uniform surface of the concrete led to
pooling of water while the irregular surface of the stone wall enabled water to drain
off.

Of the three sorbents used, Recoverlt was the most effective with regard to ease of
recovery. The highest percentage loss with Recoverlt was when it was applied to
crude oil on Stone Wall. This was due to the substratum and oil type as opposed to
the sorbent; the 2050 oil had a 27.70% loss and the weathered oil -39.30% loss.
Klausorb had the highest average percentage loss (23.00%), this was due to its
particle size and the inherent difficulties of recovering fine particles mixed with oil.
The peat’s overall negative average is largely due to one result. When crude was
applied to the shingle and recovered with peat by aggravation and washing there was
a percentage loss of -91.03%. This is due to the peat’s ability to absorb water at the
same rate as oil so any of the water that was used to wash the shingle that came into
contact with the peat was included in the calculation. This was reflected in the peat’s
results as seven of the twelve results yielded a negative value.

Two of the three oils used have a positive percentage recovery; the 2050 refined
motor oil has an average loss of 11.89% and the crude 11.31%. The 2050 refined
motor oil was the most viscous of the three; it spread less and took longer to mix with
water, the crude spread faster than the 2050 but not as rapidly as the weathered
product. The weathered oil had an average loss of -16.79; this is due to its high water
content and spreading. To put these figures in perspective, the Exxon Valdez incident
in Alaska in 1989 saw a total of 9% of the oil on the surface of the sea recovered

(White I 1998)

4.8.4 Carbon and moisture content tests

4.8.4.1 Laboratory results
The results from the carbon and moisture content tests carried out on compounds of

oil and sorbent are as follows. Table 31 displays the average values for carbon and

moisture content for the laboratory samples.
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Table 31: Average carbon and moisture content- Laboratory results

%/100 %/100

Sorbent QOil type moisture carbon
Peat Crude 22.76 91.61
Peat weathered 47.86 94.59
Peat 20/50 motor 8.49 94.33
Klausorb Crude 11.32 88.98
Klausorb weathered 43.8 90.53
Klausorb 20/50 motor 5.19 92.99
Recit Crude 31.80 92.47
Recit weathered 53.99 86.72
Recit 2050 motor 5.05 97.16
Overall average 25.59 92.15

The oil with the highest moisture percentage (47.6%) was the weathered oil. The
water in the oil came from it being recovered from offshore and the coast after it had
formed an oil-in-water emulsion. The average moisture percentage result for the
crude oil was 21.30% and for the 2050 refined weathered oil 0.2%. The likelihood is
that the water found in the crude oil samples came from the drilling, extraction or
transportation phase http://crudemarketing.chevron.com (1). The refining process
involves boiling the oil which accounts for the 0.2% result for the 2050 refined motor
oil. The statistical test for the moisture results (F(244) = 2.15 N/S) showed there was
no significant difference between the compounds of oil and sorbent and their moisture
content. With regard to using the compounds as fuel, moisture levels can be a
limiting factor. The non significant result with moisture content is a positive statistic
to support the argument.

The results for the carbon tests show that the weathered oil has an average carbon
percentage of 90.61%, the 2050 refined motor oil 94.83% and the crude oil 90.02%.
The statistical test showed there was a statistically significant difference between the
carbon levels in the oil-sorbent compounds. (F(244) = 5.00 P<0.05) An overall
average 0£92.15% provides support for the research into using these products as fuel.
The final statistical test was an interaction test to determine whether the carbon or
moisture content was affected by the interaction between oil and sorbent. The result
showed there was a statistically significant interaction. (F(2,44) = 3.28 P<0.05). This
may have been caused by the high moisture levels being affected by the efficacy of

the sorbents.
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4.8.4.2 Southampton results

Table 32 displays the % moisture and carbon content from the Southampton data set.

Table 32: Average carbon and moisture content - Southampton results

% wt %carbon
Substratum sorbent oil type weight/100 content/100
Concrete Peat 2050 7.32 97.04
Concrete Recoverlt 2050 5.46 94.85
concrete Klausorb 2050 3.88 93.89
stone wall Klausorb 2050 6.10 88.74
stone wall Peat 2050 6.14 96.96
stone wall Recoverlt 2050 13.39 94.57
Shingle Peat 2050 agg 18.25 98.52
Shingle Recoverlt 2050 agg 18.10 94.14
shingle Klausorb 2050 agg 9.50 96.83
Shingle Peat 2050 aw 7.12 98.03
Shingle Recoverlt 2050 aw 36.43 96.38
shingle Klausorb 2050 aw 17.72 98.14
Concrete Klausorb Crude 4.57 94.05
Concrete Peat Crude 12.04 96.18
Concrete Recoverlt Crude 22.29 94.53
stone wall Klausorb Crude 7.81 89.87
stone wall Peat Crude 16.68 97.69
stone wall Recoverlt Crude 30.81 93.99
Shingle Klausorb Crude agg 13.74 95.51
Shingle Peat Crude agg 13.43 92.14
Shingle Recoverlt Crude agg 38.18 84.63
Shingle Peat Crude aw 59.49 96.63
Shingle Klausorb Crude aw 22.33 92.79
Shingle Recoverlt Crude aw 40.37 94.65
Shingle Peat Weathered aw 69.02 97.46
Shingle Klausorb Weathered aw 38.93 97.04
Concrete Klausorb Weathered 51.49 95.01
Concrete Recoverlt Weathered 66.88 92.62
concrete Peat Weathered 30.07 98.16
stone wall Klausorb Weathered 31.80 95.00
stone wall Peat Weathered 65.20 97.16
stone wall Recoverlt Weathered 60.31 90.92
Shingle Peat Weathered agg 66.45 96.90
Shingle Recoverlt Weathered agg 26.99 94.60
Shingle Klausorb Weathered agg 39.22 93.83
shingle Recoverlt Weathered aw 57.80 85.07
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Overall average 28.76 94.57

In order to analyze these results, the average values from the Southampton data set
were calculated and compared with then laboratory results. Table 33 displays the
average moisture content results.

All three results from Southampton have higher moisture content than the laboratory
results. The increase in the percentage can be attributed to water on the substrata
when the data was being collected. The weathered oil has the highest percentage
moisture content and the 2050 refined motor oil had the lowest. The most noticeable
increase in the moisture contents is in the data with 2050 refined motor oil. The result
that has led to this high average is from the shingle using Recoverlt as the sorbent and
recovered by aggravation and washing. The crude and weathered oil results show a
difference of 3.37% and 2% between the laboratory and field data respectively. This
shows that the field conditions did not significantly affect the moisture levels in the
compounds.

The test carried out on the moisture readings showed a statistically significant
difference between oil type and moisture content (F(8i44) = 6.513 P = 0.000), there
was no statistically significant difference between substrata and oil type (F(g,i44) =
0.250 N/S). The result for the sorbent showed a significant difference (F(8i44) =
18.326 P = 0.000). This is due to the fact that the statistics were carried out on the
compounds, the high moisture levels in the oils led to the sorbent test being

significant.

Table 33: Average % moisture content - laboratory and Southampton

Average moisture content %

Oil type Lab Southampton
Weathered 47.60 49.60
2050 motor 0.20 12.45

Crude 21.30 24.67

The results for the carbon test data averages in the laboratory and Southampton can be
seen in Table 34. In all three of the results, the carbon levels are higher in the

Southampton data set. The 2050 refined motor oil has the highest carbon percentage
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in both samples. The source of the additional carbon in the samples was most likely
sourced in contaminants collected with the compound.

The statistical results show there was no significant difference in the levels of carbon
due to the different substrata. (F(3,i44)= 0.246 N/S) or oil type (F(3,i44)= 0.686 N/S).
The statistics for the sorbent results show a significant difference in carbon levels due
to the sorbents. (F(33m4) = 9.500 P = 0.000). A standard error test was carried out to
determine the standard deviation of'the error in the data set. The result ofthe standard
error test was 0.055. This illustrates that the variations between the carbon content of

the sorbents is sufficiently large to yield a statistically significant difference.

Table 34: Average % carbon content - laboratory and Southampton

Average carbon content %

Oil type Lab Southampton
Weathered 90.61 94.25
2050 motor 94.83 95.68

Crude 91.02 93.82

Table 35: % carbon results for statistical analysis

%/100

Sorbent Oil type carbon
Peat Crude 91.61
Peat weathered 94.59
Peat 20/50 motor 94.33
Klausorb Crude 88.98
Klausorb weathered 90.53
Klausorb 20/50 motor 92.99
Recit Crude 0.924784
Recit weathered 0.867231
Recit 2050 motor 0.971655
Overall average 0.921583
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4.9 Discussion

4.9.1 SEM analysis of sorbent structure

In order to further understand the properties and behaviour of the sorbents used in the
laboratory work, a scanning electron microscope (SEM) was used to analyse the
differences in the structure of the products before and after sorption. The results of
the SEM analysis provided the means to analyse the methods by which the sorbents
retained the oil. During the course of the laboratory and field trials, Recoverlt was the
easiest sorbent to retain and collect of the three tested. This was due to its particles
being a uniform spherical size and it maintaining its structure during oiling and
collection. The particulate structure of the peat varied in size. The smaller
components formed a paste like substance with the oil and spread quickly over and
around the oiling site. A benefit peat had over the other two products was that it
retained the oil if it was compressed post oiling to drain any absorbed water out.
Klausorb is composed of a high number of fine particles, some as small as 5 pm
across. This provided the necessary surface area to absorb the oil but the product
quickly formed a paste post-oiling which complicated clean up. The only technique
found to remove all traces of the sorbent from the substrata was application of high

pressure water.

4.9.2 Pixel analysis

The use of pixel analysis is a novel technique for assessing the efficacy of response
operations. Image analysis of oil spills was researched as part of the literature review,
it is used to detect and track the trajectory and speed of offshore slicks but no
evidence of research was found quantifying the efficacy of spill response products.
The discussion section covers two aspects of the data collection. Firstly it analyses
the results as indicators of sorbent performance, secondly it analyses the relative

success of pixel analysis as a tool in oil spill response.
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4.9.2.1 Laboratory results:

If the results from the laboratory data are discussed first, it was expected that at the
lighter end of the spectrum a higher pixel tally would be observed in the cleaned over
the polluted image. This was the case in 81.4% of the images at shade 20 and 70.3%
at shade 100. A higher count in the polluted image was expected at the darker end of
the spectrum and at shade 180 this was the case in 44% of the images. 60% of the
images at shade 240 were darker in the polluted data set. These figures suggest that
overall the application of sorbents to the substrata restored the pixel distribution of the
cleaned image to a level between the control and the polluted. This is supported by
the patterns shown in the summary graphs observed. Figure 60 showing the results
from the Smooth Limestone shows the data cleaned images nearer the control than the
polluted. A trend that was observed during data entry and analysis was that the
distribution of pixels in the spectrum of the cleaned images was spread wider than that
of the control or polluted. This can be seen in the distribution of the cleaned data in
the Old Red Sandstone and Rough Limestone graphs.

Overall, the Recoverlt performed most effectively of all the products and peat the
least effective. Of the trends found in the substrata, the Smooth Limestone proved the
easiest substratum to clean. In comparison to the other two substrata, it was flatter
and smoother, the reduced surface area and smooth surface aided the recovery process
of oil and sorbent. The relative lack of patterns in the substrata data was supported by
there being no statistically significant difference in the pixel distribution based on
substrata. The performance of the Recoverit supports what was noted when handling
the sorbents in the field. Its ability to maintain its structure when applied and its
relatively large grain size enable effective containment and recovery of oil. The peat
dispersed rapidly on application and its high variation in grain size (=lcm - 250um)
complicated recovery. The statistically significant in pixel distribution due to sorbent
type supports these observations. Recoverlt consistently performed more effectively
than peat and Klausorb. Over the three oils that were applied, the 2050 refined motor
oil was the easiest to recover and the weathered oil the hardest. This is supported by
the statistical analysis. It was observed during data collection that the weathered oil

spread quickly on application, this was enhanced by the presence of water in the oil.
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The 2050 refined motor oil was the most viscous of the three products and spread the

least. The viscosity reduced the amount of oil absorbed into the substrata.
4.9.2.2 Southampton results:

The purpose of the investigation at OSRL Southampton was to analyse the impact of
field conditions on the efficacy of the sorbents and test the validity of pixel analysis in
the field. A similar pattern to the results from the laboratory analysis was expected.
At shade 20, 75% of the results had a higher pixel count on the cleaned over the
polluted data. At shade 100, 58.7% were higher. These are lower than the laboratory
results (81.45% and 70.3% respectively) but demonstrate that the application of
sorbents restored the pixel distribution of the cleaned images closer to the control.
The results at shades 180 and 240 showed 44% and 50% of the images had a higher
count on the polluted images. This is in comparison to the laboratory results (44% and
60% respectively). The relative proximity of the results between the laboratory and
Southampton suggest that the influence of field conditions did not adversely affect the
performance of the sorbents by a significant margin. However this technique does
illustrate the necessity of ground truthing laboratory analysis of oil spill response
products. What is evident from the summary graphs is that as a tool for visualising
the efficacy of the technique the Southampton graph is not as clear as the one from the
laboratory. It is possible to see peaks of polluted and cleaned pixels on the three
graphs but if return to the distribution of the control image is a benchmark of success,
the graphs display little evidence. Despite this, the statistics and results display
patterns of the performance of substrata, oil and sorbent.

The statistical test for the substrata showed a significant difference. The trends in the
data suggested that the shingle was the least responsive to clean up and the concrete
the most. This was due to the smoothness and impermeability of the surface of the
concrete. Recovery was efficient and none of the three oils soaked in. The shingle
had the highest surface area of the substrata and was porous. Oil and sorbent became
trapped between the pieces of shingle complicating recovery. It was noted that
recovery of the oils was further hindered by the persistent nature of the oil-sorbent
compound among the pieces of shingle. The most effective technique to use was
application of high pressure water. The statistics for oil type showed a non significant

difference, differences in the behaviour of the oils were noted during data collection
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and there are some trends in the data to reflect this. The 2050 refined motor oil was
the easiest to remove and the crude and refined products the most difficult. The crude
and refined products spread rapidly in the field and this affected the sorbent
performance.

The sorbent statistics showed a significant difference. It was observed that over the
four shades analysed that the Recoverlt was the most effective and the peat the least
effective. This supports the data from the laboratory analysis. It was noted in the
field that the spherical nature of the Recoverlt granules was a factor in increasing the
ease of recovery. The peat dispersed quickly and due to the variation in size and

shape of its particles it adhered to the surfaces it came into contact with.

4.9.2.3 Appraisal of pixel analysis technique

This study was partly designed to assess the efficacy of pixel analysis as a technique
to quantify oil spill response. The use of satellite imagery is an established technique
to predict and track the trajectory of offshore oil spills (Brekkea C 2005). The use of
pixel analysis of images to quantify environmental performance is an untested
technique in oil spill response. An analysis of the use of pixel analysis and Scion
Image undertaken throughout this study highlighted a range of cautions and benefits
to the technique (Figure 67).
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Benefits Cautions

- Simple to collect primary data - Limited scope of software

- Cost effective - Accuracy of photography

- Simple visual results available - Limited to shore response

- Quantifiable output - Only provides aesthetic perspective

- Large data set - Graphical output limited in field data

- Effective as an indicator of environmental | - Limited in circumstances where oil and substrata
performance are similar shades

- Ability to monitor change over time
- Possible to assess success of clean up and
analyse individual products oy
- Potential to build a database of most effiective
combinations of substrata, oil and sorbent. .

Figure 67: Benefits and cautions of pixel anhiysﬁs technique

The benefits of the technique include: The only primary data needed from the
incident site is photos of oiled substrata. These are uploaded direct in Scion Image for
analysis. Scion is available free of charge online, it is a cost effective analysis
technique as all that is required is a digital camera and a computer. Once processed, it
can provide fast and accurate indication of the progress of the cleanup. On
completion of the analysis the data can be manipulated in spreadsheets and inputted
into statistics packages to quantify whether variations in oil, clean up technique or
substrata have significantly affected the pixel distribution. The data can be easily
manipulated into tables and histograms that can be made available as indicators of
progress in clean up operations.

An important aspect of spill response is monitoring change of polluted environments
over the duration of the clean up period. A series of time lapse photos taken at
locations in the affected area can provide an indication of how the environment is
changing over the course of the clean up. The philosophy behind Net Environmental
Benefit Analysis can be supported by the addition of a breakdown of pixel
distribution over time. The technique has two major applications. Firstly, it can be
used to quantify the efficacy of a specific spill response product or combination of
product, oil and substrata in laboratory conditions. Secondly, it can be used over time
to quantify the efficacy of a clean up operation in field conditions. With further

analysis, it would be possible to use the technique to contribute to a database of
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‘optimum combinations’ of oil, sorbent and substrata. This could be used as a

decision making tool based on the circumstances surrounding the oil spill.

During the course of the study, a range of limitations and cautions of using the
technique were experienced. At a number of points in the analysis of results it was
noted that glare on the images from the flash of the camera or natural reflection
affected the pixel balance of the image. Scaled up to field investigations, intensity of
sunlight and extent of cloud cover may affect the balance of pixel distribution. This
may especially be an issue if images are being taken over a period of time. The
technique is not applicable for spills on water and would be most beneficial to
onshore operations. The range of techniques used to assess the impact and recovery
of oil spill response includes physical, biological and chemical indicators. The use of
pixel analysis only provides an aesthetic perspective of shore clean up. However, this
is a key indicator of progress and a quantifiable output of a response. A caution that
was flagged as the experimental study developed was a potential limitation in
analysing oil and substrata of similar colours. It may be the case that the technique
would be limited if pale coloured oils were spilled on sandstone and shale. For the
sake of the experimental work it was observed that cross comparison of different oils,
sorbents and substrata was not applicable.

Having discussed a range of benefits and cautions of using pixel analysis in oil spill
response the following observations can be made: It is a cost effective and rapid
technique to quantify the impact of oil spill response techniques. It can be used to
validate products in laboratory conditions or provide an indication of the extent and
speed of response over time in the field. With the advent of NEBA and Time
Windows of response, it can contribute to the body of knowledge of different products
performing more effectively on specific oils and substrata. It is limi;ted through
primarily being an aesthetic technique and may not be suitable with certain types of
oils and substrata. However, it can be said that as one aspect of the management of
oil spill response it can provide a systematic and substantive, quantitative data set to

assess the efficacy of response options.
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4.9.3 Percentage loss

The calculation of the percentage loss of oil and sorbent from the field provides two
data sets. It enables spill responders to quantify how much oil and sorbent material is
left in the environment post recovery and it gives an indication of the efficacy of a
product. The ranges of sorbents used in the experimental work were environmentally
benign. However, some chemical sorbents used are not and may pose further
environmental issues if left in-situ. With regard to percentage recovery being an
indication of product efficacy, it can be used to judge the effectiveness of a product
with regard to its absorbing or adsorbing properties. It can also be used to quantify

the extent to which the product can be removed from the site once it has been oiled.
4.9.3.1 Laboratory results

If the impact of the substrata is analysed first, it was expected that the high surface
area of the Rough Limestone would complicate recovery and lead to a higher
percentage loss. The results show that the Rough Limestone has the highest
percentage loss of the three substrata. Its surface was pitted and grooved and proved
the most difficult substratum to recover the oil-sorbent compound from. In
comparison, the surfaces of the Smooth Limestone and the Old Red Sandstone were
smooth and substantially less sorbent remained on their surfaces. It was noted that the
Old Red Sandstone had the most porous surface of the three substrata. This was
identified as a potential factor in reducing percentage recovery in the experimental
design and this most likely explained the variation between the Old Red Sandstone
and Smooth Limestone results. These trends have been reflected in the data where the
Rough Limestone had the highest percentage loss followed by the Old Red Sandstone
and the Smooth Limestone.

It can be said from this data that the characteristics of the substrata have an impact on
the clean up when using non abrasive techniques. Had the samples been cleaned by
high pressure water or steam, the oil and sorbent would have been removed but the
percentage loss would have been substantially higher and any flora or fauna present

may have suffered damage from the pressure of the water.
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The largest variation in percentage recovery data was the sorbents. Of the three, the
Klausorb recorded the highest percentage loss (24.17%) and the Recoverlt the lowest
(8.07%). Klausorb was the finest of the three sorbents and on contact with the more
viscous oils it formed a paste like substance and became sticky. This complicated
recovery and left noticeable deposits on the substrata. The highest average percentage
loss using Klausorb was when the rough limestone was polluted with the 2050 refined
motor oil. This is the combination of the substratum with the highest surface area, the
most viscous oil and the finest sorbent. The Recoverlt was the most efficient sorbent.
Based on its structure observed in the SEM and its behaviour when oiled, it was
concluded that is spherical particulate structure and ability to maintain this when oiled
eased the process of retrieving it from the environment. The peat was restricted by
the shape and variation in particle size. The pieces of peat were more elongated and
narrow than the Recoverlt which led it to stick to the substrata; it also complicated
recovery of the product. The advantage peat has over the other two sorbents is that
once it has absorbed oil and water, if compressed it will retain the oil in its structure
as the water drains out.

The variation in the percentage loss results for the oils was 1.6%. The crude oil had
the highest percentage loss and the refined 2050 motor oil the lowest. Observations
made while collecting the data suggest this was due to the crude oil having the ability
to soak into the substrata and due to its lack of viscosity spread more rapidly than the
2050. The presence of water in the weathered oil enabled it to spread the oil
component rapidly over the substrata. The water drained off the substrata rapidly
after application. The 2050 refined oil spread least of the three however the paste that
formed when it was recovered made it difficult to recover from the substrata, in

particular from the Rough Limestone where two of the results are over 40% loss.
4.9.3.2 Southampton Results

It was expected that the results from Southampton would yield a higher percentage
loss due to operating in field conditions. However, the impact of the field conditions
led to the opposite being true in a number of data sets. The amount of additional
material collected with the oil and sorbents led to more material being collected than
was applied. The two results with positive values from the substrata are stone wall

and the shingle that was cleaned by aggravation. The stone wall had the highest
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surface area and the same problems recovering the oil and sorbent were found as with
the Rough Limestone. This factor was exaggerated when using Klausorb. The
shingle that was cleaned by aggravation had recorded an average percentage loss of
5.39. Klausorb recorded the highest percentage loss and it was only the presence of
negative results in the data that brought the overall average down. The shingle tests
that were cleaned using aggravation and washing recorded an average loss of -8.24%.
The sorbents retained the water used to wash the substrata in addition to the oil. The
concrete had an average of -2.2%, of the nine tests conducted with the concrete, three
had a negative percentage loss and they were all from the data using the weathered
oil. It was observed that the weathered oil spread fastest on the concrete and in doing
so it came into contact with contaminants and any water that was present on the
substratum. On several occasions, the uniform surface of the concrete led to pooling
of water while the irregular surface of the stone wall enabled water to drain off. This
was a further contributing factor to the percentage gain for the concrete results. Due
to the range of data, individual analysis of oil, sorbent, substrata combinations was

necessary.

Of the three sorbents used, Recoverlt was the most effective with regard to ease of
recovery. The highest percentage loss that Recoverlt had was when it was used to
adsorb crude oil on stone wall. This is most likely due to the substratum and oil type
as opposed to the sorbent, this is backed up by the result for the 2050 refined motor
oil being a 27.7% loss and for the weathered oil a 39.3% loss. The high positive
percentage losses are due to the surface area of the stone wall and the negative result
is due to the spreading ability of the weathered oil. Klausorb had the highest average
percentage loss (23.%), this is not due to its lack of capability as an absorbent but is
due to the inherent difficulties of recovering very fine particles mixed with oil off a
substratum. The peat’s overall negative average is largely due to one result. When
crude was spilled on the shingle and recovered with peat by aggravation and washing
there was a percentage loss of -91.03%. This is due to the peat’s ability to absorb
water as rapidly as oil so any of the water that was used to wash the shingle that came
into contact with the peat would have been absorbed. This was reflected in the peat’s
performance as a whole in that seven of the twelve results yielded a negative value.

Two of the three oils used had a positive value; the 2050 refined motor oil had an

average loss of 11.89% and the crude 11.31%. The weathered oil had an average loss
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of -16.79, this is due to its high water content and ability to spread quickly. Klausorb
was the only sorbent to have three positive results for the recovery of the weathered
oil. This is due to the sheer number of particles in the Klausorb and their ability to
absorb the various oils and water quickly. To put these figures in perspective, the
Exxon Valdez disaster in Alaska in 1989 saw a total of 9% of the oil on the surface of
the sea recovered (White I 1998).

To conclude the work carried out in Southampton for the percentage loss data, the
first observation is the high amount of negative results. With regard to the research
pathway and the validity of the results it would seem unrealistic to use percentage loss
as an indication of success for spills if heavily weathered oils were involved in the
field considering how easily the data is corruptible by contaminants. For refined and
crude oils that have not undergone extensive weathering this is a feasible option for
field based tests. This technique would also be valid in industrial and terrestrial spills
where there would potentially be fewer contaminants. This technique could be used

as a tool to test the efficacy of products in laboratory conditions.
4.9.4 Carbon and moisture content

The philosophy behind the carbon data collection was to prove quantitatively that
there was sufficient carbon in waste o0il to be used as fuel. The data was collected in
the laboratory prior to Southampton for two reasons. Firstly, to carry out trial and
error data collection on the quantities necessary to ensure the methods were
representative of the aim and objectives. Secondly, to determine whether or not the
amount of carbon in the compounds was sufficiently high to warrant further tests and
analysis in Southampton. The data collected in Southampton was désigned to
determine whether or not there was an adverse impact on the carbon content in field
conditions. = The environment from which the materials were collected in
Southampton may have affected carbon levels due to contaminants in the compound.

Part of the laboratory procedure to measure the carbon content involves calculating
the moisture content of the compound. The presence of moisture in a potential source
of fuel is a limiting factor. The lower moisture percentage, the less preparation the

substance needs prior to incineration.
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4.9.4.1 Laboratory results:

Of all the compounds tested, the compounds with weathered oil had the highest
moisture content. The presence of moisture in the weathered oil is due to it being
collected from the field in the form of a water-in-oil emulsion. There are two
considerations that need to be taken into account at this stage. The first is whether the
high moisture content in the weathered oil has affected its carbon content and ability
to combust. The results show this is not the case as its percentage carbon is 90%
compared to an average for all the oils of 92%. The second consideration is that the
higher the moisture content of a material that is to be used for fuel, the higher the pre
treatment costs are. This may render the weathered oil used in the laboratory and
field work unusable as a source of fuel despite its high carbon content. Compounds,
despite their individual components that are recovered from substrata or open water
are more attractive as a fuel source if they can be recovered before they form an
emulsion.

The average moisture content of the weathered oil is 47.6%, the crude 21.3% and the
2050 motor o0il 0.2%. The reason the motor oil has such a low moisture content is that
is has been refined. The most common technique for refining oil is fractional
distillation. Each fraction of crude oil has different sizes, weights and boiling
temperatures. The oil is heated and the vapour is pumped into a fractional distillation
column. The temperatures in the boiler that boils the crude oil are well in excess of
the boiling point of water. This explains the low percentage moisture content in the
refined 2050 oil. Crude oil is scientifically speaking a hydrocarbon meaning it is a
compound of hydrogen and carbon, it can contain oxygen and sulphur. Statfjord
crude was used for the laboratory and field work. The blend of Statfjbrd used is
16.2% hydrogen and 1ppm (parts per million) of sulphur. The likelihood is that the
water found in the samples contaminated the oil at some point during the drilling,

extraction or transportation phase http://crudemarketing.chevron.com (1).

The averages for the carbon content tests are as follows, crude 90%, weathered 90%
and 2050 motor 94%. As the vast majority of the fuels used to power industry,
domestic demands and transportation are carbon based; an average carbon content of

92.1% suggests that oil-sorbent compounds from spill are a feasible fuel source.
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4.9.4.2 Southampton results:

The variations between the moisture levels in the laboratory and Southampton results
can be explained by two factors. If the data from Southampton is observed, the
results for combinations with either weathered oil or shingle as a substratum have
elevated moisture levels. A substantive increase was noted in the average moisture
levels for the 2050 motor oil. The result that has led to this high average is from the
shingle using Recoverlt as the sorbent and recovered by aggravation and washing. It
was noted during data collection that the surface area of the shingle held significantly
more water than the concrete or stone wall. A percentage of the water that was used
to clean the shingle was taken up by the sorbents, a combination of these factors
explain the high moisture levels. For the other two oil types, the difference in the
average percentage moisture contents between the laboratory and Southampton is
low. This suggests that the environmental conditions and the state of the oils affect
the moisture levels more than the techniques used to recover the waste.

The carbon levels in the oil-sorbent compounds from Southampton showed an overall
increase from the laboratory results. For the weathered oil there are a number of
possible explanations for this. It is possible that the variety of oils in the weathered
oil could have affected carbon levels in different tests. The more likely explanation
for this that applies to all three oils is that contaminants in situ at the sample site were
partly composed of carbon and this was retrieved along with the oil.

From a perspective of drying and combusting the compounds, observations made
during these processes did not note any variations or complications between the two
data sets. An option that was discussed as a possible extension to the experimental
work was compressing the oil-sorbent compounds into briquettes for use in
incinerators. The issue of whether it is feasible to scale these experimenis up to an

economically viable level is another potential extension of the design.
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4.10 Conclusions

In order to critically analyse the success ofthe laboratory and ex-situ field trials it was

necessary to discuss the aims and objectives ofthe study.

1) To investigate the efficacy of a range of absorbents in terms of
their capability to absorb a given volume of oil spilled on a range of
substrata.

2) To determine whether a range of compounds of oil and sorbents

are suitable for use as fuel.

4.10.1.1 Review of Aim One

A core theme of the research pathway in the laboratory and field data collection was
to ensure the work undertaken was an analysis of a technique as much as a series of
results.  The results of the data are entirely dependant on the equipment,
methodologies and products used. The technique used to quantify their success
regardless ofthe results, has the potential to be used in a diverse range of applications.
The notion of analysing colour in polluted and cleaned samples does not take into
account the range of biochemical, toxicological or biological tests it is possible to
carry out in the event of a spill but it provides strong evidence regarding the success
of products used and environmental improvement over time. Of equal importance, it
provides a qualitative and quantitative value of the aesthetic value of coastal and
marine areas. This technique provides simple, accessible yet vital information
regarding the success of operations. The data can be displayed in forms that are
visual and accessible for stakeholders. From observations of the data, it is clear that
the conditions in Southampton made a substantive difference in the pixel distribution
in the polluted and cleaned images. As the pixel analysis has not been used for oil
spill response operations, this reinforces the need to wvalidate technology and

methodology in laboratory conditions prior to field tests. For each of the pixel values
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analysed in this chapter, trends and patterns in the data have been highlighted and
discussed suggesting that the analysis of pixels is a viable option for judging the
effectiveness of sorbents in spill response. This technique could be further developed
in testing of new products under lab conditions to determine their effectiveness prior
to certification and distribution. The results from the percentage recovery study
provided information on the efficacy of the products and the logistics of deployment
and recovery in the field. The experimental design tested their behaviour using non
aggressive recovery techniques. The following comments can be made regarding the
behaviour and efficacy of the sorbents when in contact with varying oils and

substrata.

e Increased surface area on the substrata complicates recovery, particularly with
fine grained sorbents.

e Fine grain sorbents have the tendency to form ‘pastes’ with viscous oils which
can lead to them becoming persistent on substrata.

e Sorbents that maintain their structure and have a particulate structure
sympathetic to recovery yield a higher percentage return.

¢ From a containment perspective, viscous oils spread with less speed but can be

persistent post sorbent application.

As a technique to determine the performance of sorbents, it can be said that
percentage recovery is a cost effective simple option. It has potential to be used as an
aspect of product testing and review prior to commercial use. Its major limitation as
an indicator of success in the field is that presence of contaminants lead to more
material being recovered than spilled. In the wake on a spill incident separating all

contaminants and oil to determine percentage recovery would not be a feasible option.
4.10.1.2 Review of Aim Two

The most significant aspect of the data for the carbon and moisture content is the

differences between the results for the laboratory and Southampton data sets. If the

moisture content results are observed, there is a 3.26% difference between the

laboratory and field results. This tells us that it is not the location where the oil is
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recovered from that is responsible for the moisture content, rather the environmental
conditions that can influence the composition of the oil. The longer it has been in the
environment the higher the likelihood of it becoming emulsified or weathered, this
significantly increases the moisture levels and the difficulty of recovering the oil. A
positive outcome of the data is that presence of moisture did not affect the compounds
ability to burn; this in turn did not skew any of the carbon results.

As a result of this work the carbon tests can be used as effectively in controlled
conditions in the laboratory as in the field, and if the oil has reached a certain point of
weathering, the circumstances surrounding its collection are immaterial to its ability
to be used as a fuel. It would be accurate to say that the less weathered and

emulsified the oil the more potential it has as a viable source of renewable fuel.
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5 Chapter Five: The role of education and training

51 Introduction

This chapter forms a synthesis of the three research areas of the thesis. It evaluates
the role of education and training as a functional output of the research pathway and
investigates the logistics of designing and delivering Distance Learning (DL)
packages. A specific focus on the role of education and training in oil spill response
research is demonstrated through the examination of a DLM on oil spill
bioremediation developed for the thesis.

It is established that one of the largest gaps between policy statements and real
changes on the ground is the challenge of implementation (Vastag G 1996). The
targets, aims and objectives may be clearly identified, but how is the transition made
from declared ambition to functioning operation? The most progressive governments,
industries and companies throughout the world recognize that two of the most cost
effective and high impact activities in support of strategic development and
implementation are those of education and training (Vastag G 1996).

The core section of the chapter is composed of the development of the DLM for oil
spill bioremediation. Bioremediation was selected for this study due to the range of
scale and characteristics of marine spills, the dynamics and sensitivity of the
environments affected by oils pills, the variety of economic and political influences,
and the range of logistic and technological considerations that are taken into account
in a clean up operation. The interpretation of bioremediation technology is an
effective test bed for the efficacy of education and training initiatives due to the
demands of the multi-disciplinary (in both spatial and temporal terms) response
approach required. Further to this, as it used infrequently in marine oil spill response
operations compared to techniques including booms, skimmers and dispersants; it can
be said that the role of education and training has a value added impact in terms of
promoting wider use of bioremediation in environments where it can be particularly
effective.

In the fields of waste management and oil spill response, education and training
strategies are designed to inform and improve the decision making process through

dissemination of information and facilitation of communication. The benefits of
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dissemination of data and education and training are value added in as much that they

can:

e Act as a catalyst for further action.

¢ Raise awareness of key issues.

e Assist continuity of activities and the adoption of best practice.

e Disseminate the importance of concepts, tools and methodologies to a wider
audience.

e Encourage the development of local or internal capacity and competence to
continue and enhance further objectives of the taught material.

¢ Demonstrate commitment and progress where evidence of performance is
intrinsic to funding and support.

e Recruit support and resources to sustain the activity for the future.

e Maintain ongoing interest and support in projects.

(PROTEKT Handbook 2007, SACODI Handbook 2007)

5.2 Distance learning and oil spill bioremediation

This section of the chapter is designed to demonstrate the structure of a full DLM in
oil spill bioremediation education and training. The potential of bioremediation in
Vietnamese oil spill response is discussed in chapter four. Its implementation into
distance learning was designed as a functional output of the research and to
demonstrate an option for further dissemination of oil spill bioremediation research.
Milford Haven Port Authority contributed £2000 to the research and development of
the DLM. It is designed to be incorporated into a contingency plan or be delivered as
a stand alone module.

Two versions of the DLM are presented in this chapter. The first is a streamlined
version of the Core Text. This contains a figure of the structure of the package and
notes elaborating on each section. References will be made to the larger document.
This version is designed to be used prior to the full package for an institution or
company who wish to be provided with a brief overview of the package. It can also be

utilised as an executive summary and reference document of the Core Text in the
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Workshops and Training Courses. The second version consists of the introduction,
contents and layout of the full package and one chapter demonstrating the layout,
content and assessment processes. This version forms the core reference document
for the DLM delivery at educational institutions and is extracted and edited from the
project guidelines. The full package is comprised of the following:

e A ‘core text’ designed for further reading and as a support tool for the user.
e Learning outcomes.

e Assessment exercises.

e Tutors support notes.

e Student support notes.

e Case studies.

e CDROM’s.

The core text is populated with technical material and case studies on:

1) Microbial populations for bioremediation processes

2) Chemistry of bioremediation

3) Decision to use bioremediation

4) Petroleum constituents and susceptibility to breakdown
5) Bioremediation strategies

6) Optimising bioremediation performance

7) Factors affecting bioremediation

8) Advantages and disadvantages of bioremediation

9) Bioremediation in relation to other technologies

10) Limitations

11) Case studies
The eleven sections of the core text are dedicated chapters within the DLM. The

content for the core text has been extracted from the review of literature and selected

scientific reports and case studies (BIOREM Handbook 2006).
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The purpose of the core text is to provide a database of information and further
links/references to support the taught content. For the sake of this chapter, select

aspects and sections of the core text have been extracted and manipulated.

5.2.1 Streamlined DLM

The streamlined DLM provides an overview of its structure without covering the
technical detail of the reports.

It can be used as a working example of a distance learning model where the format
and methods of assessment could be examined with a view to using them with other
material. A figure of the whole package is presented cross referencing with the larger
document. Short notes providing the key concepts and working examples are
provided on each section and examples of the assessment methods and further reading

sources are shown.
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1.0 Introduction

2.0 Overview of DLM

3.0 Structure and format
of DLM

4.0 Contents of DLM

4.1 Microbial populations for

bioremediation

4.2 Chemistry of

bioremediation

4.3 Decision to use

bioremediation

4.4 Petroleum constituents and

susceptibility to breakdown

4.5 Bioremediation strategies

4.6 Optimising bioremediation

performance

4.7 Factors affecting

bioremediation

4.8 Advantages and

disadvantages

4.9 Bioremediation in relation

to other technologies

4.9.1 Hydrodynamic
considerations
4.9.2 Geographical
considerations
4.9.3 Ecological

considerations
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Figure 68: Structure of DLM

Source: author

4.10 Case studies

4.10.1 Exxon Valdez

4.10.2 Sea Empress

4.10.3 Prestige

4.11 Low energy

environments

4.11.1 Salt marshes

4.11.2 Mangrove swamps

4.12 Extreme environments

4.12.1 Hot climates

4.12.2 Cold climates
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5.2.1.1 Key concepts:

Chapter One: Introduction

¢ Introduction to the logistics of the course delivery.
e Bioremediation: an executive summary.

e The logistics and structure of the course.

Chapter Two: Overview of DLM

e Structure of the DLM including teaching approach (guidelines, assessments,
support material) and chapter content.

e The aims of the DLM are to provide a framework to enable the user to
facilitate decision making regarding bioremediation as an option for spill
response and to highlight the role of education and training in dissemination of

technical data.

Chapter Three: Structure and format of DLM.

e Structure

e Format

e Delivery methods
e Assessments

e (Case studies

Chapter four: Contents of the DLM:

e 4.1 — Microbial populations for bioremediation — outlines the major strains of
bacteria that are capable of metabolising oil in the environment.
e 4.2 — Chemistry of bioremediation — outlines the major chemical processes

that occur during bioremediation.
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4.3 — decision to use bioremediation — outlines the main aspects of the
decision making process in order to determine whether bioremediation is a
feasible option for use.

4.4 — Petroleum constituents and susceptibility to breakdown — outlines the
major components of petroleum and their respective susceptibility to
breakdown by microbial action.

4.5 — bioremediation strategies — outlines the processes and principles behind
in —situ and ex-situ bioremediation, and includes case study data for both.

4.6 — optimising bioremediation performance — outlines the role of nutrient
and oxygen addition to microorganisms that can improve the rate and success
rate of bioremediation.

4.7 — factors affecting bioremediation — outlines the environmental factors that
affect bioremediation and the limitations that the oil type and nature can have
on the process.

4.8 — advantages and disadvantages of bioremediation — designed to support
the decision making process.

4.9 — bioremediation in relation to other technologies — outlines the impact of
hydrodynamic, geographical and ecological factors on bioremediation and
how bioremediation compares with other standard marine oil spill response
technologies.

4.10 — case studies — provides case study data from three of the major oil spills
in the last half century where bioremediation was tested. The response to the
Exxon Valdez, Sea Empress and Prestige incidents are examined.

4.11 low energy environments — specialist case studies of low energy highly
sensitive environments where bioremediation may be the most effective and
least destructive technology available.

4.12 — extreme climates — examples of how the technology can work in
extremes of temperature. As the process is enzyme based, this is a key
consideration when deciding whether to proceed with bioremediation. Both

hot and cold climates are detailed.
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5.2.2 Extended Version of DIM

One section of the DLM which was delivered as a stand alone module is presented
with the associated support material. The section that has been chosen is
bioremediation in relation to alternative oil spill response technologies. It was
decided to include this chapter as it demonstrates the multi-disciplinary nature of oil
spill environmental management, factors affecting bioremediation and a cross analysis
of bioremediation and standard oil recovery techniques. This is in contrast to a
number of the earlier chapters, which are executive summaries of technical

information and options. This section includes the following components:

* One chapter ofthe full DLM.
* Learning outcomes.
* Assessment exercises.

* Case studies.

5.2.3 Core text - Bioremediation in relation to other

technologies.

Learning outcomes:

After reading this chapter, you will be able to:

* Detail the major limitations of using
bioremediation in the field

» Discuss the environmental factors that can
limit the efficacy of bioremediation in the
field

* Describe the Microtox® test for toxicity

Figure 69: Bioremediation in relation to other technologies - learning outcomes

Source: author

This chapter discusses the limitations of bioremediation in the field and provides a

cross analysis of bioremediation with standard techniques for oil spill response.
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Prior to bioremediation being considered as an effective response tool, it must be
deemed effective for the scope and circumstances surrounding the spill incident,
taking into account alternative options. Bioremediation has been flagged as an
effective technique on beaches and sensitive habitats including saltmarshes (Lee K
2000). It hasn’t been tested rigorously as a technique for treating oil in the open
ocean. (Bioremediation for marine oil spills background paper 1991). A drawback
with this technique is maintaining microbial population levels or nutrients in contact
with the oil for a sufficient time to facilitate degradation. Research carried out in
Maine showed it was more effective on low energy, sheltered beaches due to reduced

dilution rates as opposed to dynamic, high energy environments (Venosa A 2001).

5.2.3.1 Bioremediation Limitations:

This section details the limitations of bioremediation in the field. The impacts of
hydrodynamic, geographical and ecological factors on bioremediation efficacy are

discussed.
Hydrodynamic factors:

The rate and extent of bioremediation in the field is influenced by the physical,
biological and chemical conditions of the contaminated environment. Environmental

factors that affect the process include:

e Weathering processes,
e Temperature,
e Availability and concentration of nutrients,
e Concentration of oxygen,
e pH.
(Atlas R 1995)

When oil is introduced into the environment it undergoes a range of physical,
biological and chemical changes. These processes affect the behaviour and

composition of the oil, and in turn influence the efficacy of response strategies. Types
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of weathering that affect oil include: spreading, evaporation, dispersion,
emulsification,  dissolution, oxidation, sedimentation and biodegradation
(http://www.itopf.com (6), Vidali M 2001. http://www.itopf.com (9)).

Evaporation of volatile oil compounds benefits microorganisms by removing a range
of toxic compounds. However, this can lead to an overall lower biodegradable
percentage of oil due to these compounds being degradable (Vidali M 2001).

The characteristics of the oil-water interface are a key factor. Oil degrading bacteria
grow at the oil-water interface and formation of water-in-oil emulsions or mousses
reduces surface area and biodegradation rates. Tarballs (large accumulations of
weathered and unweathered oil) restrict microbial access due to their low surface area
(Vidali M 2001).

The formation of oil-in-water emulsions through oil dispersion into the water column
increases the surface area of the oil and the potential for biodegradation. An oil-in-

water emulsion can be seen in Figure 70 (Vidali M 2001).

Figure 70: Oil in water emulsion

Source: http://www.unis.no (1)

Temperature:

The ambient temperature affects the properties and behaviour of spilled oil and the
efficiency of microbial action (Lepo JE 2003). At low temperatures oil viscosity

increases while the toxicity of low molecular weight compounds is reduced, this
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delays the onset of microbial action. Although biodegradation can occur over a wide
range of temperatures, it is accepted that microbial action lowers with decreasing
temperature (Lepo JE 2003). In marine environments the highest efficient
temperature for microbial action is between 15°c and 20°c. The composition of the
microbial population also has an effect on the rate of degradation. Organisms that
thrive at low temperatures (psychrophilic organisms) have been known to degrade oil
at -2°c (Vidali M 2001). It has been observed that during bioremediation trials, the

efficiency of bacterial action decreases in winter months (Lee K 1999).

Aerobic conditions:

Aerobic conditions are a factor considered necessary for the degradation of
hydrocarbons as the process involves oxygenases (enzyme that catalyze the
incorporation of molecular oxygen into a substrate.)
(http://dictionary.reference.com/browse/oxygenase). Research has shown that a
reduction in the oxygen level leads to reduced biodegradation activity (Swannell R
1996). However this is seldom a limiting factor in the upper layers of the water
column or on the surface layer of beach environments. Circumstances where it may
become limiting are in subsurface sediments, anoxic zones of water columns, fine
grained sediments, freshwater wetlands, mudflats and salt marshes. Due to a lack of
oxygen, anaerobic conditions are not widely considered suitable for bioremediation

strategies (Swannell R 1996).

Nutrient availability:

Approximately 150mg of nitrogen and 30mg of phosphorous are utilised in the
conversion of 1mg of hydrocarbon to cell materials (Swannel R 1996). In the event of
a large volume of oil being spilled, phosphorous and nitrogen levels can be
compromised and this is a key limiting factor of degradation (Sang-Jin K 2005). Oil
degradation has shown to increase with pH with the optimum degradation occurring
in slightly alkaline environments. The pH of sea water is stable and marginally

alkaline so not thought to be a limiting factor to microbial activity (Swannel R 1996).
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Geographicalfactors:

Collection and analysis of field data is a key aspect of bioremediation research.
Recent studies in a range of environments show that bioremediation is affected by the
constitution ofthe contaminated shoreline (Swannell R 1996). The sensitivity of the
affected shoreline is a consideration in selecting clean up options. Intrusive
mechanical and physical cleanup can adversely affect marine and coastal flora and
fauna in the eulittoral and sublittoral zones (Hawkins SJ 1992). The American
Institute of Technology have devised a method for determining the sensitivity of a
given shoreline with reference to its sensitivity to oil pollution. Four factors are taken

into consideration when considering sensitivity.

1) Relative exposure to or shelter from wave and tidal energy,
2) Shoreline slope,
3) Substratum type (grain size, mobility, penetration, ability to support traffic)

4) Biological productivity and sensitivity (Meams AJ 1997).

Figure 71: High energy exposed rocky shore

Source: http:/Avwvv.saburchill.com (1)
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Figure 72: Low energy sheltered mangrove swamp

Source: http://www.people.cornell.edu (1)

Regarding these factors, it may be said that wave swept rocky shores are less sensitive
to clean up actions than a saltmarsh. However, bioremediation would have limited
success on a wave exposed rocky shore due to the physical processes controlling the
flux of materials and organisms. It is more suited to removing oil in environments
including salt marshes and mangroves where techniques such as pressure washing and
the addition of chemical dispersants can cause environmental damage (Figures 71 and
72) (Meams AJ 1997). Wetland environments act as a natural coastal defence and
provide support extensive communities of flora and fauna (Whigham DF 1999).
However, the fragile nature of a wetland can restrict options for clean up. A
significant event in the development of oil spill response in sensitive environments
was the reaction to the Bahia las Minas oil spill in Panama. Keller and Jackson
(1993) reported a comprehensive range of studies following a major oil spill in
tropical coastal habitats. The spill occurred in April 1986 and led to the release of
50,000 barrels of medium weight crude oil being spilled into mangrove forests,
seagrass beds and coral reefs to the east of'the entrance to the Panama Canal (Bums A
1989). The study of the spill led to a unique opportunity to monitor the effects of oil
in tropical ecosystems. One of the major findings was the long term persistence of oil

in mangrove mud (Bums K 1999). The sediments became reservoirs of oil that

211


http://www.people.cornell.edu

periodically leached out into coastal habitats and affected biota for 6 years (Levings et
al 1994). As part of the research carried out into the potential for bioremediation in
mangroves a series of experiments were carried out to test for the presence of
hydrocarbon degrading micro-organisms in representative wetland habitats (Bumns K
1999). The biodegradation rates of a number of oils (Gippsland Crude, Arabian Light
Crude, Bunker C) that are transported along the Australian coast were also tested. All
three oils showed biodegradation of the non-volatile aromatic hydrocarbon fraction,
with the Arabian Light oil cultures showed the highest rates of loss. Evaporation was
the most significant factor in removing the light alkane and light aromatic
hydrocarbons (Burns K 1999).

Field trials:

A potential complication in determining the efficacy of bioremediation in field
environments is that oil has to be spilled in order to carry out tests. Tests carried out
after spill incidents (including the response to the Bahia las Minas incident) are reliant
on the circumstances surrounding the incident being suitable for bioremediation.

The Gulf of Mexico is one of the most intensive petroleum producing areas in the
world and it supports 6 million acres of tidal marshes (Alexander SJ 1985). The
impacts of petroleum in the environment can persist for years and the marshes are
critical in supporting flora, fauna, and coastal defence (Mills MA 2004).
Bioremediation has been highlighted as a potential option for oil spill clean up in
wetlands. Research by Swannel ef al. 1996 showed that the addition of nutrients to
shoreline environments can stimulate bioremediation but little research has been done
in wetland environments (Mills MA 2004). A potential complication with using
bioremediation in wetlands is that they are predominantly anoxic and due to the high
oxygen demanding sediments, oxygen addition was not considered a feasible strategy
(Waite et al., 1999).

An Office of Technology Assessment report to the US congress 1990 and research
carried out by Swannell ef al. in 1996 stressed the need for more scientifically valid
controlled studies of petroleum bioremediation (Swannell et al. 1996). There have
been few statistically sound field trials of bioremediation on shorelines as the majority

of field based studies have been opportunistic responses to spills (Lee et al., 2001).
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Research was carried out at the San Jacinto Wetland research Facility in Texas.
Following a major oil spill in 1984, the site was designated for long term
bioremediation research in wetland environments by Texas A and M University and
the Texas General Land Office. The first piece of research carried out involved
sediment sampling from a contaminated site over an 11 month period to quantify the
extent of intrinsic biodegradation in the wetland environment without the addition of
external microbial populations. The test area was composed of 21 plots; each 25m2

with a minimum of Sm between plots (Mills A 2003).

Figure 73: San Jacinto wetland

Source: http:// www.wcb.ca.gov (1)

To ensure data accuracy, one area comprising of six individual plots was selected to
analyse the extent of microbial action. The remaining plots were monitored for
variable oil dispersion and the heterogeneity of the experimental system. Samples
were collected 11 times in the 11 month sample period to determine the temporal
changes and spatial distribution of oil in the wetland (Mills A 2003). The results of
the study showed that the extent of intrinsic bioremediation reduced the hydrocarbon
levels in the control sites by an average 0of95% in 150 days (Mills A 2003). This high
level is attributed to the fact that the Gulf of Mexico, and in particular the San Jacinto

wetlands are exposed to numerous natural oil seeps thus exposing the native microbial
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population to hydrocarbons. It is further accepted that the study area is nutritionally
enriched through regular floods, the San Jacinto watershed is composed
predominantly of farm and cattle range land which contribute substantial amounts of
nutrients to the system (Mills MA2003). The focus of the research was to quantify
the efficacy of intrinsic bioremediation of petroleum contaminated sediments, it was
concluded that the wetlands recovered completely with regard to remaining petroleum
concentrations. The residues remaining were predominately asphaltic compounds and
resins, which due to their composition and lack of bioavailability, posed minimal
threat to flora and fauna. It was determined that the bioremediation process was
complete within one year of the study commencing thus proposing that intrinsic
bioremediation is a feasible option for removing oil from wetland environments. A
caution flagged was that although enhanced bioremediation through addition of
microorganisms, nitrogen or phosphorous can accelerate microbial degradation rates,

care must be taken to ensure that their application does not damage the environment.

Meteorological conditions can affect the decision making process regarding whether
to use bioremediation. High wave and tidal energy rapidly removes the oil from a
contaminated shoreline, thus reducing the need and often the effectiveness of
bioremediation strategies. An example of high seas dispersing oil rapidly can be seen
after the Braer grounding in 1993 (Edgell N 1994). Successful bioremediation field
trials have been carried out on sand, salt marsh, and cobble shorelines (Swannel R
1996). On salt marshes, trials show that low concentrations of oil were treated
successfully by nutrient addition (0.3% volume of oil per volume of beach material).
At higher oil concentrations, at which the oil had penetrated into the anoxic layer of
sediments, oxygen became a limiting factor to the efficiency of bioremediation
depletion restricted biodegradation. In such circumstances, oxygen can be added to
supplement the microbial population. Low pH in salt marsh sediments may also affect
the rate of oil decomposition. As a result of trials taking place in salt marshes,
evidence suggests that bioremediation can be used as an option on oil contaminated
fine sediments by the addition of nutrient and oxygen. The same applies for shingle
beaches in particular to encourage the biodegradation of oil that has entered the

subsurface of the shore (Swannel R 1996).
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Ecological factors:

Research has focused on the ecological impacts caused by bioremediation agents as
opposed to bioremediation being affected by ecological factors (Venosa A 2003). The
potential toxicity of bioremediation agents post-application is a factor that requires
consideration when utilising bacteria. The level of nutrients in the sample site should
be maintained at a high enough level to facilitate bacterial action, however excessive
levels of nutrients such as ammonia can induce toxic responses in marine organisms
(Venosa A 2003). Bioremediation has a range of impacts on the flora and fauna of the
treatment area. The standard technique is to determine the potential production of
toxic by-products as a result of bioremediation (Zhu X 2001). Two techniques have
been devised to assess the impacts of the treatment. Bioassessments are field based
analyses characterised by an assessment of the impacts of the contamination and
treatment activities on environmental populations. Bioassays are laboratory tests that
involve rigorous protocols and controls, both toxicity tests and bioaccumulation
studies are classes as bioassays.

Bioassessments have been used extensively in the monitoring of the impact of marine
oil spills, the advent of bioremediation as an option in spill response has led to the
bioassessments being used to quantify the impacts of clean up operations. (Zhu X
2001). Changes in the balance of benthic communities can be used as a biological
marker to quantify the recovery ecosystems when exposed to pollutants (Zhu X 2001).
Benthic organisms are used, as contaminants including crude oil bind to sediment
particles. Macrobenthic organisms are of particular importance due to their longevity
and importance as a food source. Limitations to bioassessment data collection and
associated bioremediation include the high amount of unrestricted surface area
required for sample collection and analysis of macrobenthic organisms.‘ Further
limitations include the issue that sediment-associated contaminants can enter non-
benthic communities through processes including resuspension, desorption, ingestion
of benthic organisms and ingestion of sediment (Zhu X 2001). Given the range of
spatial, temporal and biological interactions that exist between water and sediment, it
can be said that to acquire a representative data set of community response to a
pollution incident, further bioassessments should be carried out on non-benthic

species such as pelagic fish and bacteria (Zhu X 2001).
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Bioassessments were further used to analyse the impact of an oil spill in the Gulf War
in 1991. The results of the survey showed that along a 45 km stretch of intertidal
mangroves and salt-marshes, a range of species were either severely damaged or in
the case of Salicornia europaea, almost entirely removed. The research cautioned that
natural recovery rates for the vegetation would be adversely affected by the presence
of the oil and active measures were taken to aid recovery were recommended (Lee K
2001). Due to the fact that contaminants associated with sediment dynamics can
affect non-benthic species and that community interactions can lead to contaminant
dispersion, alternative options to measure the response of a community to pollution

can be used. One such option is to use biomarkers which are a form of bioassay.

Bioassays provide a perspective on the health of an ecosystem as they provide data on
the interaction that occurs between the contaminant and the environment. The results
are quantitative measures of toxicity (Zhu X 2001). Fish are commonly used as a
bioassay organism due to their economic, recreational and aesthetic value. Biological
and physiological alterations including structural variations in organs, organelles, and
tissues, can occur in fish populations if they are sufficiently exposed to a pollutant.
Detection of specific alterations before and after exposure can assess the impact of
toxicity. In order to do this, biomarkers are used. Biomarkers are biochemical,
physiological or pathological responses measured in organisms on exposure to
environmental contaminants (Zhu X 2001). Research was carried out to measure the
toxicity of PAH’s in fish to evaluate the effectiveness of a wetland bioremediation
study (Hodson PV 2001). The results of the study showed that the concentration of
PAH’s was reduced through sediment dispersion and weathering as opposed to the
addition of nutrients. The PAH’s were shown to cause deformities and mortality in
species of trout and medaka (Hodson PV 2001). |

It is also possible to carry out bioassays on benthic organisms. In terms of benthic
invertebrates, research has shown that amphipods are the most sensitive and the first
to be affected in the presence of pollution. They have been successfully analysed to
characterise the impacts of shoreline impacts from oil spill incidents. Gilfallan et al.
1995 collected mussels for hydrocarbon tissue analysis to estimate hydrocarbon
levels. The oysters were used in a shoreline bioremediation exercise in Delaware Bay
to document the loss of oil from the study area and assess the impact of the oil on

offshore resources (Gilfallan et al. 1995).
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The Microtox® test is a commercial bioassay used by regulatory agencies; it is based
on the measurement of changes in light emissions from a non-pathogenic
bioluminescent marine bacterium upon exposure to test samples. It has been used
successfully to test for toxicity in a range of media including sediment, chemicals,
effluents and water (Kwan KK 2002). Research by Ho and Quinn (1993) showed
strong correlations between the response in the Microtox® test and polycyclic
aromatic fractions in sediment samples (Ho ef al., 1993). It has also been used to test
the effectiveness of recovery from an oil spill in a wetland. Mueller et al (1999)

monitored the rate of acute toxicity reduction using Microtox®.

Figure 74: The Microtox® test

Source: http://zimniak.art.pl/341uminesc.ipg

Having discussed the major environmental, geographical and ecological factors that
affect bioremediation efficacy, it can be said that there are a range of parameters that
affect the efficacy of bioremediation in oil degradation and that the application of
bacteria to metabolise oil is environment and oil specific. The hydrodynamic,
geographical and ecological conditions at the time of the spill and in the polluted
environment affect the efficacy of bioremediation and may render the technology
ineffective. This may particularly be the case in anaerobic environments or if a
viscous raw crude oil has been spilled. Additional factors to consider when
considering the use of bioremediation include, the application of bacteria to an
environment can have deleterious impacts on flora and fauna. Monitoring of

environmental toxicity and contaminant transfer within communities is critical.
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It can be said that the balance between environmental remediation and associated
toxicity and ecosystem damage needs to be considered against ecosystem damage
from oil presence and mechanical removal. The application of a NEBA or a Time
Windows of Response strategy for bioremediation has the potential to balance
environmental clean up and environmental sensitivity to response strategies.

In order to analyse the role of bioremediation within the scope of marine oil spill
response it is necessary to cross reference it with standard techniques for responding

to an oil spill incident.

5.2.3.2 Cross analysis of bioremediation and conventional oil spill

response techniques:

This section of the chapter cross references the benefits and cautions of
bioremediation technology with the most frequently used options for responding to an
oil spill. Cautions and benefits of bioremediation technology are briefly reviewed
followed by an analysis of the application of other techniques and their relative
advantages and disadvantages. Factors to be considered before making a decision

regarding whether to use bioremediation include:
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Table 36: Factors affecting bioremediation
Factor Cautions/considerations
The type and concentration of the - high oil concentrations are difficult to treat
spilled oil. - water-in-oil emulsions are difficult to treat
- readily biodegradable oils are amenable to biodegradation
The prevalent climatic conditions - high wave and tidal energy remove oil from shorelines
- degradation decreases in low temperatures
- high temperatures can desiccate beach material leading to
beach irrigation becoming necessary
The nature of the shore that has been - bioremediation has been successful on sand, saltmarsh and
contaminated cobble shores.
- oxygen depleted anoxic sediments inhibit bioremediation
- low pH values can reduce oil breakdown
The nutrient and oxygen content of - oxygen depleted anoxic sediments inhibit bioremediation
the pore water in the beach - fine sediments can be treated by supplementing nutrients and
oxygen
- biosurfactants can be used to wash oil from beaches.

Sources: Swannell R 1996, Blackburn JW 1993, Boopathy R 2000

These factors are an intrinsic aspect of the decision making process in determining
which options to use to respond to spilled oil. They provide guidelines and physical
and chemical boundaries within which bioremediation is a feasible option, the next
stage of the analytical process is to interpret the benefits and cautions of using
bioremediation and cross reference them and factors affecting bioremediation with

standard response options to oil spills.
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Table 37: Bioremediation — benefits and cautions

Benefits Cautions
- Bioremediation is a natural process, when the | - The process is limited to compounds that are
pollutant has been metabolised the biodegrative | degradable
population dies off. - Products of bioremediation may be toxic
- Can be used to completely destroy waste - Strict criteria with regard to environmental
- A range of hazardous substances can be | varisbles have to be met for the process to work
transformed to harmless compounds - Takes longer than conventional clean up
- Complete destruction reduces pollutant transfer | operations
from medium to medium (air:water:land) - Evaluation of bacterial performance can be
- Bioremediation carried out on site reduces | complicated by changes in environmental
transport and storage needs. - | variables
- Cost effective - Number of hydrocarbon degraders decrease in

Sources: Vidali M 2001, Boopathy R 2000, BIOREM Handbook 2006, Lee K 1999

With reference to Table 37, it can be said that the key benefits of bioremediation are
environmental; it is a naturally occurring process that if applied correctly can lead to
complete containment destruction. It is particularly applicable to sensitive ecosystems
and communities including salt marshes and mangrove swamps where it can be
applied with minimal disturbance to the environment. From a logistic perspective, it
removes the need to use heavy machinery, extensive manpower and storage facilities
for waste oil thus reducing transport and storage requirements. In terms of the
disadvantages of the process, they can be considered limitations as opposed to factors
that lead to profound negative impacts in affected areas. The process of degradation
is fundamentally limited to compounds that are susceptible to microbial action and
monitoring the efficacy of a bioremediation product can be complicated by changes in
environmental variables. In some cases, the by-products of microbial action can be
toxic and further aggravate flora and fauna affected by spilled oil. From a spill
response logistics perspective, microbial action can take longer than standard response
methods, for this reason, increasing dissemination of information on bioremediation
may increase the profile and acceptance of the technology.

There is a critical balance to be achieved when considering the use of bioremediation.
Assuming climatic conditions are suitable, the key factors in the decision making
process are: whether the technology can provide a net environmental benefit to the

polluted environment, the estimated timeframe for the oil to be metabolised and
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whether the application of bacteria will be cost effective in terms of reducing
equipment, transport and storage needs.

In order to cross reference and analyse bioremediation with conventional techniques
for spill response, a summary and analysis of standard response options used is
required. Table 38 details the major types of conventional treatment, their

application, benefits and cautions.
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Table 38: Conventional oil spill response techniques — benefits and cautions

Response technique Method of application Benefits Cautions
Chemical Dispersants ¢ Work boats for small spills e Efficient method of cleaning up slicks in o Potential to be interpreted as adding an
o Range of aircraft and open water additional pollutant to the environment
helicopters depending on spill e Natural process of dispersion is e Potential tainting of fish stocks
size accelerated o Ineffective on oils with a high viscosity
~ @ Vehicles such as tractors ¢ No physical interference with the e Specialist equipment and logistics needed
e Adapted back packs for - environment e 1-2 day functional lifetime after application
shoreline clean up :
Booms * Towing by one or more .o Efficient oil containment technique .. Limited by weather conditions particularly
vessels | o Foam filled boomsare]ightnnd wave height
e Man handled in shallow inexpensive o Effectiveness depends on the speed that boom
water * Rubber booms have long shelf lives and is being towed through the water
offer compact storage o Light oil spreads quickly, booms need to be
e They have a high buoyancy to weight ratio | applied immediately after a spill
and follow wave movements closely o Recovery systems typically have a swath of a
few metres, they may not have a significant
effect on a large spill
e Towing and manoeuvring booms at sea can be
| difficult
Skimmers * May be free floating, o Offer clean up in a wide range of e Prone to difficulties presented by wind, waves
side mounted on a vessel, built | circumstances and currents
into a vessel, built into the * Disc skimmers have a high recovery e Demand for temporary storage for the collected
apex of a containment boom, | efficiency ' oil
held by a crane or held by hand | e Brush skimmers have a wide viscosity e Debris in the water can cause damage
 range
L 3 Eﬂ‘iclmtinshzltetedwatet ,
Sorbents e Canbe applied manuallyor | e Usefulmcleanupopmﬁomm | 1~ e Used sorbents present are a toxic waste hazard
mechanically using blowers or | inaccessible locations. " and need to be disposed of properly
fans _ _ Inmensivemdusuallywﬁableinhrge o Some absorb water as well as oil and can sink
e For use on sea or land quantmes { ‘o Some lose particles in the water and are hard to

.Syntheucabsorbenumabwzbnpmo I

e Canbeusedatsemdmmd

~ collect after use

o Majority of products can only be used once,

222




times their own weight in oil

once absorbed, the oil cannot be released
o Can be hard to apply in windy conditions

Shoreline clean up

* Manual or mechanical
depending on oil type and
environment

e Positive political strategy

o Aids recovery.of amenity beaches and

protected areas of shore

o Potential cause of environmental damage

« Roqui consi ication and
logistics

o Inaccessible areas of shore may be impossible
to reach

o Care must be taken not to remove excessive
amounts of substrate

o Aggressive techniques such as high pressure
water jets and sand blasting harm flora and fauns

Sources: http://www.epa.gov (1), http://oils.gpa.unep.org (1), http://www.itopf.com (5), http://www.cleanupoil.com (1), http://www.oil-spill-web.com (1),

http://www.epa.gov/ (2)
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Analysis and interpretation

As discussed, a key consideration when using bioremediation is the environmental and
climatic window within which to operate. There are environmental considerations with
conventional techniques for spill response however the techniques are often used in
tandem and a restriction with one may be solved by the use of another. Time Windows
of Response are appropriate signposts for the restrictions of a particular spill response
technique.

A key benefit that bioremediation has over other technologies is that it has the potential
to render the hazardous waste harmless through conversion to cell biomass, water or
carbon dioxide and in some cases to destroy the product completely (Croft B 1995, Lee K
2000, NERC 1999). Once the oil has been removed from the environment, the microbial
population disperses and dies off thus there is little risk of subsequent pollution (Vidali M
2001). Chemical dispersants and sorbents, both of which are added to the environment
can lead to a toxic by-product, may taint fish stocks and in the case of sorbents can be
problematic to remove from the environment post-application (Vidali M 2001). With the
exception of chemical dispersion, the standard techniques are focused on removal, not
destruction of the pollutant. This can cause damage to the environment (particularly in
fragile environments or through using heavy machinery), requires extensive logistics to
transport and treat the waste and can cause further pollution through landfill and
incinerator emissions.

There is potential for more extensive damage to the environment if alternative techniques
are inappropriately used or do not behave as expected as demonstrated in the wake of the
Amoco Cadiz incident (Gilfillan E 1995). An example of field trials where
bioremediation was not an effective option for removing spilled oil occurred in the wake
of the Prestige incident. The tanker ran aground off the north-west coast of Spain in
2002 spilled 63,000 tons of o0il onto 1900km of coastline. The chemical composition of
the oil that was spilled was not conducive to bioremediation, however laboratory analysis
carried out on the oil showed that up to 45% of the TPH (total petroleum hydrocarbons)
in the oil had been degraded after seven days (Fernandez-Alverez J 2007). The Beach of
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Sorrizo was used as a site for the bioremediation trials. The beach was separated into
seven zones and a range of bioremediation products were trialed.

The conclusions of the study showed that neither bioaugmentation nor biostimulation
accelerated the degradation of the spilled oil (Fernandez-Alverez J 2007). Degradation of
the PAH (polycyclic aromatic hydrocarbon) fraction of the oil was noted but after 18
months, a layer of black heavy oil still coated the beach. It was noted that the mechanical
recovery showed a positive success rate for oil removal. This was in part due to the fact
that the oil was too thick to penetrate the sand and pebbles on the beach to any depth
(Fernandez-Alverez J 2007). As a response to the failure of the bioremediation products,
a sunflower biodiesel was used which accelerated the degradation of the aliphatic and
aromatic fractions of the residual fuel oil. It was noted that biodiesel could be used as an
alternative to methods such as high pressure water hoses that were used on the rocks after
Prestige (Fernandez-Alverez J 2007). A key recommendation that can be drawn is that in
order to minimise environmental damage as a result of a spill and the subsequent clean up
strategies, is to decide the most appropriate combination of strategies to deal with the oil

having assessed the following:

e Qil type.

e Oil amount.

e Oil state.

¢ Climatic conditions at the time of the spill.

e Nature of the environment impacted by the oil (sensitivity, accessibility,

exposure, ability of the oil to penetrate the shore substrata)
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Self assessment questions:

* Discuss the issues with testing
bioremediation products in the field

¢ Discuss THREE environmental, THREE
hydrodynamic and THREE geographical
factors that affect bioremediation.

* Comment on why some environments are
more suited to bioremediation than others.

Figure 75: Bioremediation in relation to other technologies - self assessment questions

5.2.4 Summary and suggestions

Summary:

There are a vast range of environmental variables that affect the behaviour of spilled oil
at the coast. Factors including oil type, total amount spilled, time elapsed between
spillage and beaching and the range of environmental variables that affect oil behaviour
at sea and on land all change the characteristics of a clean up operation. These factors are

taken into account when orchestrating and implementing a clean up.

What would you suggest?

Bioremediation has been suggested as a possible option for cleaning a major oil spill of
light crude oil. The range of environments affected includes exposed rocky shores, dune

ecosystems and sheltered mangroves. How would you go about advising the use of

bioremediation in one or a number ofthese environments?
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Summary:

Contingency plans for oil spill response are a multi-disciplinary operation. The range of
factors that are considered include: area of application, responsible authority,
identification of roles and responsibilities, statutory jurisdiction, plan revision, risk
assessment, environmental sensitivities and priorities for protection response, waste
disposal operations, training and exercises, health and safety and press and public

information.

What would you suggest?

You have been invited as an expert on bioremediation to an oil spill response contingency
plan revision session for a regional authority. How would you flag bioremediation as an
option for response to a spill and justify its inclusion in the contingency plan?

Summary:

Oil spill response operations and contingency plans are constantly subjected to updates
and reviews to facilitate the implementation of best practice. A UK port that handles
10,000 ships per annum of which 70% are tankers is in the process of updating its oil spill

response plan. Bioremediation has been flagged as a possible addition to the plan.

What would you suggest?

You have been approached as an expert in bioremediation to detail the advantages and
disadvantages of the technology over other technology and whether it is possible to
optimise bioremediation performance. Prepare a short report containing advantages,

disadvantages and options for optimization.
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5.2.5 Tutor marked assessment

With reference to a coastal environment (specific location) with which you are familiar or
that you can obtain relevant information for, prepare a 2000 word report to contain the

following:

e A brief description of the coastal, marine and climatic conditions.

® A brief overview of the pressures and impacts on the environment (industry,
residential, tourism), their magnitude, effects and significance.

e In relation to other oil spill response options detail the potential role of
bioremediation of oil spills in the environment you have chosen.

e Detail factors present (refer to coastal, marine and climatic conditions) that may
adversely affect the efficacy of bioremediation

e Maps, charts and diagrams and case study data should be used throughout as

appropriate.

5.3 Conclusions

This chapter presents a strategic overview of the concept of integrating oil spill research
and techniques and education and training initiatives. In an area as environmentally and
politically sensitive as oil spill response, the maintenance of knowledge, skills and
application is an essential aspect of effective implementation. It can be said that the role
of bioremediation in current oil spill response is a minor one, this fact makes it
particularly applicable to the development of the education and training material. The
structure and content of the DLM in this chapter are designed to demonstrate the structure
and delivery of education and training as a cost effective and efficient mechanism to
bridge the gap between policy and legislation and implementation. The research in this
chapter has not been designed to actively encourage further use of bioremediation in

marine oil spill response, rather contribute to the facilitation of increased understanding
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of the framework within which bioremediation is an option. One emphasis in modern oil
spill response science and research is developing and refining the response procedure
around long term environmental clean up. The dissemination of information regarding
mechanically benign techniques such as bioremediation has the potential for wider
exposure of the technology and its increased implementation, where appropriate, in clean
up strategies.

In terms of the research pathway of the thesis, the justification of analysing the role of
education and training in information dissemination came from two sources. (i), the
admission that one of the biggest challenges facing the logistics of environmental
management is the gap between legislation and policy (declared ambition), and functional
implementation and operation. (ii), the acknowledgement in EU legislation (the IPPC
Directive) and in environmental management mechanisms including ISO14001 and
EMAS, that education and training is essential to ongoing maintenance of environmental
standards. It can be said that there are three core elements in the success of the
development and ongoing success of education and training as a tool for information
dissemination. For education and training to maintain a factor in communicating policy
and legislation, it is critical that the three stages are considered a cyclical process

whereby review is fed back into ongoing development. The three stages are:

Table 39: Stages in the success of education and training initiatives

Factor ' ‘Considerations -
Development ~ Resources (including: finances, techmcal assistance, instructor training,
networking, advertising, equipment)

- Strategic development of course content
- Information sources and research '
- Identification and demands of target audience

Delivery ~Structure and format of course delivery

- Role and scope of assessments

- Feedback . -

- Focus on skills, knowledge and communication

- Activities focused on development of cognitive skills.

- Balance between formal delivery and interactive student participation

Review - Course evaluation from students, faculties, instructors and academic and
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professional peers

- Evaluation ofwhether course aims and objectives have been met
- Course evaluation analysis

- Integration of course evaluation into ongoing development

- Course accreditation

- Review ofapplicability of course content with legislation and policy

Development

Review Delivery

Figure 76: Cyclical development of education and training initiatives

Throughout the three phases, and in any education and training initiative, it can be said
that maintenance of communication, partnerships and free dissemination of information
are critical. The two factors that are essential for this to be achieved are: (i), internal
networking among partners who design, populate and deliver courses and among
recipient institution, companies and industries. Partnerships and networks, particularly in
education and training, are only as strong as their component parts, especially their
weakest link or information source, (ii), a willingness of the recipient community to
invest and promote the concepts of education and training and the impacts it can have on
industries, businesses and communities. Focus on the strength and maintenance of
networks in recipient countries is critical. Taking these factors into consideration, the
benefits of education and training as a tool to promote communication, disseminate
information, and act as a tool for ongoing maintenance of performance and

environmental management include: the cyclical nature of distance learning over time
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can ensure ongoing compliance with legislation and policy. The versatility, and access
and pooling of information that is achieved through working in partnerships in education
and training, ensures utmost flexibility in terms of taught content and stated targets. It
can be integrated into company targets and business plans as a cost effective technique
for employee training. It can be implemented alongside full time employment and run
from a remote location. In the current age of global markets and trade, it can be used as a
tool to cross political and economic boundaries, reduce costs and share knowledge, skills

and experience.
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6 Chapter Six: Conclusions

6.1 Introduction

This research has been concerned with the environmental management of the waste
stream and energy from waste, with specific reference to marine oil spill incidents. In
particular, the thesis has investigated options for deriving energy from marine oil spill
waste. Throughout the thesis, the concept of bridging the gap between legislation and
policy, and decision making and implementation at operational level was deliberately
selected for further research. It formed a functional output of the research pathway
through the development of an education and training initiative on bioremediation of oil
from marine spill incidents. This chapter is designed to examine the overall context of
the research in the wider field and to examine the extent to which the aims and objectives
of the research were met. The chronological development and delivery of the research
pathway started with a review of the waste management and energy from waste
industries, within which marine oil spills were selected as a specialist case study. The
research pathway was designed to investigate options for energy from oil spill waste and
present functional outputs through two media; the research into energy from oil spill
waste through laboratory and ex-situ field trials and the development of a distance

learning initiatives as an option for training, education and dissemination.

6.2 Core conclusions

The waste industry is expanding in terms of increasing volumes requiring treatment, a
more diverse range of products being disposed of and increasingly sophisticated, diverse
options for treatment. While these processes are creating a range of issues including:
increasing pressure on the logistics of disposal and treatment and increasing pressure on

the location and volumes of landfill sites; they are creating opportunities in the energy
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industry in terms of commercial gain and potential generation of stable, renewable
sources of energy (Bulkeley H 2005). The demand for renewable sources of fuel due to
increasing political instability in oil-rich states and the demand for reduced reliance on

fossil fuels is well documented (http:/www.dti.gov.uk (1)). Global concerns over

climate change and the necessity to reduce emissions has led to the energy industry
entering a phase of transition where reduced reliance on oil and a rapid expansion into
renewables is a key priority. It can be said that the key to utilising the potential of
existing waste sources as fuel is encompassing the logistic chain of waste management
into the wider fields of environmental management and energy generation. It can further
be proposed that compliance with policy drives management systems at operational and
managerial levels. If this concept is taken one step further, it is reasonable to suggest that
if the energy from waste industry is going to be expanded, a key first stage is
implementing new legislation and policy that reflects this. Currently, policy at EU level
is well established in the fields of renewable energy and waste management and disposal,
however, there is no specific piece of legislation focused on energy generation from
waste. The Waste Incineration Directive states that is not legally binding to utilise the
heat from waste incineration process as fuel, but the heat must be put to as good a use as

feasible (http://europa.eu (1)). The EU renewable energy legislation highlights the use of

biomass, landfill gas and biogas as options for facilitating member states renewable
obligations. Members are obliged by EU law to set targets and develop action plans to
increase the use and scope of renewable energy technologies. It can be concluded from
this that there is scope for legislative expansion into energy from waste treatment leading
to wider operational controls and integration of technologies and expertise, this statement
is further supported by the fact that the technology of energy generation from waste is
well established and widely used (Kumar S 2000, Umberto D 2003, Ferrer E 2005, Pacey
J 1999). The acknowledgement of the potential that energy from waste could have to
facilitate further compliance with renewable energy legislation can be a driver to

implement further legislation.

Within the scope of energy generation from waste products the research specifically

focused on the potential for waste oil from marine spills to be used as a fuel source.
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Typically, the waste from oil spills is landfilled, incinerated or treated using one of a
number of specialist options including thermal desorption or landfarming (Araruna J
2004, Venosa D 2000, Genouw G 1994). The literature review highlighted the response
to the Volgoneft 248 incident as the sole response operation that used the calorific value
of the spilled oil as a factor to quantify the efficacy of the clean up. However, once the
oils calorific value had been quantified, it was incinerated with no energy recovery.
Based on the statistical evidence from the Volgoneft 248 investigation and the scope
identified for expansion into and integration between renewable energy and waste
management, the research investigated the potential for utilising the waste from marine
oil spills as fuel. The carbon content of a range of oil-sorbent compounds was
determined in the laboratory and statistically analysed. This was done to critically
analyse the methods used and to provide a baseline data set in order to determine whether
an extension of the study into field conditions was appropriate. An essential aspect of the
science of marine oil spill response is to extend laboratory experiments and analysis into
the field as the range of biological, physical and chemical factors that the oil and
treatment products undergo in the environment can affect the efficacy of a response
operation (Swannell R 1996).

The average percentage carbon result from the laboratory was 92.1% and from the ex-situ
field trials 94.6%. This suggests that despite the moisture content of the compounds
being higher in the ex-situ data, this did not affect the oils carbon content and associated
ability to combust. It is often the case that moisture content is a significant factor in the
suitability of a product as fuel, these statistics show that it was not a factor within the
investigation into marine oil spill waste. This evidence suggests that in terms of carbon
content and ease of combustion there is potential to utilise waste oil-sorbent compounds
from marine oil spills as fuel. A theme that emerged in the research into the carbon
content of oil-sorbent compounds was the variety in behaviour between oils, sorbents and
the substrata they were recovered from. The ease of removing the oil with each
combination of oil, sorbent and substrata was recorded and a range of observations and
trends were stated from evidence based analysis. Key relationships noted were: the
relationship between substrata surface area and sorbent grain size affected the ability to

remove the oil-sorbent compound, the finer the sorbent grain, the more likely it was to
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form a paste that complicated removal, and that the more viscous oils spread less but
were more persistent on substrata during removal. As a result of this research it is
suggested that a database of the optimum combinations of oil, sorbent and substrata that
take into account the physical characteristics of each could be developed. The success of
any one combination is based on the percentage recovery of the compound post-recovery;
this provides evidence of the efficacy of the operation and provides a percentage of the
oil, and sorbent product, remaining in-situ that may require further response procedures.
A key benefit to this process is that analysis can take place solely on knowing the weights
of oil spilled and sorbent applied.

If the concept of quantifying and analysing the efficacy of marine oil spill response
operations is considered, the use of pixel analysis can be considered a novel application.
Image analysis of oil spills was researched in the literature review, it is used to detect and
track the trajectory and speed of offshore slicks but no evidence of research was found
quantifying the efficacy of the response once oil had grounded was found. As a result of
this, the research into the application of Scion Image in quantifying oil and sorbent
removal from substrata using pixel distribution in images taken before, during and after
the spill was developed. The results were displayed graphically and analysed statistically
and the results showed that pixel analysis is an efficient and cost effective technique, in
terms of time and resources required, to quantify the success of oil spill clean up
operations. This technique is particularly applicable in terms of the visual aesthetics of a
spill site and the associated pressure exerted by the public and media in the wake of a
spill. It can further be integrated into the concept of optimum combinations of oil,
sorbent and substrata and can be used as a data set to graphically and statistically
illustrate the variations in shade between substrata pre, during and post oiling. A further
advantage is that regarding processing, displaying and disseminating data, graphical
representations of shores during the phases of a clean up are clear and effective visual
representatives of progress which can be easily distributed among the media and public.
The data can also be statistically analysed and interpreted to build into ongoing analysis

of products and logistics.
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A key aspect in introducing new and innovative technologies or concepts, and enforcing
associated legislation, policy and standards, is ensuring that personnel from senior
management to technical staff and operators have sufficient levels of education and
training (Barratt R 2006). It has been accepted in academia (Vastag G 1996) and at EU
legislation (http://ec.europa.eu (4), DEFRA (3rd ed.), 2004) that education and training

are efficient mechanisms to bridge the gap between declared ambition (legislation and
policy) and functional implementation and compliance. It can be said that accessibility
to, and dissemination of research, are essential to achieve this and to further maintain
standards, facilitate development and expansion of the knowledge and technology base
and advance management options. Based on these factors an investigation into the
pedagogy of education and training initiatives based on distance learning was carried out
for the literature review. During the course of the research, the opportunity was taken to
contribute to a series of EU funded initiatives based on research activity dedicated to
dissemination and promulgation of waste management and oil spill response
methodologies. Distance learning modules and interactive workshops and training
courses were developed and the knowledge base acquired was utilised to develop the
Distance Learning material on the use of bioremediation of marine oil spill waste. The
methodologies used were further validated by the diverse nature of participants on the EU
funded initiatives which ranged from Government officials to managers, supervisors,
foreman, workers, trainees and undergraduates. This highlights the multi and cross-
disciplinary demand for training that exists in industry. It further indicates that as a
medium for dissemination, education and training courses are applicable at strategic, and
local and regional levels.

For education and training to maintain applicability and relevance it is imperative that the
process is seen as a cyclical one where advances in technical and legislative practice are
incorporated into education initiatives. A further area for cyclical review and revision is
integrating feedback from course participants into future work, this is critical to
customising material to the target audience and ongoing improvement of delivered
material. This cyclical nature of feedback and continual review and revision in the
conceptual development of education and training is reflected in the research pathway of

the thesis. Case histories of marine oil spill response operations discussed in chapter
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three of the thesis demonstrate the applicability of this in advancing oil spill response
science. The lessons learned from Torrey Canyon, Exxon Valdez and Braer have
quantifiably advanced our reaction to, and understanding of, marine oil spills. The focus
on oil spills and disseminating new research, such as the use of pixel analysis and
utilising oily waste as a fuel source, was addressed through the development of education
and training initiatives. It can be said that if policy and legislation are to evolve with
supply, demand and available expertise and technology, the last step in the cyclical
process of wider environmental management is composed of two core themes. Firstly, to
ensure personnel are adequately trained and conversant with the latest legislative and
policy related documents, ensuring they are aware of the reasons for legislative change,
and secondly, to ensure that the knowledge and expertise of products, technologies,
supply and demand that exists at operational level is transferred to those responsible for
deriving legislation and policy. The use of education and training initiatives as a tool to
facilitate communication and disseminate information can contribute to maintaining the
cyclical nature of environmental management at every level from Government and
management to foreman and student. It can further facilitate cross boundary discussion
in terms of subject area and physical location and as a result, can contribute to further

advances in integrating waste management, oil spill response and energy generation

Research into the environmental management of the waste stream, energy from waste and
marine oil spills requires a genuinely interdisciplinary approach in order to appreciate the
subtleties of the plethora of interrelationships that control the range of aspects and
impacts. The derivation of energy from waste material and in particular, the potential of
energy generation from marine oil spill waste is likely to be a rewarding study area for

future research.

6.3 Future research pathways

The research pathway of the thesis was specifically selected to reflect the requirements of
the investigative line. The cut off points in the research were deliberately selected to

focus the scope of the research and to validate the stated aims and objectives. During the
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course of the literature review, research, data collection and analysis, potential future
research pathways were identified. The decision was made not to pursue them as this
would have extended the scope of the core research beyond the aims and objectives. In
terms of future research into the generation of energy from oil spill waste, there is scope
for diversifying the range of oils, sorbents and substrata used. The three types of oil used
were selected as they are the three major types of oils that have to be managed in spill
incidents (refined, crude, weathered), the sorbents all displayed different properties and
behaviour when applied, and the substrata were selected as they are typical of the

coastline that was oiled after Sea Empress ran aground in West Wales in 1996.

A further area of future research is maximising the potential of the waste oil and sorbent
in terms of its usability. A series of meetings were held with Paulex, the company that
manufacture and supply Klausorb, into the logistics of compressing the waste oil and
sorbent into briquettes for use in incinerators. Currently, olive refuse and paper mill
waste, waste paper and wheat straw and liquid sewage waste are all compressed and
incinerated. (Yaman S 2000, Ayhan D 1998, Slupek S 2000). The feedback from the
experts at Paulex was that there was potential for compressing the waste oil and sorbent
and manufacturing it commercially as fuel. However, this is not a proposition that could
have been aligned with the research pathway and investigative line as the volume of
waste required to make it a commercially viable project exceeded the amounts used in the
laboratory and ex-situ field trials.

There is potential to further integrate the philosophy of the research into environmental
management strategies, oil spill response research, energy generation and waste disposal
through integrating management of marine oil spill waste with small scale industrial and
terrestrial spillages. It is acknowledged in the research that the contribution of large scale
marine incidents to global oil spill statistics is small. The research in this thesis is
focused on marine spill incidents however the conceptual basis of pollution remediation,
environmental clean up and energy generation applies to industry at a global scale
irrespective of its marine or terrestrial status. There is potential further research utilising
the techniques developed in this thesis to apply them to industries that contribute

substantially higher volumes of waste oil to the environment than marine spill incidents.
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As discussed in chapter three, an intrinsic aspect of designing and testing products used
in marine oil spill response operations is field trials. The decision not to undertake field
trials was made for two reasons. In the first instance, UK Environment Agency
regulations regarding oil discharge do not include scope for research as there is no
guarantee all oil spilled can be recovered. In the second case, had the work been carried
out during a response to a spill incident, the comparison with the laboratory analysis
would have been skewed due to the environmental variables beyond experimental control
in the field. The validity of the ex-situ field data was centred on the methodologies and
oil, sorbents and substrata used being consistent with that of the laboratory analysis. If
the education, training and information dissemination output of the research is
considered, it can be said that there is scope to expand the outreach of material through
different media and to a wider range of target audiences. This includes the possible
addition of workshops and training courses to compliment the formal taught material,
utilising the format and delivery of the work carried out in South East Asia on EU funded
research initiatives (Green J 2005, Green J 2006, Green J 2006 (1), Green J 2008,
BiWaRE Handbook 2005, BIOREM Handbook 2006, SACODI Handbook 2007,
http://www.protekt.hs-bremen.de (1)). The media selected were identified as the most

appropriate to achieve the goals of the wider research in terms aims and objectives and
the nature of the taught material. Its development was funded by Milford Haven Port
Authority and it was further validated by peer review from colleagues on the EU funded

work who are experts in waste management, energy from waste and oil spill response.
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