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Foreword

Much of the 20" century’s focus has been on economic progress, toward which
humankind has made giant steps. Increasingly, unwanted side effects such as acid
rain, climate change and various forms of environmentally induced toxic pollution
are becoming more manifest and demanding increased attention. With the need for
equal development opportunities for all, the issue of sustainability is becoming
increasingly important; in my opinion, it will be one of the key issues for the 21
century. As such, sustainable development is about the welfare of human beings and
a natural environment that does not reduce the possibilities of future generations,
without losing sight of economic continuity of the current generation.

We are beginning to recognize that the path toward sustainability requires a life-
cycle approach. The internal logic of life-cycle thinking extends the traditional focus
of environmental engineering on production facilities to all stages of the value chain,
which are relevant from an environmental point of view, including the production,
consumption, use and waste management phases. This implies a holistic, system-
analytical point of view and the cooperation between the different stakeholders
throughout the life of the product.

A largely used instrument in the assessment of environmental impacts is risk
assessment for chemical substances applied, for instance, to accident forecasting
and regulatory monitoring of industrial facilities. There is a clear necessity to link
this approach with the existing environmental analysis tool that applies a life-cycle
perspective, life-cycle assessment, that is alive and well in the U.S.

This is why I enthusiastically welcome Integrated Life-Cycle and Risk Assess-
ment for Industrial Processes. In this book Guido Sonnemann, Francesc Castells
and Marta Schuhmacher provide not only an updated introduction to life-cycle
assessment, but also to risk assessment. While they demonstrate the potential for a
further integration of these two approaches, they also show the limits and constraints.
I certainly agree with them on the usefulness and need for a toolbox comprised of
varied environmental system analysis methods and approaches.

There are quite a lot of endeavors to be undertaken in environmental system
analysis. We are still at the beginning. I look forward to our continued journey
together.

Mary Ann Curran

U.S. Environmental Protection Agency

National Risk Management Research Laboratory
Cincinnati, Ohio 45268 USA

Ph: 1-513-569-7782 Fax: 1-513-569-7111
curran.maryann @epa.gov
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Preface

The simplistic perspective that emission sources control is a way to improve the
environmental behavior of an industrial process has to be replaced by a more
systematic approach that integrates all of the evaluations of environmental effects
that can be assigned to a product. This book is a direct response to this challenge,
developing environmental impact analysis with a global systems approach.

Life-cycle assessment is a methodology used to evaluate the environmental
impacts of a product during the span of its life-cycle, and risk assessment is a tool
to evaluate potential hazards to human health and the environment introduced by
pollutant emissions. This textbook does not focus on only one specific analytical
tool, such as life-cycle assessment, nor does it concentrate exclusively on risk
assessment, but it looks instead at both of them, embedding them in a toolbox for
environmental evaluations. Such a convergence of tools is necessary due to potential
contradictory results when applying each tool separately.

In recent years life-cycle impact assessment has continuously enhanced its
performance through the incorporation of elements stemming from risk assessment.
It has also been increasingly embedded in environmental management practices, but
until now these developments have not been reflected in the literature for graduate
students, lifelong learners and interested professionals. This book aims to fill in that
demand. We have identified a clear need for information provided in the form of a
textbook with exercises designed for checking the understanding of the content, and
a manual with flowcharts and examples for guidance.

The book covers life-cycle assessment, risk assessment and a combined frame-
work of both for environmental damages estimations in industrial process chains
and site-dependent impact assessment. The explanations of methods accompany the
description of practical applications of environmental impact analysis for industrial
processes.

The first four chapters of the book give a general overview of environmental
management strategies, describe life-cycle assessment and risk assessment and place
them in the so-called environmental management toolbox. The fifth chapter supplies
additional information on techniques for data analysis that are commonly used in
the analysis of environmental impacts. The sixth and seventh chapters show the
interfaces between life-cycle assessment and risk assessment and provide ways of
integrating the two. In the final chapter, resolved exercises of integrated life-cycle
and risk assessments are presented.

The parallel presentation of both tools, life-cycle assessment and risk assessment,
is a unique feature of this book. Only recently have both tools been further developed
in a way that allows methods that combine both tools to become fully operational.
Therefore, the exercises presented can be considered as pilot projects. As the case
study on the Municipal Solid Waste Incinerator of Tarragona (Spain) develops from
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one chapter to another, the combined application of life-cycle assessment and risk
assessment casts new light on the controversy of waste incineration with regard to
human health effects.

Some specialized knowledge in environmental engineering or science is neces-
sary to best understand the book in its entirety. Mathematical parts of the book are
expressed by clearly explained equations. Figures systematically illustrate the con-
tent. Tables provide basic data and exemplary results of the case study and the
exercises.

Apart from being a reference book for graduate and postgraduate students in
the field of environmental management, the book intends to catalyze communication
between life-cycle assessment experts and risk assessment scientists from academia,
consultancies, industry and governmental agencies. In this way, the book is a manual
for analyzing situations that are relevant for decision-making. The reader profits
directly from the practical format of the book including flowcharts, examples, exer-
cises and concrete applications, making the book a useful guide and facilitating the
understanding of the content.

The Plan of Implementation agreed upon at the World Summit on Sustainable
Development in Johannesburg, 2002 calls for the development of production and
consumption policies to improve the environmental performance of products and
services provided, using, where appropriate, science-based approaches; and with
regard to chemicals management, a life-cycle perspective is asked for. Life-cycle
assessment and risk assessment are both analytical systems approaches that allow
science-based knowledge creation according to the current state of understanding
of environmental mechanisms. This book can be considered as one of the first
attempts to illustrate the existing interfaces between life-cycle assessment and risk
assessment and to indicate options for the further integration of both tools.

In the introductory chapters, this book compiles the findings of many distin-
guished researchers in the fields of life-cycle assessment and risk assessment. Many
findings on the basics of these tools have been integrated in recent publications from
recognized international and national organizations; these include the International
Organization for Standardization, the United Nations Environment Programme, the
European Commission, and the United States Environmental Protection Agency.

Finally, the authors would like to take this opportunity to thank everyone who
has contributed to this book both directly and indirectly, in particular, the researchers
in the field of life-cycle assessment and risk assessment who have supported our
work through numerous information exchanges and who are not specifically men-
tioned in the acknowledgments.

Guido W. Sonnemann

Marta Schuhmacher
Francesc Castells
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General Abbreviations,
Symbols, and Indices

ABBREVIATIONS

AA air acidification

ADI acceptable daily intake

AE aquatic eco-toxicity

AETP aquatic eco-toxicity potential

AGTS Advanced Acid Gas Treatment System

AoP area of protection

AP acidification potential

APEA air pathway exposure assessment

APME Association of Plastic Manufacturers in Europe

AT air toxicity

ATSDR agency for toxic substances and disease registry

b_m baseline mortality

BAT best available technologies

BMD10 benchmark dose

BOD biological oxygen demand

BUWAL Swiss Federal Office of Environment, Forests and Landscape

CalTOX California Total Exposure Model

CBA cost benefit analysis

CEA cost effectiveness analysis

CHAINET European network on chain analysis for environmental decisions
support

CMA Chemicals Manufacturers Association

CML Centre of Environmental Science at Leiden University

COD chemical oxygen demand

COI costs of illness

CP Cleaner Production

CV coefficient of variation

CVM contingent valuation method

DALY disability adjusted life years

DDE Dynamic Data Exchange

DEAM data for environmental analysis and management

DeNOx control device to reduce NO, emissions

DfE design for environment

DM dematerialization

DNRR depletion of nonrenewable resources
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DOL depletion of ozone layer

D-R dose-response

DT detoxification

DW disability weight

DWD Deutscher Wetterdienst

EB ecobalance

Eco-ind. eco-indicator

ECOSENSE Integrated Impact Assessment Model for Impact Pathway Analyses
ED energy depletion

ED,, effect dose, including a 10% response over background
EDIP environmental design of industrial products

EEC external environmental cost

EIA environmental impact assessment

EIME environmental information and management explorer
EL environmental load

ELG eco-labeling

ELV end-of-life vehicles

EMA environmental management and audit

EMAS environmental management and audit scheme
EMPA Swiss Federal Laboratories for Materials Testing and Research
EMS environmental management system

EPD environmental product declaration

EPR extended producer responsibility

EPS environmental priority strategies

Equiv. equivalent

ER excess risk

E-R exposure-response

ERA environmental risk assessment

ERV emergency room visit

ETH Eidgenossische Technische Hochschule

EUSES European Union system for the evaluation of substances
FDA U.S. Food and Drug Administration

FU functional unit

GE Greehouse effect

GenCat Generalitat de Catalunya

GIS geographic information system

GLC ground level concentration

GW Global warming

GWP global warning potential

HQ hazard quotient

HT human toxicity

HTF human toxicity factor

HTP human toxicity potential

HU hazard unit

HWP Hazardous waste production

IA Inventory analysis
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IE industrial ecology

IOA input—output analysis

IP intermediate product

IPA impact pathway analysis

IRIS integrated risk information system

ISC industrial source complex

ISCST Industrial Source Complex Short Term Model
ISO international standard organization
I-TEQ international toxic equivalence

LCA life-cycle assessment

LCI life-cycle inventory

LCIA life-cycle impact assessment

LCM life-cycle management

LOEL lowest observable effect level

MC Monte Carlo

MCE multicriteria evaluation

MEI maximal exposed individual

MFA material flow accounting

MHSW mixed household solid waste

MIPS material intensity per service unit
MRL minimum risk level

MSWI municipal solid waste incinerator
mUS$ 103 US$

NA not available

NOAEL no observed adverse effect level
NOEC no effect concentration

NOEL no observable effect level

NP nutrification potential

OD ozone depletion

ODP ozone depletion potential

PAF potentially affected fraction

PAH polyaromatic hydrocarbons

PCDD/Fs dioxins and furans

PE population exposure

PEC predicted environment concentration
PM particulate matter (PM,,: particle with an aerodynamic diameter of <10)
PNEC predicted noneffect concentration
POC photochemical ozone creation

POCP photochemical ozone creation potential
POF photochemical oxident formation

PP pollution prevention

PR process

PWMI European Center for Plastics in the Environment
QSAR quantitative structure activity relationship
R*Y reserve size times remaining years

RA risk assessment
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RCW relative concentration weighted

RDW relative deposition weighted

RE receptor exposure

REW relative exceedance weighted

RfC reference concentration

RfD reference dose

RM raw material

RMD raw material depletion

RME reasonable maximum exposure

SAR structure activity relationship

SETAC Society of Environmental Toxicology and Chemistry
SF slope factor

SFA substance flow accounting

SIRUSA Societat d’Incineracié de Residus Urbans, S.A.
SMC Servei Meteorologic de Catalunya

SPI sustainable process index

SPOLD Society for the Promotion of LCA Development
ST short term

TC Technical Committee

TD tumor dose

TE terrestrial eco-toxicity

TEQ toxicity equivalent

TEAM tool for environmental analysis and management
TOC total organic carbon

TQM total quality management

TSP total suspended particulate matter

UF uncertainty factor

UNEP United Nations Environment Program

US-EPA United States Environmental Protection Agency
UWM uniform world model

VLYL value of year lost

VOC volatile organic carbon

VSL value of statistical life

WBCSD World Business Council of Sustainable Development
WD water depletion

WE water eutrophication

WHO World Health Organization

WISARD waste integrated systems assessment for recovery and disposal
WT water toxicity

WTA willingness to accept

WTM Windrose trajectory model

WTP willingness to pay

YLD years of life disabled

YOLL years of life lost

yr year
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SYMBOLS

p receptor density

e weighted eco-vector

¢ angle

M efficiency

& standard deviation (of the Gaussian variable)
A increment

W ordinary mean

A specific weighting factor

0 standard deviation

¢ standard deviation (of lognormal distribution)
U, geometric mean

G, geometric standard deviation

A area

T residence time

¢ concentration

C cost

D damage

E effect (factor)

E energy flow

E,; eco-technology matrix

e, cco-vector

F fate and exposure (factor)

H variation insensitivity in the human population
h height

I incremental receptor exposure per mass of pollutant emitted
k removal velocity

M mass

P quantity of pollutants

Q emission rate

r radius or discount rate

R outer boundary of the modeling area

T duration

tkm transport unit equivalent to a mass of 1 t (1000 kg) transported along 1 km
u mean wind speed

v vector

V volume

W waste

WE,, weighted eco-matrix or damage matrix
W,, weighting or damage-assigning matrix

X, damage today

X, damage through the years

z, height above mean sea level
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INDICES

1 primary pollutant

2 secondary pollutant

CR concentration response
e energy or ecological

e, eco ecological

g €cosystem exceeded

eff effective

Env environment

far long-range contribution
g geometric

i emission situation

m mass or target medium
M matrix

n initial medium

near short-range contribution
p pollutant

P product

Prod production

r receptor

RE relative exceedance

s stack

sed sediment

uni uniform

y lateral

z vertical
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’I Basic Principles in
Environmental
Management

1.1 PROBLEM SETTING

Now and in the coming years, industry must play a paramount role with respect to
the environment, not only as one of the main sources of environmental impact but
also as one of the main actors in the proposal of new solutions. Industry-related
environmental policy was originally intended to control emissions in various envi-
ronments. It was widely thought that corrective technical measures at the end of the
pipe would sufficiently reduce environmental impact. However, as we have seen
through the years, this is insufficient in stopping progressive environmental degra-
dation and also lacks flexibility for an evolving industry. On the one hand, it is
necessary to take a quantitative leap in this approach, including the expression of
risk; on the other hand, environmental considerations must be included in the entire
range of industrial management. That means we must consider environmental impact
within all phases of production, marketing, use and end of life once a product’s life
is over. Figure 1.1 presents an overview of these conceptually related methods in
environmental management. They will be explained in this chapter starting with
overall strategies.

1.2 OVERALL STRATEGIES

For the world to make substantial progress toward becoming a safer planet, it is
necessary to introduce environmental considerations in all aspects of industrial
management practices for all phases of production, marketing, use and end of life
of a product. Based on these reflections, different general objectives have been
formulated as programs that intend to encompass the idea of good environmental
management as shown in Figure 1.1.

1.2.1 SuSTAINABLE DEVELOPMENT

Sustainable development is understood as satisfying the needs of the present gen-
eration without compromising the needs of future generations. Sustainability takes
into account three aspects:
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FIGURE 1.1 Conceptually related methods in environmental management. (Adapted from
De Smet, B. et al., Life-cycle assessment and conceptually related programs, working group
draft, SETAC-Europe, Brussels, 1996.)

Economic: we need economic growth to assure our material welfare.
Environmental: we need to minimize environmental damage, pollution,
and exhaustion of resources.

3. Social: the world’s resources should be shared more equitably between
the rich and the poor.

N =

© 2004 CRC Press LLC



Agenda 21 is a strategic document adopted by the United Nations Conference
on Environment and Development (UNCED) held in Rio de Janeiro in 1992. In the
Rio Summit, or Earth Summit as it is known, representatives from 179 nations
gathered in what would become the end of a 2-year effort intended to define a model
for sustainable development. The Earth Summit was a historical event: a new global
commitment for sustainable development was established in Rio. This commitment
respects the fact that environmental protection and the development process are
indivisible. It is based on political commitment and global consensus at its highest
level: the Agenda 21, which is an action plan for the 1990s and the early years of
the 21st century. At the same time, it stands as a global alliance of humankind
regarding environment and development, that is, for sustainable development.
Agenda 21 is a large document divided into 40 chapters and written to foster an
action plan. The goal of this project is to see that development becomes sustainable
in social, economic and environmental terms.

In 2002 the World Summit for Sustainable Development in Johannesburg
reviewed the implementation of Agenda 21 over the past 10 years. In 2002, the
world’s political situation was far different from the one that marked the Rio Earth
Summit of 1992. One positive outcome was the new partnership among governments,
civil society, industry and the United Nations (UN) in areas such as corporate
responsibility and environmental standards. In the implementation plan, the devel-
opment of a 10-year framework with programs in support of sustainable consumption
and production patterns, using science-based approaches such as life-cycle analysis,
has been agreed upon. It is an encouragement to industries to improve their social
and environmental performance, taking into account the International Standards
Organization (ISO) and the Global Reporting Initiative.

The philosophy of sustainable development has turned into a valuable guide for
many communities that have discovered that traditional methods for planning and
development create more social and ethical problems than the ones they solve, while
sustainable development offers them real and long-lasting solutions to consolidate
their future. Sustainable development makes possible the efficient use of resources,
building of facilities, quality of life protection and enhancement, and the establish-
ment of new businesses to strengthen economies. It may help in building healthy
communities capable of sustaining present and future generations. Sustainability can
be seen as a triangle with each of its cornerstones representing environmental,
economic and social elements (Figure 1.2). Put simply, sustainability is the balance
among these three elements; achieving a steady balance demands equal attention to
each element.

1.2.2 Eco-ErrICIENCY

The philosophy of eco-efficiency was first introduced in 1992 in Changing Course,
a report by the World Business Council for Sustainable Development (WBCSD). In
1993, eco-efficiency was defined in more detail at the first workshop, held in Antwerp
under the name “eco-efficiency,” in which the council arrived at the conclusion that
eco-efficiency is
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FIGURE 1.2 The three elements of sustainability.

...reached by the delivery of competitively priced goods and services that satisfy human
needs and bring quality of life while progressively reducing ecological impacts and
resource intensity throughout the life-cycle to a level at least in line with the earth's
estimated carrying capacity.

Based on this definition, eco-efficiency may be understood as a philosophy aimed
at setting a framework for measuring the degree of sustainable development attained
and for which indicators are developed. The WBCSD (1999) has identified seven
actions to attain eco-efficiency:

Reduce material intensity of goods and services.

Reduce energy intensity of goods and services.

Reduce toxic dispersion.

Enhance materials’ ability to be recycled.

Maximize sustainable use of renewable resources.

Extend product durability.

Increase service intensity of goods and services. This philosophy can be

applied at a business level; for instance, Dow Chemical has developed a

six-point eco-efficiency compass for its eco-innovation efforts that chal-

lenges its managers to:

¢ Dematerialize to achieve reduction of raw materials, fuels and utilities
in the product-service system.

* Increase energy efficiency to determine where larger quantities of
energy are consumed.

* FEliminate negative environmental impact and reduce and control dis-
persion of pollutants related to the system’s end of life.

* Redesign products or their use for significant reduction of energy,
material consumption and pollutant emission.

* Close the loop by means of effective and efficient recycling.

* Mirror natural cycles by designing the system as a part of a longer
natural cycle in which materials taken from nature can be returned to
it (UNEP and WBCSD, 2000).

Nk L=
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1.2.3 PoLLUTION PREVENTION

Pollution prevention (PP2) entails avoiding pollutant production right before pollut-
ants are issued at ends of pipes, through stacks or into waste containers. The principle
of prevention says that prevention is better than cure and is related to concepts such
as waste reduction, waste minimization, and reduction at source. The PP2 principle
may be easier to understand than to implement because establishing the boundaries
between wise and unwise prevention procedures is not as easy as it may seem. This
principle was created before the emergence of the philosophy of sustainable devel-
opment. The waste management hierarchy list, established by the 1990 Federal
Pollution Prevention Act (U.S.), may serve as reference:

1. Whenever feasible, pollution or waste should be prevented or reduced at
the source.

2. If the pollution or waste cannot be prevented, reusing or recycling is the
next preferred approach.

3. If the pollution or waste cannot be prevented or recycled, safe treatment
must be carried out.

4. Disposal or other release into the environment should be employed as a
last resort and accomplished in a safe manner.

Some examples of PP2 measures are (US-EPA, 2000a):

* Raw material replacement

e Product replacement

* Process redesign

* Equipment redesign

*  Waste recycling

* Preventive maintenance (i.e., pump-end lock leaks)

* Stock minimization to prevent future wastes

* Solvent adsorption or distillation in water and later recycling

1.3 BUSINESS GOALS

In the face of social demands toward sustainable development, businesses may
behave mainly in two different ways. Businesses may be content simply with watch-
ing regulations and standards or they may undertake an aggressive approach by
establishing their own environmental strategies beyond mere implementation of
regulations.

1.3.1 IMPLEMENTATION OF REGULATIONS AND STANDARDS

Administrations adopt regulations on the basis of this philosophy: each business
must comply with established legislation. ISO and other regulations are not manda-
tory for businesses although increasingly more businesses are demanding that their
providers get ISO or other certification.
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1.3.2 TowARD ESTABLISHMENT OF MORE AMBITIOUS STRATEGIES
THAN THOSE GIVEN BY LEGISLATION

Establishing environmental strategies more ambitious than current legislation results
in benefits for businesses as well, although very often those benefits will only be
noticeable within the mid- or long run. This necessitates investing in the future. In
many markets a green product sells better than a “regular” product, that is, good
environmental management may also contribute to better marketing. Businesses
seeking to survive in the global market must not let their competitors have a more
advanced environmental policy; they must always ascertain how they stand in com-
parison to them (benchmarking). One of the criteria currently used by financial
assessment organizations is environmental competence. Reviewing development
through the past years, we may say that more technologically advanced businesses
are also more environmentally competent businesses. Existing at the crest of the
wave avoids losing ground and then struggling later to regain it. Future benefits
include cost reduction, image enhancement and increased staff motivation. Specif-
ically, the following advantages can occur:

* Enhancement in optimization and control of energy and raw material
consumption

* Optimization in costs derived from waste and emission management and
treatment

* Expense reductions in transportation, storage and packing

* Savings in environmental cleaning and repair tasks derived from acciden-
tal leaks

* Reductions in insurance policies for environmental risk

* Better conditions in negotiating bank loans

* Savings in fines from violations of law

* Decreases in accident risk and therefore in derived costs

* Enhanced business image with clients, administration, staff, investors,
media, environmental defense organizations and the general public

* New marketing tool by using an environmental compliance label

* Adoption of an active policy before current legislation and future envi-
ronmental regulations affect the business

* Increased possibilities to obtain public funding for environmental
activities

* Involvement of staff in a system aimed at achieving common goals

e Increased training for staff

1.4 CONCEPTS

The previously mentioned philosophies and businesses goals to establish environ-
mental strategies are reflected in and can be applied to various concepts.
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1.4.1 GREEN CHEMISTRY

Green chemistry is the use of chemistry for PP2. In more detail, it is aimed at
designing chemical substances and, at the same time, production processes respectful
of the environment. This includes reducing or eliminating use and production of
dangerous substances. The concept of green chemistry was coined in 1995 and
encompasses all aspects and types of chemical processes such as synthesis, catalysis,
analysis, monitoring, reaction separators and conditions; PP2 minimizes their neg-
ative impact on human health and the environment. Therefore, this concept empha-
sizes the U.S. law concerning chemical substances (US EPA, 2000b).

1.4.2 CLeaNER PrRODUCTION

The concept of cleaner production (CP) was first introduced by UNEP-IE (United
Nations Environment Program, Division of Industry and Environment) in 1989. CP
means continuous use of a preventive and integrated environmental strategy. This
concept is applied to processes, products and services to increase eco-efficiency and
reduce risks to population and the environment. It is intended to preserve energy
and raw materials, as well as to eliminate toxic wastes and reduce the amount and
toxicity of all emissions and wastes generated in every process. CP demands attitudes
different from current ones in order to undertake responsible environmental man-
agement in the creation of adequate national policies and assessment of technology
options. Currently, administrations tend to demand the use of best available tech-
nologies (BAT). This strategy helps reduce costs as much as it does risks, as well
as to identify new opportunities. The aim of CP is to avoid pollution before it is
produced in every process or in the corresponding process chains (UNEP-IE, 2000).

Although eco-efficiency is based on aspects of economic efficiency that have
environmental benefits, cleaner production is based on aspects of environmental
efficiency with economical benefits. Therefore, UNEP and the WBCSD are fostering
similar concepts and have decided to join efforts. This new initiative combines UNEP
interests within the public sector with participation of the industrial sector at the
WBCSD. Their first joint action took place at the annual meeting of UNCSD (United
Nations Commission on Sustainable Development) in April and May, 1996, in New
York, under the title of Eco-Efficiency and Cleaner Production: Charting the Course
to Sustainability (UNEP and WBCSD, 2000).

1.4.3 TotAL QUALITY ENVIRONMENTAL MANAGEMENT

Total quality environmental management (TQEM) derives from quality activities
and describes processes following ISO 9000 and other standards. A few of the many
businesses that have implemented total quality management (TQM) include Ford
Motor Company, Phillips Semiconductor, SGL Carbon, Motorola, and Toyota Motor
Company. The following information helps to understand the key elements in the
TQM process:

» Total = each single person and activity within a business is involved.
e  Quality = satisfying client demands.
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¢ Management = quality can and must be managed.

* TQM = a process of quality management that must be implemented in a
continuous manner and with the philosophy of permanent enhancement
regarding every single activity.

Although ISO 9000 stands as a series of rules for quality assurance, TQM stands
as a concept for continuous improvement (Hansen, 2000). The environmental equiv-
alent to the ISO 9000 standards for TQM is the ISO 14000 series of standards
applicable to the various phases of environmental management. TQEM means apply-
ing TQM to the environmental issues of a business. This is obviously a comprehen-
sive approach because it encompasses the business as a whole plus its management
system (Vasanthakumar, 1998).

1.4.4 Lire-CycLe THINKING

Life-cycle thinking is a way of addressing environmental issues and opportunities
from a system or holistic perspective and evaluating a product or service system
with the goal of reducing potential environmental impacts over its entire life-cycle,
as illustrated in Figure 1.3. The concept of life-cycle thinking implies linking indi-
vidual processes to organized chains starting from a specific function. According to
this type of thinking, everyone in the entire chain of a product’s life-cycle, from
cradle to grave, has a responsibility and a role to play, taking into account all the
relevant external effects. From the exploitation of the raw material that will constitute
a new product through all the other processes of extraction, refining, manufacturing,
use or consumption to its reuse, recycling or disposal, individuals must be aware of
the impact of this product on the environment and try to reduce it as much as possible.
The impacts of all life-cycle stages need to be considered when making informed
decisions on production and consumption patterns, policies and management strat-
egies (UNEP, DTIE, 1999).

Many people refer to life-cycle management emphasizing “end of life manage-
ment.” A particular subject area for end-of-life management is the study of the limits
of recyclability, whose environmental benefit disappears when the energy, materials
and pollution involved in the collection, production and recycling processes exceed
those necessary to produce the product. Extended producer responsibility (EPR) is
one aspect of life-cycle thinking. This principle was introduced by Thomas
Lindhgqvist, from the Swedish Ministry of Environment, in two reports in 1990 and
1992, when the first world seminar on EPR was organized in cooperation with
UNEP-IE (IIIEE, 2000):

Extended producer responsibility is an environmental protection strategy to reach an
environmental objective of a decreased total environmental impact from a product, by
making the manufacturer of the product responsible for the entire life-cycle of the
product and especially for the take-back, recycling and final disposal of the product.
The extended producer responsibility is implemented through administrative, economic
and informative instruments. The composition of these instruments determines the
precise form of the extended producer responsibility.
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FIGURE 1.3 The life-cycle of a product system. (UNEP/SETAC, Background paper of the
UNEP/SETAC life-cycle initiative, UNEP DTIE, Paris, 2001.)

At least two similar principles exist: responsible care and product stewardship.
Responsible care is an initiative undertaken by the U.S. Chemical Manufacturers
Association (CMA) in 1989 that commits every CMA member not only to improving
health, security and environment protection, but also to responding to concerns from
the public about their products. The product stewardship code is designed to change
health, security and environment protection into an integral part of design, manu-
facturing, distribution, use, recycling and disposal. This code reinforces sharing
information about adequate product use, storage and disposal. It has also been
designed to include the widest possible extent of the trade chain to help prevent
inadequate use likely to harm human health and the environment (SOCMA, 2000).

1.4.5 DESIGN FOR ENVIRONMENT

Eco-design, or design for environment (DfE), allows approaching environmental
problems associated with a given product within its phase of design. That is, it
implies considering the environmental variable as one of the many product require-
ments in addition to the conventional design goals: cost, utility, functioning, security,
etc. The purpose of DfE is to manufacture products with a lower global environ-
mental load associated with their life-cycle (material/component parts acquisi-
tion/purchase, production, distribution, use and end of life). Implementation of the
environmental variable in the manufacturing process of the product must be under-
taken without sacrifice of the remaining product properties and combining price and
quality in a sound manner (Fiksel, 1997).
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Eco-design is intended to be the dematerialization and detoxification of the
design process. It has to do with taking off the highest possible amount of materials
— specifically, dangerous substances — without the product’s losing its function
(Fiksel, 1997; Brezet and Hemel, 1997; Rodrigo and Castells, 2002). Because a
product life-cycle is decided during the design and production planning phase,
influencing it in further phases is much more difficult.

1.4.6 INDuUsTRIAL EcoLOGY

Industrial ecology (IE) entails an approximation of industrial systems to natural
systems. It deals with the systematic analysis of material and energy flows in
industrial systems with the purpose of minimizing waste generation and negative
environmental effects (Graedel, 1994).

IE provides a holistic approach (similar to that of life-cycle assessments [LCAs])
of industrial systems, based on its analogy with natural systems: wastes produced
by a living being become a source of raw material for another being. Industrial
ecology may be defined as a network of industrial systems that cooperate in reusing
waste energy and material within the same network; a waste flow from one of the
industrial members becomes a source of raw material useful for another member.
This industrial approximation is mainly associated with the concepts of eco-park,
industrial symbiosis, and industrial clustering. Close cooperation among different
industrial systems provides each member with higher efficiency levels in its industrial
activity at the same time that it provides a higher level of use of its waste energy
and material flows. This cooperation renders significant environmental and economic
benefits for each member.

A specific aspect of IE is the concept of industrial metabolism proposed by
Ayres in 1989; this concept consists of the process through which energy and
materials flow through industrial systems, starting from the source through various
industrial processes to the consumer and to final disposal (Ayres, 1996). Although
IE is the most comprehensive concept of those presented until now, it is based
on the idea that energy and materials flow within local, regional or global systems;
however, systems encompass several processes and are not exclusively intended
for a given product or service. According to the International Society for Industrial
Ecology (http://www.yale.edu/isie/), IE asks how an industrial system works, how
it is regulated, and how it interacts with the biosphere. Then, on the basis of what
is known about ecosystems, the goal is to determine how the system could be
restructured to make it compatible with the way natural ecosystems function.
This way it also includes socioeconomic issues related to sustainable develop-
ment.

1.5 TOOLS

The preceding concepts, which have been developed to direct environmental man-
agement, are quite abstract. This is why we need tools to transfer them into action
and make environmental aspects more concrete, taking into account economical,
social and technological information. The working group on conceptually related
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methods in the Society of Environmental Toxicology and Chemistry (SETAC) has
distinguished the following types of tools (De Smet et al., 1996): political instru-
ments, procedural tools and analytical tools.

In general, to be applied, the tools need technical elements like dispersion and
other pollutant fate models, damage functions, weighting schemes, and available
data, e.g., about emissions and resource consumption, as well as technical specifi-
cations and geographic location. The application of these tools provides consistent
environmental information that facilitates adequate decision-making toward sus-
tainable development. An overview of the conceptually related methods in envi-
ronmental management is presented in Figure 1.1. Based on the idea of the inter-
action between these different concepts and tools, a concerted action named
CHAINET took place from 1997 to 1999 under the European Union Environment
and Climate Program. The mission of this action was to promote the common use
of the different tools and to facilitate information exchange among the relevant
stakeholders (CHAINET, 1998).

1.5.1 PouimicAL INSTRUMENTS

Generally, political instruments are adopted by political administrations. We will
present typical samples of laws for a given activity to environmental management
that are related.

1.5.1.1 Law on Chemical Substances

Within the framework of green chemistry and chemical substances, we could men-
tion regulations such as the European Parliament and Council Directive 1999/45/EC,
May 31, which serves as a means to homogenize standards among EU member
countries concerning classification, packing and characterization of dangerous sub-
stances (Federal Environment Agency Ltd. of Austria, 2000).

1.5.1.2 Law on Process Security

An example is the National Industrial Security Program EO 12829 of the U.S. This
order establishes a National Industrial Security Program to safeguard federal gov-
ernment classified information that is released to contractors, licensees, and grantees
of the U.S. Government.

The Chemical Security Act (S.1602) of the U.S. was designed to protect com-
munities from terrorism and accidents involving hazardous industrial chemicals.
This bill establishes the first national effort to reduce industrial chemical hazards
that endanger nearby neighborhoods, schools, hospitals, senior centers, or other
public and business areas. It was foreseen that in September 2002, the U.S. Senate
would take up the Chemical Security Act as an amendment to the homeland security
bill. The Chemical Security Act, S. 1602, introduced by Senator Corzine (D-NIJ),
would require high-priority facilities to conduct vulnerability and hazard assessments
and develop plans for improving site security and reducing chemical hazards
(www.cpa.com/teampublish/uploads/S1602.pdf).

© 2004 CRC Press LLC


http://www.cpa.com/

1.5.1.3 Law on Integral Intervention of Environmental
Management

Directive 96/61 EU on Integrated Pollution Prevention and Control binds businesses
to:

e Achieve high-level human and environmental protection by establishing
an administrative intervention system applicable to those activities that
may affect human security and health as well as the environment

» Integrate all current licenses regarding emissions, wastes and air, and those
related to fire prevention, critical accidents and health protection, into a
sole license

* Ensure the public’s access to environmental information

This intervention system is based on the simplification of administrative proce-
dures to grant businesses environmental licenses as necessary, making involved
administrations co-responsible for granting licenses.

1.5.1.4 Environmental Policy Oriented to Product Recovery or
Collection at End of Life

Adopted July 12, 1996, the European Parliament and Council Directive governs the
management of end-of-life vehicles (ELV) that EU member states must implement
with adequate measures to assure manufacturers comply with all or a significant
part of the costs resulting from the treatment of end-of-life vehicles, or collect them
following the conditions stated in the directive.

1.5.1.5 Advance of Costs for End-of-Life Management

EU-directive on packaging and packaging waste: European Parliament and Council
Directive 94/62/EC of 20 December on packaging and packaging waste.

The Packaging Waste Regulations came into force on March 6, 1997. These new
regulations are the U.K.’s approach to meeting the recycling and recovery targets
set out in the EU Directive on Packaging and Packaging Waste. The aim is to recover
50% of the 8 million tonnes of packaging waste produced in the U.K. It is estimated
that the cost is likely to be 0.02 U.S. $ per 10 U.S. $ of every shopping bill. Businesses
are only affected if they fall into three or four of the following categories (EU
directive on packaging waste, 1994):

e Manufacture raw materials used for packaging

e Convert raw materials into packaging

* Pack or fill packaging

» Sell packaging or packaged products to the final user or consumer

* Own and handle more than 50 t of packaging materials or packaging each
year (including imported packaging materials and goods, but not exports)

e Annual turnover of more than 3.2 million (from January 1, 2000)
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1.5.1.6 Special Protection Plans for Specific Areas

The National Oceanic and Atmospheric Administration’s National Coastal Zone
Management (CZM) Program (http://www.nos.noaa.gov/ocrm/czm/) is a voluntary
partnership between the U.S. government and U.S. coastal states and territories. It
is authorized by the Coastal Zone Management Act of 1972 to preserve, protect,
develop and, where possible, restore and enhance the resources of the nation’s coastal
zone.

1.5.2 INTERNATIONAL STANDARDS

The International Standards Organization (ISO) was founded in 1946 in Geneva,
Switzerland. ISO has established nonmandatory international standards for the man-
ufacturing, communication, trade and administrative sectors. It has also created ISO
9000 for management and quality assurance; this has been adopted by more than
90 countries and implemented by thousands of industries and service providers.
Accordingly, for environmental management, ISO has created the ISO 14000 series,
anew generation of standards to foster national and international trade in compliance
with international standards to protect the environment. In this way, some common
guidelines and similarities between environmental management and business man-
agement are established for all businesses regardless of size, activity or geographical
location. Several of the ISO 14000 standards refer to the previously mentioned
procedural and analytical of tools. The five groups of environmental standards
governed by the ISO 14000 series are:

e ISO 14001-04: Environmental management systems — general guide-
lines on principles, systems and supporting techniques

e ISO 14010-14012: Guidelines for environmental auditing

* ISO 14020-14024: Environmental labels and declarations

e ISO 14031: Environmental performance evaluation — guidelines

e ISO 14040-14043: Life-cycle assessment

These standards will be reflected in some of the procedural and analytical tools
explained later.

1.5.3 ProceburaL Tools

Important procedural tools described next are the environmental impact assessment,
environmental management system, eco-audit and eco-labels. Some procedural tools
come from current legislation and others from international standards. The latter can
be applied at process, product and service levels.

1.5.3.1 Environmental Impact Assessment

As stated in Council Directive 85/337/EU, modified by Council Directive 57/11/EU,
environmental impact assessment (EIA) is a set of research papers and technical
systems used to estimate the effects on the environment of implementing a given

© 2004 CRC Press LLC


http://www.nos.noaa.gov/

3. Project 5. Factors 8 C ti 9. Environmental
analysis -- r--| identification T or.re.c. ve surveillance plan
“i definition submission
6. Impacts -
Thematic 1. Effe_cts Ident?fication 7. Environmental
and geographic prevision T Impacts_
information evaluation
: 4. Actions J 11. Final report
2.Environment :
i i _--!| L__| identification [10. Public | sybmission
definition evolvement
EVALUATION
QUALITATIVE ||| QUANTITATIVE || SIMPLIFIED |

FIGURE 1.4 General structure of an environmental impact assessment.

project, work or activity. Thus EIA is an analytical procedure oriented to determine
objectively the consequences of impacts derived from a given activity on the envi-
ronment. The idea behind EIA is to obtain an objective judgment of the consequences
due to the impacts generated by accomplishing a given activity. The main part of
such an evaluation is the environmental impact study (Coneza, 1997).

Environmental impact research is a technical interdisciplinary assessment aimed
at foreseeing, identifying, determining and correcting the environmental impact or
consequences that certain activities may have on the quality of human life and the
environment. It has to do with presenting objective reality to determine the influence
on the environment of implementing a given project, work or activity. In sum, EIA
is an analytical tool fundamental for information gathering and necessary to submit
an environmental impact declaration.

The different phases of EIA are summarized in Figure 1.4. The first six phases
are related to qualitative assessment. During Phase 7 a quantitative assessment is
carried out, which partially continues during Phase 8 and Phase 9; in Phase 10 and
Phase 11 more simplified results are produced. The first nine phases are related to
the environmental impact study (Coneza, 1997).

1.5.3.2 Environmental Management System

The environmental (or eco-)management and audit scheme (EMAS) is an EU-based
system related to Council Regulation (EEC) 1836/93 for the continuous improvement
of environmental aspects in businesses. Internationally it corresponds in many fea-
tures to ISO 14001, although the latter does not have the same recognition as that
of the environmental authorities (Zharen, 1995).

An environmental management system (EMS) is a means of ensuring effective
implementation of an environmental management plan or procedures in compliance
with environmental policy objectives and targets. A key feature on any effective
EMS is the preparation of documented system procedures and instructions to ensure
effective communication and continuity of implementation. There are certification
systems for EMS as the ISO 14001 and EC EMAS scheme (EMAS is now compatible
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with ISO 14001), which demonstrate that a system is operated to an internationally
recognized standard. Alternatively, a customized system can be developed addressing
the particular needs of the operation (EC, 1999).

An environmental management system allows businesses to:

* Assure a high level of environmental protection

* Continuously improve their environmental performance

* Obtain competitive advantages out of these improvements

e Communicate their progress with the publication of an environmental
declaration showing their efforts

The environmental management department is a recognized instrument in all
EU member states, based on Council Resolution 1836/1993 as of June 29, 1993,
which allows industries nonmandatory adherence to an EU environmental manage-
ment and audit scheme. EMAS has been developed for organizations involved in
industrial activities, energy generation, recycling and solid and liquid waste treat-
ment. Additionally, it can be applied to other sectors such as energy, gas and water
supply, construction, trade, transportation, financial services, public administrations,
entertainment, culture, sports, education and tourism.

At present on the international scene, the ISO 14001 standard about environ-
mental management systems is mostly used. This standard is not against that estab-
lished in EU Resolution 1836/1993 and can be seen as a previous step for EMAS
adherence. As a standard with international application, the ISO 14001 has a more
general nature. In Europe EMAS enjoys official recognition on the side of political
administrations.

1.5.3.3 Eco-Audit

An eco-audit, or environmental audit, is an “independent and methodical test carried
out to determine whether the activities and results concerning the environment meet
previously established regulations and prove to be adequate for attaining the foreseen
goals.” As explained in the ISO 14010 standard, eco-audit is “a process of systematic
testing and objective assessment of evidence to determine whether environmental
activities, events, conditions and systems, or information about these, conform to
audit criteria and communication of results to customers.”

Eco-audits are carried out to implement environmental management systems.
Audits help acknowledge the current business position in the face of existing
legislation. Therefore, the eco-audit may be defined as a management tool to test
whether activities and results related to the environment are accomplished, that is,
established goals attained and standards met, and if the latter are adequate to attain
those goals. It is an important tool to enhance environmental management and has
a preventive nature; thus it is not an inspection and control activity or a witch hunt,
but is intended for problem detection and solution. Environmental audits are gen-
erally carried out to accomplish one or several of these goals (Umweltbundesamt,
Germany [1998]):
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¢ Determine suitability and effectiveness of an organization’s environmental
management system to attain environmental goals.

¢ Provide the audited organization with an opportunity to enhance its envi-
ronmental management systems and, as a result, contribute to continuous
improvement of its environmental performance.

¢ Check conformity to existing regulations.

e Internally assess the organization’s environmental management system
within the framework of a given environmental management standard.

e Assess an organization prior to establishing a contractual party relation-
ship with that entity.

1.5.3.4 Eco-Label

The idea of eco-labeling is to guarantee the environmental quality of certain prop-
erties or characteristics of the products that obtain the eco-label (Alfonso and
Kriamer, 1996) in order to provide consumers with better information on green
products and promote the design for environment (EC, 1997). An EU eco-label
scheme is laid down in Council Regulation 880/92 (EEC) 1980/2000.

Products and services that meet previously established environmental criteria
are allowed to use various official labels for easier recognition. On the one hand,
the eco-labeling scheme provides consumers and end-users with enhanced and
more reliable information; on the other hand, it fosters design, manufacturing,
marketing, use and consumption of products and services exceeding existing
mandatory environmental quality requirements. A product with a lower environ-
mental impact is that with a composition and/or manufacturing, operation, elim-
ination that cause lower damage or impact to the environment. Some examples
are paper manufactured without emission of organic chloride compounds, a
washing machine with low water and energy consumption, a refrigerator manu-
factured with recyclable component parts, etc. A service with a lower environ-
mental impact would be a small business (store, repair shop, etc.) whose opera-
tion, management or service supply (from the use of environmental quality
products to adequate waste management) is respectful of the environment. Exam-
ples of other eco-labels are the Blue Angel in Germany and the White Swan in
the Nordic countries.

The status of eco-labeling and product information on the international scene is
far from coherent, however, particularly among the various stakeholders. At the
global level, including food and nonfood products, we can count on 700 labels and
2000 green claims; only 17 of these green claims are part of a systematic eco-labeling
scheme. These cover product categories ranging from laundry detergents, household
cleaners, paints and varnishes, household paper, sanitary items, wood, textiles, white
domestic appliances, and garden products, as well as tourism, energy production or
efficiency and services. ISO classified labels or indicators for environmental claims
use into three categories:
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1. National eco-labels (also called “Label Type I’ in ISO 14024); examples:
EC eco-label, Nordic Swan and Blue Angel

2. Self-environmental declarations (also called “Label Type II” in ISO
14021); examples: ozone friendly label, green dot and animal cruelty free

3. Indicators based on life-cycle assessments (also called “Label Type III”
in ISO/TR 14025); only example: environmental product declaration
(EPD) promoted by the governments of Sweden, Norway, Canada, Korea
and Japan, and companies such as Volvo and ABB

The related environmental product declarations gain popularity as tools, espe-
cially for business-to-business communication, and have great potential to be used
widely by institutional buyers in their efforts for green procurement. In general, for
the communication to consumers, one overall environmental Type I label based on
a single indicator is considered the most effective option to influence consumer
choices. However, consumers are likely to be interested in more detailed environ-
mental information for durable goods such as cars or electronics; a Type III label
might be provided to influence the purchase for these types of items.

1.5.4 ANALYTICAL TOOLS

The following analytical tools are relevant methods for environmental management:

* Life-cycle assessment (LCA) is a tool standardized according to ISO
series 14040 for product-oriented environmental impact assessment and
will be further explained in Chapter 2.

* Environmental risk assessment (ERA) and impact pathway analysis (IPA)
are the tools generally used for the impact analysis in site-specific envi-
ronmental impact assessment. These tools will be described in more detail
in Chapter 3.

* Cost-benefit analysis (CBA) and cost-effectiveness analysis (CEA) are
technoeconomic tools to support decision-making towards sustainability.
They refer to environmental costs, a topic explained in Chapter 3.

* Process simulation (and the related re-engineering) is an important tool
for the improvement of industrial processes. It allows foreseeing environ-
mental effects resulting from changes in process design before implemen-
tation.

e Accident prevention requires determining the environmental risk that
implies installation and operation of an industrial process due to undesir-
able events. Undesirable events are caused by unforeseen emissions of
pollutants for accidental reasons.

e Material Flow Accounting (MFA) and Input—Output Analysis (IOA) have
been developed to look at the life cycle of material substances in industrial
systems and the environment.

Analytical tools differ depending on the specific aspect of their focus; few of
them have been standardized by ISO.
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1.5.4.1 Life-Cycle Assessment (LCA)

In order to consider environmental impacts of a product’s life-cycle systematically,
the life-cycle assessment (LCA) methodology has been developed. This is the only
standardized tool currently used to assess product environmental loads. The steps
of LCA are: goal and scope definition, inventory analysis, impact assessment, and
interpretation.

The goal, the motivation for research, must be clearly defined from the very
beginning because the following phases will be influenced by its early definition.
The creation of life-cycle inventories (LCIs) is intended to identify and assess the
environmental load associated with the full life-cycle of a product, process or activity.
In the case of a product, the inventory starts at the extraction process of raw materials
from the environment, continues in the production, consumption and use of end
products, and ends when the product or its derivate turns into waste. Operations
such as transportation, recycling, maintenance, etc. must also be considered in the
inventory.

Life-cycle impact assessment (LCIA) allows for easier interpretation of envi-
ronmental information produced during the inventory analysis phase. LCIA includes
several phases:

¢ C(Classification of environmental loads within the different categories of
environmental impact

e (Categorization of environmental loads by means of a reference pollutant
typical of each environmental impact category

e Normalization of the data obtained from the characterization, dividing it
into real or foreseen magnitude for its corresponding impact category
within a geographical location and a point in time for reference

* Quantitative or qualitative assessment of the relative significance concern-
ing different categories of impacts

These categories, plus the level of detail and methodology, are chosen depending
on the goals and scope of the research.

Following this analysis, more objective and transparent decisions can be made
concerning environmental management for the creation of guidelines for new product
development and guidebooks to define environmental priorities (SETAC, 1993). See
Chapters 2 and 3 for more details.

1.5.4.2 Environmental Risk Assessment (ERA)

The usual point in introducing risk assessment is to emphasize that risk is part of
everything we do and that the risk derived from pollutant exposure should be paid
the attention it deserves. In the U.S. during the late 1980s, about 460,000 of 2.1
million deaths per year were due to cancer. Without taking the age factor into
consideration, the risk of dying from cancer equals 22% (460,000/2,100,000 = 0.22).
Individuals who smoke one package of cigarettes per day have approximately a 25%
risk of dying from heart disease. Meanwhile, the U.S. Environmental Protection
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Agency (U.S. EPA) intends to control exposure to toxic substances with risk levels
ranging from 107 to 10~ (0.00001 to 0.01%) throughout life (Masters, 1991).
Environmental Risk Assessment is a process for determining the probability for
negative effects on human health or the environment as a result of exposure to one
or more physical, chemical or biological agents. ERA requires knowledge about the
negative effects of exposure to chemical substances or materials, as well as knowl-
edge about the intensity and duration necessary for these to cause negative effects
on population and the environment. Decision-making within sound risk management
entails examining the various choices for risk reduction. The risk assessment scope
is generally local; environmental impacts are presented in the form of risk per
researched recipient because it is the case with the value for exposure to toxic
substances at levels entailing a risk ranging from 107 to 10 throughout life.
Environmental risk assessment will be explained in detail in Chapter 4.

1.5.4.3 Impact Pathway Analysis (IPA)

Contrary to this approach, the Impact Pathway Analysis (IPA) estimates the overall
damage, including even relatively small contributions, in locations more than 1000
km away from the source of emissions. The damage is presented in the form of
costs, but because these costs are not included in the price of the product or service
responsible for the emissions, they are known as external costs.

An example of an IPA scheme is shown in Figure 1.5. After the location and
technology producing the pollutant have been selected, Phase 1 deals with the
calculation of emissions and the plant’s demand for resources. Phase 2 concerns the
distribution of emissions to several recipients. The following phases consider the
transition processes and impact assessments, for example, a bad fruit crop or higher
incidence of asthma attacks. Once all physical impacts have been calculated, eco-
nomic assessments are applied to the impacts to estimate damages in currency
amounts (euros, dollars, yens). Impact pathway analysis is explained as a special
form of ERA at the end of Chapter 4.

kg Emission Particles
* .
2 Transportation Changes in
g/in ' of pollutants conentration
g/d Natural processes Dep_osition in the
v I respiratory system
Num.ber of Impact Asthma
patients . *
Euros Damage Change in health

FIGURE 1.5 Impact pathway analysis (IPA) scheme. (Adapted from European Commission
— DGX11), ExternE — Externalities of Energy, ECSC-EC-EAEC, Brussels-Luxembourg,
1995.)
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1.5.4.4 Cost-Effectiveness Analysis (CEA) and Cost-Benefit
Analysis (CBA)

An efficient emission level is the point at which marginal damages (external costs)
are equivalent to marginal abatement costs (internal costs), i.e., both types of costs
are neutralized. Again, this point is the efficient level of emissions, a consideration
illustrated in Figure 1.6. Because marginal damage costs and marginal abatement
costs are equal, both hold the W value at that level of emissions. Marginal damages
have their threshold at emission level E, while the uncontrolled emission level is at
E,. It is possible to analyze the results in terms of total values because we know the
totals are the areas under marginal curves. Thus, the triangular area distinguished
with an a (marked by points E,, E, and the marginal damage curve) schematizes the
existing total damages when emissions are at level E,, while the b area shows a
reduction of the total costs at this level of emissions. The addition of both areas is
a measurement of total costs of E, — tones per year in this case. E, is the only point
at which this addition is minimized, but the a area is not necessarily equal to the b
area; this depends on the shape of the marginal curves, which may have wide
variations (Field, 1995). The preceding explanations serve as a basis to introduce
the cost-effectiveness analysis (CEA) and the cost-benefit analysis (CBA) methods.

CEA considers only the internal costs, i.e., the costs resulting from emission
reduction technologies. These costs are compared to the reduction of the environ-
mental load due to the economic investment. If we want to invest this money to
enhance the environment we will invest it in the most effective choice.

CBA is another economic tool intended to provide decision-making support for
long-term investments from a social perspective instead of the business perspective.
The field for its application includes the environmental selection of technologies
and legislation strategies. CBA is intended to correct dysfunctions caused by market
defects. In the sphere of environmental management, the main interest is that external
effects be considered external costs. The conversion of damages into costs is based

u.s.$
A

Marginal abatement costs

Marginal damages

p Emissions (tons/year)

E E Eq

FIGURE 1.6 Efficient emission level.
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generally on Paretian’s theory of well-being, in which individuals facing external
effects judge their importance for their quality of life. Preferences may be shown in
monetary terms, just as in market choices. In this way, the final assessment of the
marginal damage balance (external costs) and marginal abatement costs (internal
costs) may be carried out in one monetary unit: currency (dollar, euro, yen), which
is a globally accepted reference in decision-making (Dasgupta and Pearce, 1972;
Nas, 1996).

1.5.4.5 Process Simulation

Process re-engineering is one of the applications within chemical engineering that
shows increases in interest year after year. The vast majority of plants have been
built and are currently operating so as to obtain the highest possible return using
available equipment and reduce investment. New process synthesis tools allow
analysis, in a relatively simple and fast way, of whether the optimum current process
setting is the best and to assess possibilities for improvement. To attain this, it is
necessary to count on models with an exact and precise representation of equipment
operation. In the first place, it is necessary to adjust these models using plant data
to ensure successful predictions. After the base case has been obtained, exploring
alternative design choices and assessing their applicability through equipment sizing
begins. At this point, it is necessary to assess in detail the possibilities for imple-
menting the proposed alternative by means of detailed research of the most promising
alternatives (detailed sizing, economic estimate, cost analysis, etc.). Apart from these
applications, process simulation has proved to be the fundamental tool for detecting
bottlenecks in processes and operation problems, and in obtaining ideal operating
conditions for the environment.

15.4.6 Accident Prevention

To prevent accidents, it is necessary to determine the environmental risk associated
with a facility or process operation resulting from undesirable events or accidents.
Undesirable events are those unforeseen events that accidentally cause the emission
of pollutants into the environment. Analysis of undesirable events (accidents) must
include the following phases:

* Analysis of facilities and information gathering

* Identification of the most representative accident scenarios

» Establishment of accident probability for these scenarios and its evolution

» Establishment of consequences associated with each accident scenario
assessed (scope of associated physical effects)

» Establishment of the impact these physical effects have on the environ-
ment

Fail trees and event trees are applied when accident prevention assessments are
undertaken (AICHE, 1985).
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1.5.4.7 Material Flow Accounting (MFA) and Input-Output
Analysis (I0A)

Material Flow Accounting (MFA) refers to accounting in physical units (usually in
tons); the extraction, production, transformation, consumption, recycling and depo-
sition of materials in a given location (i.e., substances, raw materials, products,
wastes, emissions into the air, water or soil). Within the range of the present work,
MFA encompasses methods such as substance flow analysis (SFA) and other types
of balance of materials for a given region (Fuster et al., 2002). Examples of flow
assessments are:

» Eco-toxic substances such as heavy metals that may cause environmental
problems due to their accumulation capacity

* Nutrients such as nitrogen and phosphates due to their critical influence
over eutrofication

e Aluminum, the economic use, recycling and reuse of which are to be
improved (Bringezu et al., 1997; Fuster et al., 2002)

As a part of establishing statistical accounts on a national scale, the input—output
analysis (IOA) has been under development since the 1930s. One of the main
applications of this analysis is to show the interrelationship of all flows of goods
and services within a given economy; it also shows the connection between producers
and consumers and interdependence among industries (Miller and Blair, 1985). Since
1993, different environmental applications have been designed. Nowadays, this
macroeconomic method is frequently applied to environmental analysis (Proops et
al., 1993).

1.5.5 APPLICATION-DEPENDENT SELECTION OF ANALYTICAL TooOLS

According to Wenzel (1998), the governing dimensions for applications of analytical
tools such as LCA are site specificity, time scale and need for certainty, transparency
and documentation. Possible applications can be positioned in relation to these
governing dimensions. In the case of LCA, Sonnemann et al. (1999) have examined
in which cases LCA is an integrated element of another concept and for which goals
other tools of environmental management should accompany it. They correspond to
the following points:

1. Education and communication. LCA supplies a potential common
ground or basis for discussion and communication. All groups in the
society need to understand their individual responsibilities for improve-
ments.

2. Product development and improvement. The concept used in the field
of environmentally friendly product (re)design and development is called
design for the environment (DfE). LCA provides the information to sup-
port 1t.
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3. Production technology assessment. LCA helps to ensure that overall
reductions are achieved and pollutants are not shifted elsewhere in the
life-cycle, although other tools are needed for the assessment of the actual
impacts of the technology.

4. Improving environmental program. LCA can be particularly effective
at identifying sensitive factors such as the number of times a reusable
must be returned, possible energy recovery, etc.

5. Strategic planning for a company’s product or service line. LCA can
assist the strategic planning process, especially when coupled with other
tools providing economic and risk information.

6. Public policy planning and legislation. LCA studies can be used to
assure that all relevant environmental information is considered. Because
of LCA’s restriction to potential impacts, the results should be integrated
with data from other tools.

7. Environmentally friendly purchasing support. LCA is obviously a
starting point for eco-labeling, but the current emissions and resource
indicators do not give the full picure of sustainable performance. LCA
information should be complemented with data from other tools.

8. Marketing strategies. By using LCA it is possible to develop an envi-
ronmental profile of a product or service that can be communicated to the
consumers.

9. Environmental performance and liability evaluation. The combination
of an environmental management system with LCA is an interesting topic
for the future. For this reason, it is necessary to use the same pressure
and management indicators.

By using the proposed guide in the form of a matrix (Figure 1.7), the environ-
mental practitioner should be able neither to overestimate the possibilities of LCA
nor to be discouraged from using it because of its inherent limitations.

Therefore, we can say that life-cycle thinking is the right concept to evaluate
the environmental impacts of a functional unit (product, service or activity) but that
LCA is often not the only tool to consider. The practical guide (Figure 1.7) for
environmental decision-makers helps select the tool that corresponds to a particular
application.

1.6 EXAMPLE: DECISION-MAKING SITUATION IN
ENVIRONMENTAL MANAGEMENT

Political administration or business managers very often make decisions of environ-
mental relevance. As can be seen in Figure 1.8, their decisions may enhance or
worsen the environmental performance of a chemical substance, process, product or
whole region.
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CBA: Cost-Benefit Analysis
EIA:Environmental Impact Assessment
I0A:Input-Output Analysis

CEA: Cost-Effectiveness Analysis
ELG: Eco-labelling

IPA: Impact Pathway Analysis
DfE:Design for Environment

ERA: Environmental Risk Assessment
LCA: Life-Cycle Assessment

DM: Dematerialization

EMA: Environmental Management
MFA: Material Flow Accounting
DT:Detoxification and Audit
SFA:Substance Flow Analysis

FIGURE 1.7 Matrix guide for the inclusion of the life-cycle concept in environmental man-
agement practices. 1) Education and communication; 2) product development and improve-
ment; 3) production technology assessment; 4) improving environmental program; 5) strategic
planning for a company’s product or service line; 6) public policy planning and legislation;
7) environmentally friendly purchasing support; 8) marketing strategies; 9) environmental
performance and liability evaluation. CBA: cost-benefit analysis; EIA: environmental impact
assessment; IOA: input—output analysis; CEA: cost-effectiveness analysis; ELG: eco-label-
ing; IPA: impact pathway analysis; DfE: design for environment; ERA: environmental risk
assessment; LCA: life-cycle assessment; DM: dematerialization; EMA: environmental man-
agement; MFA: material flow accounting; DT: detoxification and audit; SFA: substance flow
analysis.
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FIGURE 1.8 Decision-making situation in environmental management.

A risk is that, after several decisions, the acceptable level of resource consump-
tion and pollution is exceeded. In the end, in the case of business managers, their
decisions may cause problems with the administration, neighbors of their facilities
or the consumers of their product. In the case of administrations, decisions may
raise protests among the population and lost elections. In general, managers lack
sufficient time to apply environmental management tools. They entrust internal
and/or external specialists (consultants) the corresponding projects or assessments
and base the obtained results to support and justify their decision-making under
rational arguments. When managers do not master environmental management tools,
they are at risk of choosing a specialist who applies a certain tool that will render
a result subject to the methodology on which it is based. Consider, for example, the
question of whether to build a new thermal power plant near carbon mines in a very
populated area or far from mines in a sparsely populated area.

ERA applied to population exposure would choose the second option, while
with an LCA the first option would seem more appropriate due to reduced transpor-
tation. In sum, we must not trust these tools blindly; instead we must understand
their inherent limitations and apply each one, or a combination of them, to the right
context.

1.7 CASE STUDY: WASTE INCINERATION AS
ENVIRONMENTAL PROBLEM — THE CASE OF
TARRAGONA, SPAIN

1.7.1 WASTE INCINERATION AS ENVIRONMENTAL PROBLEM

In recent years, waste incineration has been frequently preferred to other waste
treatment or disposal alternatives due to advantages such as volume reduction,
chemical toxicity destruction and energy recovery. However, strong public opposi-
tion to waste incineration often impedes the implementation of this technology. One
of the main reasons for this opposition has been the perception that stack emissions
are a real and serious threat to human health (Schuhmacher et al., 1997). In past
years, the environmental consequences of incineration processes and their potential
impact on public health by emissions of trace quantities of metals and
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polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs), as well as
other emission products, have raised much concern. Unfortunately, information
presented to the public about health risks of incineration is often incomplete, includ-
ing only data on PCDD/Fs levels in stack gas samples (Domingo et al., 1999). In
order to get overall information on the environmental impact of a municipal solid
waste incinerator (MSWI), a wider study must be performed. Next we present and
analyze the case of an MSWI in Tarragona, Spain. This case study is presented with
three different alternatives explained below.

1.7.2 MunNicipAL SoLip WASTE INCINERATOR (MSWI)
IN TARRAGONA, SPAIN

Our case study will focus on an MSWI (SIRUSA) located in Tarragona (northeastern
Spain) that has operated since 1991. In 1997 an advanced acid gas removal system
was installed. Thus, two situations (or scenarios) were studied: the operation of the
plant during 1996 (later called former situation or scenario 1) and the current oper-
ation with the advanced acid gas removal system working (later called current
situation or scenario 2).

The incinerator has parallel grate-fired furnaces with primary and secondary
chambers. The combustion process is based on Deutsche Babcock Anlagen technol-
ogy. Each of the furnaces has a capacity of 9.6 tons per hour, which makes
approximately 460 tons daily incineration capacity of municipal waste. The temper-
ature in the first combustion chamber varies between 950 and 1000°C. In the
secondary postcombustion chamber, the temperature is 650 to 720°C and the output
temperature of the flue gas is 230 to 250°C. The minimum incineration conditions
are 2 s of incineration time at 850°C with 6% minimum oxygen excess. The com-
bustion process is controlled by on-line measurements (CO,, O,) and visually with
the help of TV monitors (Nadal, 1999). The process generates electricity of the
steam at a rate of 44.8 tons per hour. About 80% of the total electricity produced is
sold and 20% is used for the operation. The scrap metal is collected separately and
iron is recycled (STQ, 1998). The incinerated residues are solids. The average
composition of the municipal waste is shown in Table 1.1 and a schematic overview
of the plant is given in Figure 1.9.

The flue gas cleaning process is a semidry process consisting of an absorber of
Danish technology (GSA). The acid compounds of the flue gas, such as HCI, HF,
SO,, are neutralized with lime, Ca(OH),. The reaction products are separated in a
cyclone and after that the gases are treated with injected active carbon to reduce
dioxin and furan concentrations. The last cleaning step, a bag filter house, ensures
that the total emissions meet the legislative emission limits: Spanish RD 1088/92
Directive and also a regional Catalan Directive 323/1994, which is an improved
version of the European 89/369/CEE Directive. The total emissions and other process
data are presented in Table 1.2.

The emissions are also controlled by the local authorities (Delegacié Territorial
del Departament de Medi Ambient de la Generalitat de Catalunya.). Thus, the plant
is under continuous, real-time control, which guarantees independent information
on the emissions.
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TABLE 1.1
Waste Composition of the MSWI Plant in
Tarragona, Spain?

Component Percentage
Organics 46
Paper and cardboard 21
Plastics 13
Glass 9
Metals 3
Ceramics 2
Soil 1
Others 5
Total 100

2 Average, 1999.

FIGURE 1.9 Scheme of the MSWI plant in Tarragona. (From Nadal, 1999.) 1. crane bridge;
2. fans; 3. oven; 4. slag extractor; 5. boiler; 6. combustion gases; 7. reactor; 8. separation
cyclone; 9. active coal; 10. recycling; 11. silo; 12. silo; 13. heat pump; 14. fan; 15. fan; 16.
chimney; 17. slag treatment; 18. ashes; 19. feeder hydraulic station; 20. extractor hydraulic
station; 21. slag.

Material inputs and outputs for subprocesses important for the process chain
and taken into account with their site-specific data in the LCA (see Chapter 2) are
mentioned in Tables 1.2 and 1.3. An overview of the process chain and the origin
of the material is given in Figure 1.10.

On the basis of the model described by Kremer et al. (1998) and a spreadsheet
version by Ciroth (1998), a modular steady-state process model with several
enhancements has been created by Hageliiken (2001), in cooperation with the Envi-
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TABLE 1.2

Overview of Data from the MSWI Plant in Tarragona, Spain

Situation

Alternative no.

Produced electricity (MW)
Electricity sent out (MW)
Working hours per year (h)

CO;* (g/Nm?)

CO (mg/Nm?)

HCI (mg/Nm?)

HF (mg/Nm?)
NOx (mg/Nm?)
Particles (mg/Nm?)
SO, (mg/Nm?)

As (ug/Nm)

Cd (ug/Nm)
Heavy metals® (Lg/Nm?)
Ni (ug/Nm?)

PCDD/Fs (ng/Nm?) as toxicity

equivalent (TEQ)

In

CaO (t/yr)
Cement (t/yr)
Diesel

Out

Slag (t/yr)

Scrap for treatment (t/yr)
Ashes for treatment (t/yr)

Ashes for disposal (t/yr)

Gas volume (Nm?/h)
Gas temperature (K)
Stack height (m)
Stack diameter (m)
Latitude (°)¢
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Without new

filters
1

Production data
6

5.2
8,280

Emission data
186
40
516
1.75
191
27.4
80.9
20
20
450
30
2

Materials

88.5
148.8

42,208
2,740
590
767

Plant data
90,000
503
50
1.98
41.19

With new filters

2

49
8,280

186
40
32.8

0.45

191

4.8
30.2

5.6

6.6
91

8.4

0.002

921
518
148.8

42,208
2,740
3,450
4,485

90,000
503
50
1.98
41.19
(continued)



TABLE 1.2 (CONTINUED)
Overview of Data from the MSWI Plant in Tarragona, Spain

Without new
Situation filters With new filters
Longitude (°)¢ 1.211 1.211
Terrain elevation (m) 90 90

2 Corresponds to the measured value, not to the adjusted one used in the LCA

study (see Chapter 2).

® Heavy metals is a sum parameter in the form of Pb equivalents of the following

heavy metals: As, B, Cr, Cu, Hg, Mn, Mo, Ni, Pb, and Sb. Cd is considered apart

for its toxic relevance and As and Ni for their carcinogenic relevance.

¢ Although there are two stacks with 1.4 m, due to the limitations of the dispersion

models used, one stack with a diameter of 1.98 was considered.

¢ Initially the data were in UTM, the Mercator transversal projection. The
conversion was made using the algorithm in http://www.dwap.co.uk/welcome.

ronmental Management and Analysis (AGA) Group of the Universitat Rovira i Virgili
in Tarragona, Spain. The MS—Excel-based model takes into account the elementary
waste input composition and relevant plant data, such as plant layout and process
specific constants.

In the model, the steam generator consists of grate firing and heat recovery
systems and a regenerative air preheater. Energy production is calculated using the
heating value of the waste input and the state points of the steam utilization process.
For the macroelements (C, H, N, O, S and Cl, F), the flue gas composition is
determined by simple thermodynamic calculation of the combustion, taking excess
air into account. The heavy metals, however, are calculated on the basis of transfer
coefficients (Kremer et al., 1998). Emissions of CO and TOC depend on the amount
of flue gas. For the emissions of NO, and PCDD/Fs, empirical formulas are used.
Because acid-forming substances like S, Cl, and F are partly absorbed by basic ash
components, the total amount of SO,, HCIL, and HF in the flue gas is reduced
respectively. The flue gas purification consists of an electrostatic precipitator, a two-
stage gas scrubber for the removal of acid gases (using NaOH and CaCO, for
neutralization), a denitrogenation unit (DeNOx with selective catalytic reduction
using NH;) and an entrained flow absorber with active carbon injection for the
removal of dioxins and heavy metals. The plant is a semidry type; all wastewater is
evaporated in a spray dryer after the heat exchanger.

The processes and calculations are distributed to several MS—Excel workbooks.
The processes represented by the workbook files are linked together by their
input—output sheets. The division into workbooks and their major dependencies are
shown in Figure 1.11.

Based on the modular model, a future scenario, scenario 3 to be used in Chapter
7, was created for an MSWI similar to the current plant in Tarragona, but with
DeNOx as an additional gas cleaning system. An overview of the calculated inputs
and outputs for the SIRUSA waste incineration plant is given in Table 1.3. All the
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Spain Europe Catalonia
Electricity Diesel Lime (CaO) Madrid
Production Production production
Scrap
\ treatment
/Tarragona\| . Tarrag?& ./ Tarragona
| Transport | | Incineration | | Transport |
4 \ Tarragona
Waste
Tarragona Tarragona treatment
Water Wastewater
preparation treatment

FIGURE 1.10 Overview of the MSWI process chain.

calculated emissions are lower than the current situation 2, scenario of the MSNI in
Tarragona, Spain. Also, the corresponding transport distances are presented because
they are necessary for the estimation of environmental damages within industrial
process chains in Chapter 6.

1.8 QUESTIONS AND EXERCISES

Several typical situations for environmental management decisions are given. Stu-
dents are asked to think of a tool, or a combination of tools, for environmental
management in order to apply them to a manager’s or consultant’s situation.

1. The population neighboring an industrial area is becoming increasingly
sensitive to issues on environmental pollution. Business A wants to protect
itself against possible population claims for environment pollution due to
their industrial activity.

2. Business B wants to make sure the implementation of a new gas treatment
in an existing plant will be environmentally friendly.

3. Business C is developing a new electronic product that will be introduced
to the market within a year.

4. Business D is developing a new detergent that will be introduced to the
market within a few years.

5. Business E is developing a marketing campaign under the slogan of “Join
the Struggle against Climate Change” to increase sales of its product
manufactured with fully renewable resources.

6. Business F intends to undertake an environmental enhancement for its
galvanization process.

7. Business G intends to purchase a civil responsibility insurance policy for
its waste outlet.
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Input.xls

Waste

Energy
conversion.xls

Heat———»

Combustion.xls

I

Electric power District heat

Flue gas

v v
Bed ash——8

Boiler ash »>

Electrostatic
precipitator.xls

Flue gas

W |—Filter ash———»

Waste water

Heavy metal sludge——»
Gypsum sludlgg————

Loaded active coke—————

Data from all othe)

processes

NaOH——
FeCI3— ' Gas washer.xls
——TMT15—
——CaC03— |
Flue gas
NH3 DeNOx.xls
—Natural gas—
Flue gas
—Active coke—: Flow absorber.xls
Flue gas
Data from all other
processes
Flue gas pump.xis
Not displayed:

Water, air, energy
consumptions

LCIeaned gas——>|

Master balance.xls

FIGURE 1.11 Workbook structure of the molecular spreadsheet model (Hageliiken, 2001.)

8. Administration H must decide whether it will grant a license for the
construction of a new 50-km highway linking city X with city Y.

9. Administration I is searching for a location at which to build an urban
solid waste incineration plant.

10.

The European Commission must decide whether a subsidy for electrical

automobiles is justified from the environmental perspective.
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TABLE 1.3
Overview of Inputs and Outputs of Scenario 3

Overall transport (tkm/yr)?

Municipal waste 2,762,406
Slag 1,032,278
CaO 224,080
Ammonia 6,859
Scrap treatment 2,236,524
Ash treatment 71,497
Ash disposal 2,439,849
Cement 134,058

Electricity (T) /yr)
Consumption 18.41
Production 290.11

Materials (t/yr)

In
CaO 2241
Ammonia 686
Cement 1341
Out
Slag 32,259
Scrap for treatment 2,094
Ashes for treatment 8,937
Ashes for disposal 11,618
Emissions
Flue gas (Nm3/h) 96,000
As (ug/Nm?) 0.035
Cd (ug/Nm?) 1.50
Ni (ug/Nm?) 0.51
NOx (mg/Nm?) 58
PM10 (mg/Nm?) 0.45

2 tkm is equivalent to a mass of 1 t (1000 kg) transported 1 km.
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2 Life-Cycle Assessment

2.1 INTRODUCTION
2.1.1 ConNceprt OF LIFE-CYCLE ASSESSMENT

Life-cycle assessment (LCA) of a product comprises the evaluation of the environ-
mental effects produced during its entire life-cycle, from its origin as a raw material
until its end, usually as a waste. This concept goes beyond the classical concept of
pollution from the manufacturing steps of a product, taking into account the
“upstream” and “downstream” steps. These steps can be illustrated by using the life-
cycle of a chair as an example.

Let us imagine that our chair would be manufactured in polished wood fixed by
iron screws, and that the seat would be made of a low-density foam layer covered
by polyamide fabric. If we carried out an evaluation of the chair based only on its
manufacturing stage, the study would show insignificant environmental impact. This
would be justified by the simplicity of the production process, in many cases reduced
to electricity consumption, dust generation and wood waste production due to the
assembly of all components. However, according to the life-cycle approach, we must
consider all the previous operations carried out in order to transform natural resources
into the intermediate products that will make up the chair. In this case, the study
would start with primary activities like wood planting, iron mining and crude oil
extraction and continuing through fabric manufacturing to the final assembly of the
chair. Moreover, we must include later stages such as use and final disposal from
the point of view of environmental impact. This means that we need to evaluate
each aspect related to natural resources consumption or waste releases from the
entire life-cycle of the chair. The most recognized and well-accepted method of
carrying out environmental assessment of products and services along their life-
cycles is the methodology of LCA. This chapter will present an overview of its
conceptual framework, common applications and importance for eco-design and
environmental management solutions.

In this framework, LCA is a tool to evaluate the environmental performance of
products (SETAC, 1993; UNEP, 1996). LCA focuses on the entire life-cycle of a
product, from the extraction of resources and processing of raw material through
manufacture, distribution and use to the final processing of the disposed product.
Throughout all these stages, extraction and consumption of resources (including
energy) and releases into air, water and soil are identified and quantified. Subse-
quently, the potential impact contribution of these resources’ extraction and con-
sumption, as well as environmental releases causing several important types of
environmental impacts, is assessed and evaluated (Curran, 1996; EEA, 1998).
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2.1.2 History OF LiFE-CYCLE ASSESSMENT

An overview of LCA history can be found in Assies (1992), Vigon et al. (1993),
Pedersen (1993), Boustead (1992) and Castells et al. (1997). It is not easy to
determine exactly when studies related to the methodology that would later be known
as life-cycle assessment started. In the opinion of Vigon et al. (1993), one of the
first studies was H. Smith’s, whose calculations of energy requirements for manu-
facturing final and intermediate chemical products entered the public domain in
1963. Later, other global studies such as those by Meadows et al. (1972) and the
Club of Rome (1972) predicted the effects of an increase in population and energy
and material resources. These predictions (which foretold fast consumption of fossil
fuels and the climate changes resulting from it), together with the oil crisis of the
1970s, encouraged more detailed studies, focused mainly on the optimum manage-
ment of energy resources. As explained by Boustead and Hancock (1979), because
of the necessity of solving material balance in the process in order to undertake such
assessments, it was necessary to include raw material consumption as well as waste
generation. The so-called “energy assessments” date back to these years; Assies
(1992) quotes, Boustead (1974) and IFIAS (1974). Although these studies focused
basically on the optimization of energy consumption, they also included estimations
on emissions and releases. More references about these assessments can be found
in Boustead (1992).

Vigon et al. (1993) highlighted the 1969 Coca-Cola™ study carried out by the
Midwest Research Institute (MRI) aimed at determining the type of container with
the lowest environmental effect. However, Assies (1992) considers MRI’s assessment
conducted by Hunt (1974) for the U.S. Environmental Protection Agency (EPA) in
order to compare different drink containers to be the forerunner of LCA studies.
This study uses the term “resource and environmental profile analysis” (REPA) and
is based on the analysis of a system following the production chain of the researched
products from “cradle” to “grave” in order to quantify the use of resources and
emissions to the environment. The study was also to develop a procedure enabling
comparison of the environmental impacts generated by those products.

In 1979 the SETAC (Society for Environmental Toxicology and Chemistry), a
multidisciplinary society of professionals with industrial, public and scientific rep-
resentatives, was founded. One of SETAC’s goals was, and continues to be, the
development of LCA methodology and criteria. In the same year, Boustead and
Hancock (1979) published a study describing the methodology of energy assessment
with the idea of making energy treatment more systematic and establishing criteria
to compare various energy sources.

In 1984 the EMPA (Swiss Federal Laboratories for Materials Testing and
Research) conducted research that added the effects on health to emission studies
and took into account a limited number of parameters, thus simplifying assessment
and decision-making. Products were assessed on the basis of their potential envi-
ronmental impact expressed as energy consumption, air and water pollution, and
solid wastes. It also provided a comprehensive database with access to the public
that, according to Assies (1993), catalyzed the implementation of LCA (EMPA,
1984; Druijff, 1984).
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Due in part to higher access to public data and an increased environmental
awareness of the population, new LCA projects were developed in the industry as
well as in the public sector. Such growth resulted in the “launch” of this subject at
an international level in 1990. That year, conferences about LCA were held in
Washington, D.C. (organized by the World Wildlife Fund and sponsored by the EPA),
Vermont (organized by SETAC) and Leuven, Belgium (organized by Procter &
Gamble).

On their part, public organizations such as the Swiss Federal Office of Environ-
ment, Forests and Landscape (BUWAL) started to study industrial sectors or products
at the time they made the achieved results public. Among these, it is worth men-
tioning BUWAL’s 1991 and 1994 reports. Also, in the private sector, companies
such as Franklin Associates, Ltd. published their studies on materials used for
container manufacturing and material transportation (Franklin Associates, Ltd. 1990,
1991). Other organizations, for example, the Association of Plastics Manufactures
in Europe (APME) and the European Center for Plastics in the Environment (PWMI),
also published their studies on plastic materials (Boustead, 1993a, b, c; 1994a, b,
¢). SPOLD (Society for the Promotion of LCA Development, an association estab-
lished by 20 large European businesses with the aim of fostering and standardizing
the use of LCA) was founded in 1992.

Growth in the number of studies, as well as in organizations devoted to this
subject matter, allowed the publication of works intended to standardize the criteria
to be applied in LCA studies. Among these were Fava et al. (1991), Heijungs et al.
(1992), Boustead (1992), Fecker (1992), Vigon et al. (1993), SETAC (1993) and
Guinée et al. (1993a, b).

In June 1993, the ISO created the Technical Committee 207 (ISO/TC 207) with
the goal of developing international norms and rules for environmental management.
The fifth of the six subcommittees created, the LCA SC5, was assigned standard-
ization within the field of LCA. Its aim is to prevent the presentation of partial results
or data of questionable reliability from LCA studies for marketing purposes, thus
ensuring that each application is carried out in accordance with universally valid
structure and features. As a result of this work, we rely on the different ISO standards
mentioned in Chapter 1 of this book (ISO 14040, 1997).

In the 1990s, the annual conferences by SETAC and the Working Groups on
LCA played a paramount role in developing this methodology to its current status.
For an overview on the results of this work, see Udo de Haes et al. (1999) and Udo
de Haes et al. (2002a).

More recently, the Life-Cycle Initiative (UNEP/SETAC Life-Cycle Initiative,
2002; Udo de Haes et al., 2002b) has been launched jointly by UNEP and SETAC.
This initiative builds on the ISO 14040 standards and aims to establish approaches
with best practice for a life-cycle economy, corresponding to the call of governments
in the Malmé declaration of 2000. In May 2000, UNEP and SETAC signed a letter
of intent and established the Life-Cycle Initiative. The mission of the initiative is

... to develop and implement practical concepts and tools for evaluating the opportu-
nities, risks and trade-offs associated with products and services over their entire life-
cycle.
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This initiative will allow laying the foundations for LCA methodology to be
used in a practical manner by all product and service sectors around the globe.

Although this methodology is currently beginning to consolidate, the application
patterns of the technique to practitioners is still very much in debate. In the past
years, however, there has been a growing confidence in the LCA community that
the emerging tool has a real future in the Life Cycle Management (LCM) toolbox
(Saur et al., 2003).

2.1.3 CoMMON Usks OF LiFe-CYCLE ASSESSMENT

In a first approach, the uses of LCA can be classified as general and particular:

General:
* Compare alternative choices.
* Identify points for environmental enhancement.
* Count on a more global perspective of environmental issues, to avoid
problem shifting.
* Contribute to the understanding of the environmental consequences of
human activities.
* Establish a picture of the interactions between a product or activity
and the environment as quickly as possible.
* Provide support information so that decision-makers can identify
opportunities for environmental improvements.
Particular:
* Define the environmental performance of a product during its entire
life-cycle.
* Identify the most relevant steps in the manufacturing process related
to a given environmental impact.
* Compare the environmental performance of a product with that of other
concurrent products or with others giving a similar service.

The use of LCA allows defining the environmental profile of a product throughout
its life-cycle. Thus, the consumption of natural resources or releases into air, water
and soil can be identified, quantified and expressed in terms of impacts on the
environment. LCA does not necessarily need to be applied to the entire life-cycle of
a product. In many cases, this kind of evaluation is applied to a single process such
as a car assembly or to a service such as raw material transportation. Depending on
the context, LCA is useful as a conceptual framework or as a set of practical tools.
“Life-cycle thinking” can stimulate creativity and ability to see the extensive dimen-
sions of a problem. In terms of strategic management, a business can find important
product improvements, new approaches to process optimization and, in some cases,
radically new ways of meeting the same need (only with a new product or a service)
while carrying out an LCA. In this context, LCA can be seen as a support tool in
decision-making processes. In addition, life-cycle management (LCM), one of the
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newest concepts, allows an integrated approach to minimizing environmental loads
throughout the life-cycle of a product, system or service.

From a different point of view, LCA can be applied in establishing public policy.
Sustainable development has been included as a major item on most governmental
agendas since the Rio Summit in 1992. It is obvious that the LCA approach must
be used to ensure that actions toward a more sustainable future will have the desired
effect. In this framework, the main governmental applications regarding LCA are
product-oriented policies, deposit-refund programs (including waste management
policies), subsidy taxation and general process-oriented policies. Finally, anything
we do to make LCA useful will not really help unless the world believes it is efficient.
For this reason, LCA experts admit the necessity of giving more information about
LCA issues in order to increase credibility of the tool and gain greater acceptance
from the public. A great interest exists about what other people think of the discipline
and its implications for the future.

Approaches to consumption have been valuable to the analysis of current con-
ditions and have promoted novel strategies for future development. This has exposed
the limitations of isolated production-focused strategies. What is urgently needed is
to change the systems of production and consumption in an integrated way. The
recent Life-Cycle Initiative (UNEP/SETAC Life-Cycle Initiative, 2002; Udo de Haes
et al. 2002) mentioned in Section 2.1.2 is going in that direction, which means a
life-cycle approach is needed for changing unsustainable consumption and produc-
tion patterns.

2.2 LCA FRAMEWORK AND THE ISO 14000 PATTERN

The ISO standardized the technical framework for the life-cycle assessment meth-
odology in the 1990s. On this basis, according to ISO 14040 (1997), LCA consists
of the following steps (Figure 2.1):

* Goal and scope definition
* Inventory analysis

* Impact assessment

e Interpretation

LCA is not necessarily carried out in a single sequence. It is an iterative process
in which subsequent rounds can achieve increasing levels of detail (from screening
LCA to full LCA) or lead to changes in the first phase prompted by the results of
the last phase.

The steps of LCA are distributed along ISO patterns. For example, ISO14040
(1997) provides the general framework for LCA. ISO 14041 (1998) provides guid-
ance for determining the goal and scope of an LCA study and for conducting a life-
cycle inventory (LCI). ISO 14042 (2000) deals with the life-cycle impact assessment
(LCIA) step and ISO 14043 (2002) provides statements for the interpretation of
results produced by an LCA. Moreover, technical guidelines illustrate how to apply
the standards.
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FIGURE 2.1 The phases of LCA according to ISO 14040 (1997) (available at www.afnor.fr).

2.2.1 GoAL AND ScoPe DEFINITION

The goal and scope definition is designed to obtain the required specifications for
the LCA study. During this step, the strategic aspects concerning questions to be
answered and identifying the intended audience are defined. To carry out the goal
and scope of an LCA study, the practitioner must follow some procedures:

1. Define the purpose of the LCA study, ending with the definition of the
functional unit, which is the quantitative reference for the study.
2. Define the scope of the study, which embraces two main tasks:

» Establish the spatial limits between the product system under study
and its neighborhood that will be generally called “environment.”

* Detail the system through drawing up its unit processes flowchart,
taking into account a first estimation of inputs from and outputs to the
environment (the elementary flows or burdens to the environment).

3. Define the data required, which includes a specification of the data nec-
essary for the inventory analysis and for the subsequent impact assessment
phase.

2.2.2 INVENTORY ANALYSIS

The inventory analysis collects all the data of the unit processes within a product
system and relates them to the functional unit of the study. In this case, the following
steps must be considered:
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1. Data collection, which includes the specification of all input and output
flows of the processes within the product system (product flows, i.e., flows
to other unit processes, and elementary flows from and to the environment)

2. Normalization to the functional unit, which means that all data collected
are quantitatively related to one quantitative output of the product system
under study; usually, 1 kg of material is chosen, but often other units such
as a car or 1 km of mobility are preferable

3. Allocation, which means the distribution of emissions and resource extrac-
tions within a given process throughout its different products, e.g., petro-
leum refining providing naphtha, gasolines, heavy oils, etc.

4. Data evaluation, which involves a quality assessment of the data (e.g., by
eventually performing a sensitivity analysis)

The result of the inventory analysis, consisting of the elementary flows related to
the functional unit, is often called the life-cycle inventory table.

2.2.3 IMPACT ASSESSMENT

The impact assessment phase aims at making the results from the inventory analysis
(IA) more understandable and more manageable in relation to human health, the
availability of resources, and the natural environment. To accomplish this, the inven-
tory table will be converted into a smaller number of indicators. The mandatory
steps to be taken in this regard are:

1. Select and define impact categories, which are classes of a selected number
of environmental impacts such as global warming, acidification, etc.

2. Classify by assigning the results from the IA to the relevant impact
categories.

3. Characterize by aggregating the inventory results in terms of adequate
factors (so-called characterization factors) of different types of substances
within the impact categories; therefore a common unit is defined for each
category. The results of the characterization step are known as the envi-
ronmental profile of the product system.

More details will be given in Chapter 3.

2.2.4 INTERPRETATION

The interpretation phase aims to evaluate the results from the inventory analysis or
impact assessment and compare them with the goal of the study defined in the first
phase. The following steps can be distinguished within this phase:
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1. Identification of the most important results of the IA and impact assessment

2. Evaluation of the study’s outcomes, consisting of a number of the follow-
ing routines: completeness check, sensitivity analysis, uncertainty analysis
and consistency check

3. Conclusions, recommendations and reports, including a definition of the
final outcome, a comparison with the original goal of the study, drawing
up recommendations, procedures for a critical review, and the final report-
ing of the results

The results of the interpretation may lead to a new iteration round of the study,
including a possible adjustment of the original goal.

2.3 GOAL AND SCOPE DEFINITION

Section 2.2 briefly described the different steps of an LCA according to ISO 14040.
This section describes how to run an LCA goal and scope definition in practice.

2.3.1 Purrose oF AN LCA StuDY

The main purpose of the study — the reason why an LCA is developed — must be
clearly defined at the very beginning because it has a strong influence on further
steps. If the study is designed to compare a product with another product that has
already been submitted to an LCA, the structure, scope, and complexity of the first
product’s LCA must be similar to those of the other product so that a reliable
comparison can be made. If the aim is to analyze the environmental performance
of a product to determine its present status and to enable future improvements, the
LCA study must be organized by carefully dividing the manufacturing process into
well-defined sections or phases, to identify afterwards which parts of the process
are responsible for each environmental effect.

2.3.2 THe FuncTioNnAL UNIT

The functional unit is the central concept in LCA; it is the measure of the perfor-
mance delivered by the system under study. This unit is used as a basis for calculation
and usually also as a basis for comparison between different systems fulfilling the
same function. Table 2.1 presents examples of functional units related to the function
performed by different systems.

An important point regarding the functional unit concerns the function carried
out by the system. (When different alternatives for manufacturing products or pro-
viding service are possible, the functional unit must be clear and constantly enable
a sound comparison of the options considered.) For example, let us evaluate the
environmental impact produced by the transportation service of a person from
Barcelona to Paris, cities separated by 1000 km. The system’s function is clear:
transfer a passenger. Nevertheless, the transfer can be done by different modes,
except by ship.
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TABLE 2.1
Examples of Functional Units

Class of products, process

and services System function Functional unit
Goods use Light generation kWh/day
Laundry washing 5 kg washed clothes
Process Gasoline production m? produced/h
Liquid effluents treatment t of removed COD/day
Transportation Goods transport tkm*
Passengers transferring Person km

* 100 kg transported 1 km.

Orange juice provides another good example. When the function of the system
under study is orange juice consumption, the production of orange juice, its transport,
processing, packaging, distribution, storage, sewage treatment and final disposal are
considered. If the aim is to compare two different processes of juice production, 1
or 1000 L of orange juice will serve as the functional unit, taking into account that
only the manufacturing system presents different alternatives. However, if the aim
was to compare the use of different types of packaging systems, the functional unit
should be consumption from a 1-L orange juice container.

Flowers are a classic example because people usually want “a bunch of flowers,”
rather than “750 g of flowers” or “flowers for 1 week.” Thus, the functional unit
should be defined as accurately as possible, considering that it should comprise the
selected products and their end use, and that it is compatible with the nature of the
application.

Finally, in practice, the functional unit must be measurable and, when two
products with different life spans are compared, e.g., a match and a lighter, it is
important that the period of use be considered for its establishment.

2.3.3 THE SYsTEM BOUNDARIES

When the goal and scope definition of an LCA is made, it is crucial to define the
system boundaries. They define the range of the system under study and determine
the processes and operations it comprises, such as prime material extraction, man-
ufacturing and waste disposal. In this substep, the inputs and outputs to be taken
into account during the LCA study must be established. According to Lindfors et
al. (1995), these can be the overall input to production as well as input to a single
process; the same is true for output. Even for a quite subjective operation, the
definition of system boundaries can be carried out according to the following
criteria: life-cycle boundaries, geographical boundaries, and environmental load
boundaries.
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FIGURE 2.2 Product life-cycle span steps.

2.3.3.1 Life-Cycle Boundaries

Let us assume that the life-cycle span of a product is composed of the steps shown
in Figure 2.2. Different system boundaries can be defined according to the life-cycle
step; if it is considered the entire life from the prime material extraction until the
final disposal, the limits will be defined as “cradle to grave.” When the destination
of a product is not known, the analysis will be stopped after manufacture and the
limits will be cradle to gate 3. Other studies regarding product “stewardship” will
take care of the product from manufacture until disposal, defining gate 3 to grave.
In a situation of mature LCA practices, each life-cycle step will carry out its own
gate-to-gate analysis and the entire cradle-to-grave process will be the result of the
composition of a set of gate-to-gate systems.

2.3.3.2 Geographic Boundaries

These boundaries consider geographic limits to establish the limits of product sys-
tem. They can be considered life-cycle boundaries when the different life-cycle steps
are confined in some region. These criteria are well recommended in cases of site-
specific studies of LCA, as will be discussed later.

2.3.3.3 Environmental Load Boundaries

Different types of environmental load are renewable and nonrenewable raw materi-
als, air and liquid emissions, solid waste, energy losses, radiation and noise. LCA
can be carried out considering the entire list of inputs and outputs (complete LCA)
or taking into account air and liquid emissions (partial LCA). In Figure 2.3, partial
LCA 1 considers only air and liquid emissions and is carried out from the beginning
(cradle) until gate 2. Partial LCA 2 takes into account only solid waste and energy
losses and goes from gate 1 to the end of life (grave).

2.3.4 DATA REQUIREMENTS

The quality of data used in the life-cycle inventory is naturally reflected in the quality
of the final result of LCA. In this frame, it is important that the data quality be
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FIGURE 2.3 Boundaries in LCA.

described and assessed in a systematic way that allows other practitioners to under-
stand and reproduce the actual LCA. Initial data quality requirements must be done
with the assistance of the following parameters:

¢ Time-related coverage concerns a representative age (e.g., a period of 5
years) and minimum time frequency (e.g., annual).

¢ Geographical coverage means a geographic area from which data for a
process unit should be collected (local, regional, national, continental or
global) in order to satisfy the goal and approach (site specific or chain
specific) of the study.

¢ Technology coverage reflects the nature of the technology used in process
units. Depending on the product system and the goal of the study, a
technological mix should be used. In this case, the technology coverage
is considered, for example, as weighted average of the actual process mix,
best available technology or worst operating unit.

Further description that defines the nature of the data collected from specific
sites vs. data from published sources and whether the data are be measured, calcu-
lated (e.g., by material or energy balance) or estimated by similarity (from other
process units with similar operational conditions to that presented by the system in
study) will also be considered.

Data quality indicators such as precision, completeness, representativeness, con-
sistency and reproducibility should be taken into consideration in a level of detail
depending on the premises of the goal and scope definition step. Chapter 5 presents
and discusses some techniques of data analysis applied in order to assess the uncer-
tainty of the data to be used in the life-cycle inventory.
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2.4 LIFE-CYCLE INVENTORY (LCI)
2.4.1 INTRODUCTION

Within LCA, life-cycle inventory is considered the step in which all the environ-
mental loads or environmental effects generated by a product or activity during its
life-cycle are identified and evaluated. Environmental loads are defined here as the
amount of substances, radiation, noises or vibrations emitted to or removed from
the surroundings that cause potential or actual harmful effects. Within this definition
can be found: raw materials and energy consumption, air and water emissions, waste
generation, radiation, noise, vibration, odors, etc. — what is commonly known as
environmental pollution. Environmental loads must be quantifiable (valuable).
Although other types of effects such as aesthetic, social, etc. must often be taken
into account, they are not considered in LCIL.

To prepare an LCI, each environmental load (EL) generated by the process must
be added to the ELs due to material and energy inputs and the result assigned to the
product. Thus, the inventory basically consists of an environmental load balance in
which the ELs assigned to a product are the sum of ELs assigned to inputs plus the
ones generated by the process. To illustrate this procedure, the CO, assigned to the
product of Figure 2.4 is the sum of the CO, emitted by the process plus the CO,
produced during the production of the input raw materials and the generation of the
energy input.

The development of an LCI can be divided into process flow diagram and data
collection, application of allocation criteria and environmental loads calculation.
Each of these substeps will be briefly discussed next.

2.4.2 Process FLow DiIAGRAM AND DATA COLLECTION

Data must be collected based on a process flow diagram of the system under study
according to the defined life-cycle boundaries. A typical example of flow diagram
applied to chair manufacturing is shown in Figure 2.5. Data collection is the most

CO,

0.3 kg/s Emission 0.3 kg CO/s
5 kg CO,/kg 1.5 kg CO,/s

\
Upstream Mass Flow 4 Product
700 kW PROCESS >
2% 10% kg COgks | 02 K9 COS 2kg COy/s

)
Upstream Energy Flow 4

FIGURE 2.4 CO, assigned to a process in the life-cycle of a product.
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FIGURE 2.5 Simplified process flow diagram for chair manufacturing.

time-consuming task in an LCA study; establishing qualitative and quantitative
information concerning the process and its elementary flows requires a lot of work.
The data collection can build on data from different kinds of data sources, which
can be divided into four main categories, as presented in Table 2.2.

When using data from an electronic database or literature, it is important to
ensure that they concern the relevant processes and come from secure sources, and
are updated and in accordance with the goal and the system range previously
established.

Experience with data collection shows large differences in the availability of
input and output data. Input data are the most readily available because energy and
raw material consumption are registered by the companies. Also, for cases of com-
panies with uniform production profiles, energy consumption per product unit can
be calculated on the basis of the company’s total energy consumption. For nonuni-
form profiles, energy consumption must be estimated for each individual process.

Output data, with the exception of the main product and sometimes some by-
products, are difficult to find. This difficulty is due in many cases to the absence of
control registers of all releases, and the impossibility of allocating the existing data
to the individual product. This feature is typically dependent on the size of the
company in the study. Nevertheless, as recommended by Hauschild and Wenzel

TABLE 2.2
Various Types of Data Sources

Data sources

Electronic databases Several databases provided by commercial and
public software and Internet sources on LCA

Literature data Scientific papers, public reports and existing
LCA studies

Unreported data Provided by companies, laboratories, authorities

and correlated sources
Measurements and/or computations Calculated or estimated where data are
nonexistent or should be improved
Adapted from Hauschild and Wenzel (1998).
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(1998), the problem of the availability of output data can be avoided in some cases
by carrying out mass and energy balances from some inputs in order to calculate
output values. This can be entirely adequate in many cases, and sometimes, even
better than using data from direct measurements of the releases or emissions.

Finally, all data must be well specified concerning type and amount. Because
the data collected are originally intended for other purposes, they must be processed.
Units must be converted to a standard set, preferably to SI units, and the data
normalized, i.e., expressed in relation to a given output from a stage or operation
comprised by the product system. The previous procedure of data normalization for
each step of the system is helpful and will make the further step of environmental
loads calculation easy.

2.4.3 AprPLICATION OF ALLOCATION CRITERIA

In LCA, the term “allocation” means distribution of environmental loads. If we
consider a manufacturing process for only one product, there is no allocation problem
because all the environmental loads must be assigned to that product. In a very
common case in process industries, the same process delivers several products, so
allocation criteria need to be created in order to distribute the environmental load.

For example, considering the production of eggs on a chicken farm, we will
have different sizes of eggs to be sold at the market as products at corresponding
prices. The application of the LCI of this farm allows distributing the environmental
load of inputs (animal food, water, electricity) and the ones of the farm itself
(emissions, odors, wastes, etc.) into the eggs’ production, according to some distri-
bution criteria. Instead of considering the distribution based on the number of eggs,
it appears to be more reliable to distribute the environmental load according to the
weight of the eggs. Weight has been used here as an allocation criterion.

Let us now consider the example of the allocation of environmental loads due
to road transport of goods in a truck. If we are dealing with the transport of foam
mattresses of different density, the more appropriate allocation criteria would be in
this case the volume of each mattress, provided the capacity of transport is not
limited by the weight but by the volume.

Another illustration is provided by a detergent industry that sells a detergent in
two different concentrations: standard and concentrated. In this case it is clear that
the allocation criterion to distribute the environmental load would be the weight of
active product (detergent) in each type of commercial product.

It is difficult to define general rules for environmental load allocation because
of the variety of options; sometimes different criteria can be used for the same
process. An extended treatment of allocation criteria can be found in SETAC (1993),
Pedersen (1993) and Ekvall and Finnveden (2001). Nevertheless, some indicative
rules can be used:

1. The observed product bears the entire EL.

2. EL is divided proportionally to the weight of the product.
3. EL is divided proportionally to the energy content of the product.
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4. Environmental loading is divided proportionally to the volume of the
product.

5. In cases in which chemical reactions are involved, the EL is divided
according to a molar or heat reaction basis.

6. Allocation among different types of product flows can be solved by using
avoided environmental loads.

7. Allocation is avoided with the concept of system expansion.

2.4.4 ENVIRONMENTAL LoADS CALCULATION

After data collection and the selection of the allocation criteria, a model of environ-
mental loads calculation is set up for the product system. One of the most efficient
alternatives using an eco-vector will be presented next.

According to Castells et al. (1995), in the LCI analysis the assignment of the
environmental loads to the different flows of a process and the realization of the
corresponding balance are carried out by a methodology based on an eco-vector.
The eco-vector (v) is a multidimensional mathematical operator in which each
dimension or element corresponds to a specific EL. In an LCA study, each elementary
flow is associated with an eco-vector with information about natural resource deple-
tion and/or waste releases generated along the product system in study.

In this framework, each mass flow from the system (kg/s) has an associated eco-
vector (v) whose elements are expressed in specific mass bases. The most common
alternative units are kilograms of pollutant per kilogram of product in cases of mass
units, and kiloJoule per kilogram of product regarding energy units. ELs that cannot
be expressed in terms of mass or energy (e.g., radiation or acoustic intensity) are
transduced in terms of eco-vector as ELs per product mass unit (EL/kg product).

An important aspect of the use of eco-vectors to calculate environmental load
is that each eco-vector must be expressed in units that can be accumulated in order
to carry out material and energetic balances.

(kg/kg) or (EL/kg)
Renewable Raw Material
Not Renewable Raw Material
Air Emissions
Liquid Emissions
v = . 2.1
" Solid Waste
Energy Losses
Radiation

Noise

| Other Environmental Impacts |

Expression 2.1 shows a mass eco-vector (v,,) in which different kinds of envi-
ronmental loads are grouped. Examples of database lists with environmental loads
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that constitute elements of the eco-vectors can be found in Expression 2.1 (for
instance, Boustead, 1993a, b, ¢ and Frischknecht et al., 1996).

The product of any process mass flow M [kg/s] and its corresponding eco-vector
(V1) gives the rate of pollutants (P) — expressed in kg/s or EL/s — generated by
this mass flow until the life-cycle phase of the system, and shown in Expression 2.2:

P=Mwv,, (2.2)

In parallel, an eco-vector (v,) is defined for the energy flows. The elements of
(v,), in turn, are expressed in specific energy bases, e.g., kilograms of pollutant per
kiloJoule. The rows of (v,) have analogous elements compared to those of the mass
eco-vector, as presented by Expression 2.3:

(kg /kg) or (EL/kg)
Renewable Raw Material
Not Renewable Raw Material
Air Emissions
Liquid Emissions
v, = . 2.3)
¢ Solid Waste
Energy Losses
Radiation

Noise

| Other Environmental Impacts |

The product of an energy flow E [kW] and its corresponding vector (v, ,,) gives
the pollutant flow (P,) regarding an energetic flow of the system in study. The
equation to calculate (P,) is shown in the following expression:

P=E-v, 2.4)

The use of Expressions 2.2 and 2.4 makes it possible for the environmental loads
of the mass and energy flow, both measured in the same units, to be handled together,
once the pollutant flows obtained by these treatments are expressed respectively in
terms of natural resource consumption rate and waste release rate.

In this framework, each of the system’s inputs has an associated eco-vector and
its content must be distributed to the output of the system. The balance of each of
the elements of the eco-vector must be closed. This means that total amount of
output from a process is equal to the pollutant quantity that entered with the inlets
plus the amount of pollutant generated during its operation.

To enable this balance, the output is divided into products and wastes. In order
to differentiate both classes, a convention establishes that the waste flows have eco-
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FIGURE 2.6 Representation of a generic product system.

vectors with negative elements corresponding to the pollutants they contain. The
environmental load of the input and waste flows must be distributed among the
products of the process.

In this way, the LCI or the balance of environmental loads of the product system
under study is carried out similar to a material balance. Thus, in the case of the
whole and complex plant, this can be divided into its units or subsystems, and the
system of equations obtained for each of them is solved in order to calculate the
eco-vectors for every intermediate or final product. The solution of the equation’s
systems allows detailed knowledge of the origin of the pollution, which can be
assigned to each product of a plant.

The balances are carried out in a similar way for discontinuous processes, only
changing the basis of the computation. For example, instead of considering a pol-
lutant rate, the calculations are carried out in mass of pollutant per mass of obtained
product. An illustration of a generic discontinuous system taken with n inputs of
raw materials and energy and n outputs of products and waste releases is presented
in Figure 2.6.

The algorithm resulting from the global balance of EL is given as follows:

n

D (Piv)= i(m Yy pi) + Z (Ei-v, )~ 2 Wovw) (25
i=1 i=1 i=1

i=1

where:
IP; = mass inputs
IE, = energy inputs
P, = outputs (products and by-products)
W, = wastes
Ve = mass and energy eco-vectors of the flows

The only unknowns in Expression 2.5 are the eco-vectors associated with the
products. If only one product is assumed, the correspondent eco-vector will be
calculated by:
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In the next section, we present a simple example to learn how to calculate an
LCI of a product. Nevertheless, many LCA tools in the market can help the user
carry out an LCI of a big variety of systems and products. The following section
briefly describes some of these existing software packages.

2.5 LCA-BASED SOFTWARE TOOLS

We are concerned with LCA-based software tools developed for relatively easy
application because they may be applied by a wider range of users. Since it is not
the objective of this book to present an exhaustive list of all the existing tools in the
market, we have only selected some considered representatives of different applica-
tion fields. We have divided the tools into four sections:

1. Life-cycle inventory tools. Given the data for a product, these tools will
create the LCI. Thus, the life stages of the product that contributes mostly
to the environmental loads considered can be identified. However, in some
cases a small amount of one type of environmental load can prove to be
more harmful than large amounts of others. An LCI will only provide the
raw data; it will not help to identify which emissions are most significant.
To do so, a full LCA is required. The LCI tools included are:

* The Boustead Model is a basic MS DOS-based software package, one
of the largest database available. All information is collected from
industry through questionnaires. Data from over 23 countries are avail-
able, which makes Boustead a very internationally oriented tool.

Contact details:

Dr. Ian Boustead

Boustead Consulting

Tel: +44 1403 864561

Fax: +44 1403 865284
http://www.boustead-consulting.co.uk

* The Euklid developers followed the methodology of the ISO standards
and therefore limited the process to an inventory. The software package
is based on an SQL database with object-oriented program structure.

Contact details:

Frauenhofer-Institut fiir Lebensmitteltechnologie und Verpackung
Tel: +498161 491 300

Fax: +498161 491 33

http://www.ilv.fhg.de

* JEM-LCA is an inventory tool aimed at the electronics sector with a
limited database developed at NEC. This software system is based on
an inventory and process tree principle.

Contact details:
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Mr. Shigeyuki Miyamoto

Ecology-Based Systems Research Laboratory, NEC Corporation
Tel: +81 3 38327085

Fax: +81 3 38327022

http://www.nec.co.jp

2. Full LCA. A full LCA produces results (often in graphical form) showing,
for instance, the degree of global warming potential caused when a product
is manufactured, or the likely damage to the ozone layer caused during
use of a product. Some LCAs stop at this point; however, a few LCA
methods include a third stage: weighting, in which the environmental
impacts are translated into a single index (see Chapter 3 for more details).
Various aspects differentiate LCA tools, such as the size of the database
(varying from 100 to 6000+ materials) and the amount of support provided
to the user. Most are in software format and some enable results to be
exported to other software applications. LCA tools included are:

* EDIP LCA tools have been developed for use in product development.
EDIP is a software tool based on three groups: database, modeling
tool, and calculation facilities and is available in English and Danish.

Contact details:

Institute for Product Development (IPU)
Tel: +45 45932522

Fax: +45 45932529
http://www.dtu.dk/ipu

» LCAIT is a simple graphics-based software that allows the user to set
up a product life-cycle graphically and allows material and input—out-
put balances. Because of a windows-type drop and drag system, it is
simple to copy cards between different studies.

Contact details:

Chalmers Industriteknik CIT
Tel: + 46 31 7724000

Fax: + 46 31 827421
http://www.lcait.com

* GaBi is a software system designed to create life-cycle balances cov-
ering environmental and economical issues. The structure can be set
up to support ISO 14040 standards. There are two possible databases
and additional add-on modules.

Contact details:

Institut fiir Kunststofpriifung und Kunststofkunde & Product Engi-
neering GmbH (IKP), Universitidt Stuttgart

Tel: +49711 6412261

Fax: +49711 6412264

http://www.ikp.uni-stuttgart.de

* LCAdvantage is a software system consisting of a graphical interface
based on links, representing material and energy flows between mod-
ules that represent product components. The software also has a report
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generator and contains a high degree of transparency and documenta-
tion on the information provided.
Contact details:
Pacific Northwest National Laboratory
Tel: +1 5093724279
Fax: +1 5093724370
http://www.battelle.com
* PEMS is based on graphical flowcharts representing a product life-
cycle in four units: manufacture, transportation, energy generation and
waste management. The database is transparent and allows the user to
insert new information.
Contact details:
PIRA International
Tel: +44 1372 802000
Fax: +44 1372 802245
http://www.pira.co.uk
* In Simapro, the database is transparent and the program allows the
results to be displayed in different formats such as after classification
or characterization. Simapro is a software package that comes with
extensive instruction material, including an operating manual for the
program, the database and the methodology.
Contact details:
Pré Consultants BV
Tel: +31 33 4555022
Fax: +31 33 4555024
http://www.pre.nl
 TEAM is a software package with an extensive database and a pow-
erful and flexible structure that supports transparency and sensitivity
analyses of studies. The manufacturer offers to insert company data
into the database.
Contact details:
Ecobalance UK, The Ecobilan Group
Tel: +44 1903 884663
Fax: +44 1903 882045
http://www.ecobalance.com
* Umberto is a multipurpose LCA package capable of calculating mate-
rial flow networks. This package uses a modular structure and offers
clear transparent results. The user starts by setting up a life-cycle
model, after which the process units and materials can be selected.
Contact details:
IFEU Institut fiir Energie und Umweltforschung Heidelberg GmbH
Tel: +496221 47670
Fax: +496221 476719
http://ourworld.compuserve.com/homepag-
es/ifeu_heidelberg/ifeu_eng.htm
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3. Abridged LCA. The main criticism of LCA is the time, expertise, and
data needed if the assessment is to be thorough. Therefore, abridged LCA
tools have been developed that are essentially simplified and cheaper
versions of LCAs. Often, the simplicity is achieved because they are (at
least partly) qualitative. By using qualitative methods or displaying results
only in evaluated form, these tools help the user to perform the same
function as a full LCA without the need for huge amounts of data, etc.
Although these methods can save a substantial amount of time and money,
a certain level of background knowledge is necessary and results are not
as trustworthy as those provided by full LCA. Abridged LCA tools
included are:

* Eco Indicator ’95 is both an LCIA method (see Chapter 3) and a
manual for designers with background information on LCA. It contains
a limited amount of data but allows simple LCA evaluation studies and
helps designers understand the fundamentals of life-cycle thinking.

Contact details: See Goedkoop (1995)
PRé Consultants BV

Tel: +31 33 4555022

Fax: +31 33 4555024
http://www.pre.nl

* MET matrices method is a simple method of assessing and prioritiz-
ing environmental impacts of products or processes. By filling in two
simple 4 X 4 matrices, the main causes of environmental impact can
be determined (a reasonable level of background knowledge is
required).

Contact details: See Brezet and van Hemel (1997)

* AT&T product improvement matrix and target plot is similar to
the MET matrices, but more systematic. The matrix consists of ques-
tions and a scoring system requiring the user to grade certain aspects
of a product or process design. The scoring system produces a target
plot that indicates the areas most suited for improvement.

Contact details: See Graedel (1995)

4. Specialized LCA tools. Specialized LCA tools are basically the same as
normal LCA tools, but the databases are oriented toward a particular
product. The majority is for the packaging sector, but they can be used
and adapted for other products. (Most of them have an interactive database
to which the user can add.) Specialized LCA tools included are:

* ECOPACK 2001-06-22 is the successor of Ecopack 2000, based on
the data sets created by the Swiss EPA, BUWAL. The sets SRU 133
and SRU 250 are based on material production, energy carriers and
transportation, which are all used in packaging industry.

Contact details:

Max Bolliger Consulting
Tel: +41 41 6722477
Fax: +41 41 6722477
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* Ecopro 1.4 is a software based on the flow chart principle; systems
can be built out of process or transport modules. The user can add
information to the database and several methods of impact assessment
are available.

Contact details:
EMPA/Sinum GmbH
Tel: +41 71 2747474
Fax: +41 71 2747499
http://www.empa.ch

* KCL ECO operates on a process of modules and flows. Each flow
consists of a number of equations that represent masses and energies
moving between two modules. The software works especially well
when applied to small products and has a clear presentation style.

Contact details:

The Finnish Pulp and Paper Research Institute KCL
Tel: +358943711

Fax: +3589464305

http://www.kcl.fi

* Repagq is an LCI tool with a database containing information on pack-
aging materials from U.S. conditions. The user can set up a functional-
unit type of description of a packaging system, specify the materials
and fabrication method and insert additional information.

Contact details:
Franklin Associates Ltd.
Tel: +1913 6492225
Fax: +1913 6496494
http://www.fal.com/

* EIME can be used by several persons and allows sharing of design
information. By using a network set-up, environmental managers can
select priority issues that will be enforced by “to do” and “do not”
reminders during the design process, especially of electronic products.

Contact details:

Schneider Electric

Tel: +33 1 41 29 7000

Fax: +33 1 41 29 7100
http://www.schneider-electric.com

* WISARD is an LCA software tool combined with waste management
priorities. It is equipped with LCI capabilities but also allows compar-
ison of different waste management scenarios.

Contact details:

Ecobalance UK, The Ecobilan Group
Tel: +44 1903 884663

Fax: +44 1903 882045
http://www.ecobalance.com
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2.6  EXAMPLE: SCOPE DEFINITION AND INVENTORY
CALCULATION

Following the example of life-cycle assessment of the chair presented in Section
2.1.1, we will illustrate the LCA phases according to ISO 14040. According to the
steps of Section 2.3, the aim of the LCA of our chair is to know the environmental
performance of our product for comparison with those of concurrent and future
improvements. As a functional unit, we will consider the most common product the
chair model Tarraco 53, with a total weight of 5.3 X 103 g composed of the following
materials:

e Wood: 4852 g (frame and seat)
e Iron: 10 g (screws)
e Foam: 124 g (seat)
e Fabric: 117 g (seat)

2.6.1 ScopPE OF THE STUDY

In this case, we will consider a simplified entire life-cycle taking the raw materials
from its source as wood from pine trees, iron from ore, foam from oil and fabric
from polyamide. The simplified process flow diagram is presented in Figure 2.5.

2.6.2 INVENTORY CALCULATION

In this simplified LCA only data relative to the material and energy inputs, and
wastes, according to Figure 2.6, will be considered.

In the TA, data were collected based on existing databases obtained from
TEAME®. All the input and output flows were referred to the chosen functional unit,
that is, one chair. In the allocation procedure we have considered that all the
manufacturing facilities produce only one type of chair, so all flows must be assigned
to only one product.

Let us consider an example of the calculation of environmental load assigned
to this chair. The environmental load balance will be based on the scheme presented
in Figure 2.7. Material and energy inputs and outputs associated with the manufac-
turing of the chair (1 functional unit, FU) are characterized in Table 2.3. To simplify
the application example, a condensed eco-vector containing the following environ-
mental loads is selected:

e Raw materials:
e Coal (in ground)
* Natural gas (in ground)
* Oil (in ground)
e Air emissions:
* Carbon dioxide (CO,, fossil)
* Nitrogen oxides (NO, as NO,)
* Sulfur oxides (SO, as SO,)
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FIGURE 2.7 Environmental load balance in the manufacturing of a chair.

TABLE 2.3
Input and Output Energy and Material Flow Assigned to a Chair
Flow Variable Units Value
Wood 1P1 kg 4.852
Foam (polyurethane) P2 kg 0.124
Fabric (polyamide) 1P3 kg 0.117
Iron 1P4 kg 0.010
Electricity IE1 kWh 4.0
Solid waste W1 kg 0.485
Chair P1 FU 1

e Water emissions:
* BODS (biochemical oxygen demand)
* COD (chemical oxygen demand)
* Nitrates (NO;)

» Total Solid Waste

Based on data from software TEAM and Frischknecht et al. (1996), we obtain the
eco-vectors shown in Table 2.4.

Each element of the eco-vector is presented in units of environmental load, EL,
per unit of mass or energy depending on whether we are dealing with a mass or
energy stream. W1 is a waste stream, representing the wood wastes generated by
the chair manufacture. Provided this stream is a pure waste its elements are —1 or
0, depending on whether the corresponding environmental load of the eco-vector is
present. To close the environmental balance assigning the values of the waste eco-
vectors, v, wy, to the product, P, of the system, the non zero elements of v, v, must
be negatives (-1).
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TABLE 2.4
Eco-Vectors of Input and Output Streams of Chair Manufacturing System

Stream IP1 P2 IP3 IP4 IE1 W1
Vector Vi, 1P1 Vi, 1P2 Vi, 1P3 Vi, 1P4 Ve, IE1 Vim, w1
EL Wood Foam Polyamide  Iron Electricity Solid
waste
Load Units EL/kg EL/kg EL/kg EL/kg EL/kW.h EL/kg
Coal kg 793 x 102 3.89x 10" 746x 10" 6.87x10" 1.39x 10" 0
Natural gas kg 327 x 102 8.32x 10! 1.41 9.10 x 102 4.07 x 102 0
Crude oil kg 510%x 102 738 x 10" 8.12x 10" 550x 102 2.88 x 1072 0
Co, kg 1.05 4.06 7.00 2.05 5.27 x 10! 0
NO, kg 1.80x 103 1.78 x 102 2.60 x 102 3.60 x 103 9.50 x 10+ 0
SO, kg 201 x 103 191 x102 290x 102 4.50x 103 257 x 103 0
BOD5 kg 926 x 107 4.64 x 10* 3.60x 10 1.70x 10* 134 x 107 0
COD kg 145 %105 278 x 103 1.50x102% 4.63x10* 199 x 10° 0
NO;- kg 5.00x 10°  6.30x 103 3.00x 102 6.90x 10° 7.70 x 1077 0

Solid waste kg 1.50 x 10" 595 x 10" 3.05x 10"  7.60 x 10"  8.04 x 1072

|
—

By the application of Expression 2.6, the value of the eco-vector, v, 5, corre-
sponding to the environmental load associated with the chair can be obtained. Table
2.5 shows the calculation of the environmental loads as a function of inputs and
outputs.

These results show the procedure to calculate the environmental load assigned
to a product as a function of the environmental data of the different process inputs
and the loads generated by the process. From Table 2.5 it is possible to determine
the relative contribution of each input to the total value of the corresponding envi-
ronmental loads, as presented in Table 2.6.

2.7 CASE STUDY: LCA STUDY OF AN MSWI IN
TARRAGONA, SPAIN

For the MSWI plant introduced in Chapter 1, an LCA study (STQ 1998) was
developed as an Excel spreadsheet model on the basis of the Code of Practice
(SETAC 1993) and according to the steps in ISO 14040 (1997). The inventory was
based on providers’ information, literature data on raw materials and a detailed
analysis of the incineration process.

2.7.1 GoaL AND Scope DeriNiTION OF THE MSWI LCA Stupy

The objective of the study was to identify, evaluate and compare the environmental
loads derived from the electricity production by the municipal waste incinerator of
Tarragona in Scenarios 1 and 2 (described earlier) in order to analyze the environ-
mental efficiency of the investment in an advanced acid gas removal system. Next,
the project is described according to the points indicated in ISO 14040 (1997).
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TABLE 2.5

Calculation of EL Associated with the Chair as a Function of EL of Input and Output Streams

EL Value units IP1.v,,p; (kQ) IP2.v,p, (kg) IP3.v,p; (kg) IP4.v,,p, (kg) IE1.v,; (kg) Wil.v,w, (kg) Vop (k@)
Coal kg 3.85 x 10! 4.82 % 102 8.72 x 102 6.87 x 107 5.58 x 10! 0 1.08
Natural gas kg 1.59 x 10~ 1.03 x 10 1.65 x 10°! 9.10 x 10~ 1.63 x 10°! 0 5.90 x 10!

Crude oil kg 247 x 10! 9.15 x 10 9.50 x 10 5.50 x 10 1.15 % 10°! 0 5.50 x 10!
co, kg 5.09 5.04 x 10 8.19 x 10! 2.05 x 107 2.11 0 8.55
NO, kg 8.71 x 107 220 x 107 3.04 x 102 3.60 x 10 3.80 x 10° 0 1.78 x 102
SO, kg 9.75 x 102 237 x 107 339 % 102 450 x 10 1.03 x 102 0 2.58 x 102

BODS kg 449 x 10 575 x 10 421 % 10 1.70 x 107 5.35 % 107 0 4.85x 10
COoD kg 7.04 x 10° 3.44 % 10+ 1.76 x 1073 4.63 x 10 7.96 x 10 0 2.18 x 10°
NO,- kg 243 x 107 7.81 x 10 351 % 102 6.90 x 10 3.08 x 10 0 432 107
Solid waste kg 7.28 x 10! 7.38 x 107 357 x 102 7.60 x 107 322 % 10 ~0.49 1.65
TABLE 2.6
Relative Percentage Contribution of Input and Output Streams in Total EL Assigned to the Chair
EL Stream Wood Foam Fabric Iron Electricity Manufacture Chair
Coal kg 35.5 44 8.0 0.6 51.5 0.0 100.0
Natural gas kg 26.9 175 27.8 0.2 27.6 0.0 100.0

Crude oil kg 45.0 16.6 173 0.1 21.0 0.0 100.0
CO, kg 59.6 5.9 9.6 0.2 247 0.0 100.0
NO, kg 48.9 124 17.1 0.2 21.4 0.0 100.0
SO, kg 37.8 9.2 13.1 0.2 39.7 0.0 100.0

BODS5 kg 0.9 119 86.7 0.4 0.1 0.0 100.0
COD kg 32 15.8 80.4 0.2 0.4 0.0 100.0
NO; kg 0.6 18.1 81.2 0.0 0.1 0.0 100.0
Solid waste kg 44.0 45 22 0.5 19.5 29.3 100.0
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The function of the incineration process is to reduce the volume and toxicity of
the municipal waste treated. The production of electric energy must be seen as an
added value to the incineration process. Because the objective of the study is the
analysis of the electric energy generated in the incineration process, the functional
unity selected is “TJ of produced electricity.”

The study comprises all the processes from the municipal waste disposal in
containers to the landfill of the final waste, as shown in Figure 2.8. Consequently,
the following processes are considered: transport of the municipal waste to the
incinerator, combustion, gas treatment and ashes removal, as well as slag disposal
(including transport to the final localization). The final step, with its emissions
associated to the landfill, is not analyzed. The incineration process has been divided
into subsystems:

1. Waste incineration plant with combustion process and including gas treat-
ment

2. Water treatment (treatment process applied in the ash bath, demineraliza-
tion process applied in the kettles by osmosis and refrigeration process
by means of a tower)

3. Ash treatment (ionic ashes and waste from the gas treatment filters)

4. Scrap treatment (iron waste recycling process)

The latter were analyzed as processes that generate a useful product for the
incineration process. The environmental loads are associated with the consumed
product by the principal process (e.g., water) or the treated product (e.g., municipal
solid waste). Literature values have been used for raw material production and the
transport process (16-t truck).

Due to the study’s objective, the electricity produced is considered to be the
only useful measurable product to which all environmental loads are assigned.

2.7.2 DATA Usep IN LiFe-CYCLE INVENTORY

In order to carry out the study, three types of data were used:

* Literature data of environmental loads for the raw material used in the
analyzed processes. The considered source was the report referred to as
ETH 1996 (Frischknecht et al., 1996). The exactness of the report and the
agreement of these data with the particular situation in Spain determine
the data quality.

* Real data of consumption and emissions associated with the incineration
process, average values from 1996 (Scenario 1) and average values for 2
months with the advanced acid gas removal system in operation (Scenario
2). The data quality can be considered reliable because they have been
obtained directly from the process.

* Real data of consumption and emissions associated with the waste treat-
ment processes, obtained by visits and questionnaires answered by the
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FIGURE 2.8 Processes considered in the LCA study within the boundaries of the system
(including transport distances).

treatment companies. The reliability of the data delivered by the compa-
nies depends on the available information and the degree of collaboration.

2.7.3 ASSUMPTIONS AND LIMITATIONS

The principal assumptions are:

* The incineration plant operates 345 days a year and 24 h each day.

* The journey to the destination and the return of the truck are considered
for the analysis of the environmental loads associated with the transport,
assuming the same EL for the empty truck as for the full one.

* The internal consumption of electricity is covered by properly produced
electric energy. The importation of electricity is necessary only in cases
of an operation stop. By this, the environmental loads associated with the
electric energy consumed during the process is the result of the total
inventory analysis (need of iterative computation).

e In the case of scrap-metal treatment, the generated useful product has
been classified as iron within the raw materials.

The main limitations of the study are:
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* There is neither an analysis nor a total characterization of the municipal
waste entering the system.

* The environmental loads associated with the emissions of the final waste
disposal in a landfill has not been considered.

» It was not possible to simulate the following products used in the incin-
eration process because of an information lack in the databases consulted:
ferric chloride, active carbon and additives used in the osmosis process.

2.7.4 RESULTS OF THE INVENTORY ANALYSIS

The results for the life-cycle inventory analysis are shown in Table 2.7 and are as
follows:

Raw material consumption The current situation is unfavorable for all of the 14
analyzed parameters that are considered according to Frischnkecht et al. (1996) due
to the higher consumption of raw materials (especially cement, for the higher waste
quantity per produced TJ, and CaO, for the advanced gas treatment) and more
transport activity because of the higher raw material consumption and waste quantity.

Energy consumption The current situation is unfavorable due to the higher energetic
consumption per produced TJ because of the additional energy consumption of the
advanced gas treatment system.

Air emissions From the 37 analyzed parameters, the current situation is unfavorable
for all except 9: As, Cd, PCDD/Fs dust, HCl, HF, Ni, SO, and other heavy metals.
These are basically the parameters reduced by the operation of the advanced gas
treatment system.

Water emissions From the 23 analyzed parameters, the current situation is unfavor-
able for all except 4: BOD, COD, Cd and Hg. These are basically the parameters
reduced by the current operation that works without water emissions into the sewage.

2.7.5 COMPARISON WITH SPANISH ELECTRICITY MIX

The electricity produced by MSWI, SIRUSA is fed into the Spanish electricity net.
One ton of waste produces about 1 MJ electric energy in the current situation with
advanced flue gas treatment. This can be seen as an energy benefit because SIRUSA
replaces the electricity production of a conventional electrical power plant. On one
hand, this saves resources; on the otherhand, some of the emissions are reduced in
comparison to the Spanish electricity mix.
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Therefore, the results of the MSWI LCA were compared with data on the Spanish
electricity mix. This comparison depends strongly on CO, emissions. If the neutrality
of CO, from renewable resources is considered, the life-cycle inventory results of
the Spanish electricity mix will not change remarkably, but in a life-cycle study of
municipal waste incineration, the high content of renewable materials that are burned
will provoke different results. Thus, adapting the LCA methodology (Sonnemann
et al. 1999), the total amount of CO, in the incineration process needed to be
distributed in two parts between the carbon containing wastes: one for waste orig-
inating in renewable resources and the other for waste with its origin in fossil fuels.
Therefore, it is considered that the waste contains 13% plastics, as the only compo-
nent with its origin in fossil fuels, and that the carbon content of plastics is 56.43%,
according to U.S. EPA (1996b).

The quantitative comparison was made with the software TEAM. The database
integrated in TEAM was used for the emissions of Spanish electricity production.
The calculation was normalized to 1.016 MJ electricity, which corresponds to the
incineration of 1 ton of municipal solid waste as functional unit. The absolute values
in Table 2.7 show the results for selected priority air pollutants. Positive values
represent higher emissions of the average electricity production in Spain than in the
SIRUSA plant. This means that emissions of CO, heavy metals, Ni and SO, are
much higher in the conventional electrical power plants. The negative values present
pollutants that are lower for the average Spanish electricity mix than in the MSWI
incineration process chain of Tarragona.

Table 2.8 compares the results of Scenario 2 with the data of the Spanish
Electricity mix given by Frischknecht et al. (1996) for selected priority air pollutants.
Positive values in Table 2.8 represent higher emissions of the average electricity
production in Spain than in the SIRUSA plant. This means that emissions of CO,
heavy metals, Ni, particles and SO, are much higher in the conventional electrical
power plants The negative values present pollutants that are lower for the average
Spanish electricity mix than in the MSWI incineration process chain of Tarragona.

2.8 QUESTIONS AND EXERCISES

1. What are the main advantages of LCA?

2. What are the main steps of LCA and in which ISO regulation are they
considered?

3. In which steps of LCA are each of the following different functions carried
out: a) allocation; b) selection and definition of impact categories; c)
identification of the most important results of the IA?

4. What information should be given at the end of the interpretation phase
of an LCA?

5. Design the LCA framework scheme for the case of an old fabric factory
building with a main structure made of steel and reinforced concrete,
which has been in use for 50 years and has subsequently been transformed
into a department store. Consider that the department store has been
operating for 20 years and that the building is finally knocked down. The
owner of the department store invested an additional amount, taking some
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TABLE 2.7

Results of LCI Analysis from MSWI in Tarragona, Spain*

Emissions to air
Aldehydes
Ammonia
As
Benzene
Benzo(a)pyrene
Cd
CO
CO,

C,H, aromatic
Dichloromethane
Dust

Ethanol
Ethene
Ethylbenzene
Formaldehyde
H,S
Halon-1301
HCl

Heavy metals
HF

Methane

N,O

Ni
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Unit
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

kg

Electricity
Sit. 12 (T))
454 x 107
2.82 x 1072
1.17 x 107!
1.32 x 10!
4.94 x 10
1.13 x 10!
275 x 107
233 x 10°
9.22 x 10+
5.00 x 10
1.71 x 102
2.60 x 1073
2.10

1.47 x 1072
9.10 x 103
1.85 x 1072
2.25x 103
2.89 x 10°
2.65

9.93

3.32 x 10!
1.71

1.80 x 107!

Electricity
Sit. 20 (T))
5.92 x 10
3.70 x 102
3.96 x 102
1.71 x 10!
597 x 10
3.98 x 102
3.01 x 10?

2.57 x 10°

1.28 x 1073
5.40 x 10
1.61 x 102

3.56 x 107
2.55

1.78 x 102
1.61 x 1072
291 x 1072
2.66 x 1073
1.95 x 102

7.17 x 10!
2.80

4.92 x 10!

2.06

6.51 x 1072

Diff.c
-30%
-31%
66%
-30%
—21%
65%
—9%
-10%
-39%
—8%
—8%
6%
—21%
-21%
—77%
-57%
-18%
93%
73%
2%
—48%
—20%

64%

Emissions to
water
AOX
Aromatics
As
B
Ba
BOD
Cd
COD
Cr
Cu
Dissolved subst.4
Hg

Ni

Nitrates

Pb

Phosphate

Sb

SO,

Undissolved
subst.4

TOC

Unit
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

kg

Electricity
Sit. 12 (T))
1.15 x 1073
1.73 x 10!
5.13 x 103
1.17 x 1072
9.27 x 107!
5.07
9.30 x 103
1.51 x 10!
3.03 x 102
1.39 x 102
1.01
7.14 x 107
7.00 x 102
8.40 x 103
5.23 x 10!
1.34 x 1072
6.75 x 107!
2.56 x 1072
1.51 x 10!
443 x 10
2.31 x 10!
2.68 x 10!

3.22 x 10!

Electricity
Sit. 2° (T))
1.36 x 1073
2.06 x 10!
1.04 x 102
1.51 x 1072
1.27
8.93 x 102
8.17 x 1072
1.37
5.48 x 1072
2.73 x 1072
2.14
2.73 x 107
1.28 x 107!
1.64 x 102
6.13 x 10!
2.69 x 1072
8.06 x 10!
3.55 x 1072
3.10 x 10!
7.10 x 10
3.74 x 10!
2.94 x 10!

3.82 x 10!

Diff.c
-18%
-19%
-103%
—29%
-37%
98%
12%
91%
-81%
-96%
-112%
62%
-83%
—95%
-17%
-101%
-19%
-39%
-105%
—60%
—62%
-10%

-19%
-- continued



TABLE 2.7 (continued)
Results of LCI Analysis from MSWI in Tarragona, Spain*

Electricity  Electricity Emissions to Electricity Electricity
Emissions to air Unit  Sit. 12 (T)) Sit. 2 (T)) Diff.c water Unit Sit. 12 (T)) Sit. 2 (T)) Diff.c
Non methane VOC kg 6.98 x 10! 8.31 x 10! -19%
NO, kg 1.23 x 103 1.33 x 103 —-8% Bauxite (ore) kg 3.59 x 10! 4.27 x 10! -19%
PAH kg 7.37x10%  1.02x 1073 -38% Clay kg 2.12 x 107 1.01 x 103 -376%
Phenol kg 739 x10°% 993 x 10 -34% Coal kg 1.50 x 103 3.15 x 10° -110%
Phosphate kg 1.94 x 103 3.88 x 1073 -100% Copper (ore) kg 2.71 3.36 —24%
Pentane kg 551 x 10" 6.54 x 10! -19% Iron (ore) kg -1.32 x 10* -1.38 x 10* —5%
Propane kg 4.35x 10" 557 x 10! —28% Lignite kg 6.56 x 102 8.86 x 102 -35%
Propene kg 3.07 x 102 449 x 102 -46% Limestone (ore) kg 1.03 x 103 1.62 x 10* -1473%
SO, kg 5.08 x 102 2.56 x 10? 50% Natural gas Nm? 1.06 x 102 5.48 x 10? —417%
TCDD-Equiv. ng 1.12 x 107 1.43 x 10* 100% Nickel (ore) kg 1.00 1.19 -19%
Tetrachloromethane kg 255 %10 3.63 x 107 —42% Oil kg 5.79 x 103 6.86 x 10° -18%
Toluene kg 6.68 x 102 839 x 1072 —26% Silica (ore) kg 8.74 x 103 1.04 x 10* 19%
Trichloromethane kg 193 x 10°  3.07 x 10-° -59% Uranium (ore) kg 5.69 x 1072 7.43 x 10+ -31%
Vinylchloride kg 1.19 x 107 1.89 x 107 -59% Water kg 3.57 x 10° 6.41 x 10° -80%
Wood kg 3.35 x 10! 4.99 x 10! —49%

* All environmental loads referred to the functional unit, 1 TJ of electricity produced.
a8Sit. 1 = Scenario 1.

bSit. 2 = Scenario 2.

¢ Diff. = (Scenario 1 — Scenario 2)/Scenario 1.

4 Subst. = substance
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TABLE 2.8

Comparison of the Differences between the LCI Data of 1 T) Electricity
Produced by the MSWI and the Spanish Mix, Indicating the Relevance of
the Consideration of Electricity Benefit in Such An LCA Study

MSWI
Situation 2
“With Electricity
Pollutant Unit  filters” Spain Difference
T T T %

(a) Arsenic (As) kg 396 x 102 299 x 102 9.75 x 1073 -24.6
(a) Cadmium (Cd) kg 398 x 102 1.30 x 102 2.68 x 1072 -67.4
(a) Carbon dioxide (CO,, fossil kg 257x105  1.63 x 10° 9.43 x 10* -36.7
(a) Carbon monoxide (CO) kg 3.01 x 102 1.33 x 10° -1.03 x 10° 341.2
(a) Heavy metals (sum) kg 7.17 x 107! 3.68 -2.97 413.7
(a) Hydrogen chloride (HCI) kg 1.95 x 10> 5.06 x 10! 1.44 x 10? -74.1
(a) Nickel (Ni) kg 6.51 x 102 2.54 x 10! -1.89 x 10! 290.3
(a) Nitrogen oxides (NO, as NO,) kg 1.33x 10> 332 x 10? 9.98 x 10? -75.0
(a) Particles (unspecified) kg 1.61 x 10> 7.72 x 102 -6.11 x 10? 379.8
(a) Sulphur oxides (SO, as SO,) kg 2.56 x 10> 9.29 x 10? -6.73 x 10? 262.9

marketing initiatives adapting solar PV panels, modern air conditioning
system and an extra investment in aesthetic comfort and design features.

6. Explain the differences between reusing, recycling and disposal of a
product. How would the corresponding life-cycle inventory change?

7. List all possible applications of LCA to the chemical industry.

8. Compare the use of virgin paper and recycled paper. Compare from an
environmental point of view the use of recycled paper and the use of paper
obtained from paper pulp. The recycled paper has been obtained from
paper wastes transported in 16-t trucks from a distance of 1000 km. The
total emissions of carbon dioxide, CO,, and the generated solids in kg of
them are used as comparison parameters. It is desirable to compare the
derived effects of purchasing a 400-g pack of new writing paper at the
corner stationery shop with the effects derived from driving to buy a
similar pack of recycled paper at an establishment 1 km away. Only the
ELs due to raw materials and transportation are considered. Use the
following environmental loads:

EL/kg of recycled EL/kg of pulp EL/tkm
EL paper paper EL/km (car) (16-t truck)
kg CO, 1.03 161 216 x 107 346X 107
kg solids 7.06 x 102 1.73 x 10! 7.50 x 10¢ 7.19 x 102

tkm is equivalent to a mass of 1 t (1000 kg) transported 1 km.
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9. Compare the use of paper towels and an air dryer to drying the hands.
Compare environmentally the use of paper towels for drying hands and the
use of a hand-dryer supplied with electricity from a gas thermal power plant
or from an eolic power plant. The considered comparison parameters are
the emissions of carbon dioxide, CO,, and sulfur dioxide, SO,. Suppose
that the weight of a paper towel is 7 g and that the electric hand-dryer is
2000 W and works for 30 s. With these data, determine the best way, from
an environmental point of view, to dry the hands. The ELs related to the
paper and the use of electricity are assumed to be the following:

Electricity gas Electricity eolic

Paper thermal power plant power plant
EL Units EL/kg EL/kWh EL/kWh
Lignite kg 1.10 x 10! 1.21 x 1073 1.68 x 1073
Coal kg 1.51 x 107! 7.06 x 1072 1.10 x 102
Natural gas Nm?3 7.97 x 102 2.09 x 10! 2.25 x 1073
Crude oil t 1.84 x 10 2.35x 10 4.82 x 10°°
Water kg 2.60 x 103 3.40 5.15 x 10!
CO, (air) ke 1.46 1.42 33 x 102
SO, (air) kg 1.04 x 102 2.07 x 10+ 1.37 x 10+
NO, (air) kg 3.03 x 103 2.16 x 1073 7.1 x 107
CH, (air) kg 2.04 x 1073 1.99 x 1073 1.1 x 10
HCI (air) kg 1.30 x 10 1.00 x 10-° 5.8 x 10°

Electricity consumption: Ec (kWh); Ec = (2000 (J/s)/1000); (30/3600) = 1.67 x 102 kWh.
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3 Life-Cycle Impact
Assessment

3.1 INTRODUCTION

The life-cycle inventory offers product-related environmental information consisting
basically of a quantified list of environmental loads (raw material consumption, air
and water emissions, wastes, etc.) that give the amount of pollutants to be assigned
to the product. However, the environmental damage associated with them is not yet
known.

Let us consider, for example, well-known air pollutants such as sulfur dioxide,
S0O,, nitrogen dioxide, NO,, and hydrogen chloride, HCI, that generate an environ-
mental impact known as acid rain. The capacity of these pollutants to acidify the
atmosphere can be measured by the potential to generate H* protons, so the acid
concentration could be multiplied by a corresponding factor to obtain a global value
of H* protons equivalent. In this way an environmental impact category has been
measured based on inventory data. The same occurs with air emissions: carbon
dioxide, methane, nitrogen oxides, halocarbons, etc. contribute to Earth’s global
warming and cause the well-known greenhouse effect, measured in CO, equivalents.
Thus a new type of impact category, global warming potential, is introduced from
inventory data.

Thus, the life-cycle impact assessment (LCIA) is introduced as the third step of
life-cycle assessment (LCA), described in ISO 14042 (2002) and further outlined in
ISO/TR 14047 (2002). The purpose of LCIA is to assess a product system’s life-
cycle inventory (LCI) to understand its environmental significance better. Thus, LCIA
provides information for interpretation — the final step of the LCA methodology.

Jointly with other LCA steps, the LCIA step provides a wide perspective of
environmental and resource issues for product systems by assigning life-cycle inven-
tory results to impact categories. For each impact category, impact potentials are
selected and category indicator results are calculated. The collection of these results
defines the LCIA profile of the product system, which provides information on the
environmental relevance of resource use and emissions associated with it. In the
same way as LCA as a whole, LCIA builds up a relative approach based on the
functional unit.

On the other hand, to compare the potentials for different impacts, it is necessary
to evaluate the seriousness of the impact categories relative to one another. This can
be expressed by a set of weighting factors — one factor per impact category within
each of the main category groups. The weighted impact potential, WP(j), can be
calculated by multiplying the normalized impact potential or resource consumption,
NP(j), by the weighting factor, WF(j), associated with the impact category.
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3.2 PHASES OF LIFE-CYCLE IMPACT ASSESSMENT

The general framework of the LCIA phase is composed of several mandatory

elements that convert life-cycle inventory results into indicator results. In addition,

there are optional elements for normalization, grouping and weighting of the indi-

cator results and data quality analysis techniques. The LCIA phase is only one part

of a total LCA study and should be coordinated with other phases of LCA. An

overview of the mandatory and optional elements in LCIA is given in Figure 3.1.
The mandatory LCIA elements are (ISO 14042, 2002):

* Selection of impact categories indicators and models

* C(lassification of environmental loads within the different categories of
environmental impact

* Characterization of environmental loads by means of a reference pollutant
typical of each environmental impact category

These categories, plus the level of detail and methodology, are chosen depending
on the goals and scope of the research.

Optional elements and information can be used depending on the goal and scope
of the LCA study (ISO 14042, 2002):

e Calculating the magnitude of category indicator results relative to refer-
ence values (normalization) means that all impact scores (contribution of
a product system to one impact category) are related to a reference situ-
ation.

e The indicators can be grouped (sorted and possibly ranked).

*  Weighting (across impact categories) is a quantitative comparison of the
seriousness of the different resource consumption or impact potentials of

a MANDATORY ELEMENTS N\

Selection of impact categories, category indicators, and models
(MODELS)

Assignment of LCI results (CLASSIFICATION)

3

Calculation of category indicator results (CHARACTERIZATION)

~
( Environmental Profile (LCIA profile) )

FIGURE 3.1 Mandatory elements of LCIA according to ISO 14042 (2002) (available at
www.afnor.fr).
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the product, aimed at covering and possibly aggregating indicator results
across impact categories.

e Data quality analysis serves to better understand the reliability of the
LCIA results better.

The use of models is necessary to derive the characterization factors. The appli-
cability of these factors depends on the accuracy, validity and characteristics of the
models used. For most LCA studies, no models are needed because existing impact
categories, indicators and characterization factors can be selected.

Models reflect the cause—effect chain, also called environmental mechanism or
impact pathway, by describing the relationship among the life-cycle inventory
results, indicators and, if possible, category endpoints or damage indicators. For
each impact category, the following procedure is proposed in ISO 14042 (2002):

1. Identification of the category endpoints

2. Definition of the indicator for given category endpoints

3. Identification of appropriate LCI results that can be assigned to the impact
category, taking into account the chosen indicator and identified category
endpoints

4. Identification of the model and the characterization factors

Figure 3.2 illustrates the relationship among the results of the life-cycle inventory
analysis, indicators and category endpoints for one impact category for the example
of acidification. It clearly shows where a model is needed. These items are explained
in detail in this chapter.

EXAMPLE
Life-cycle inventory results R B kgNO,. Pb. SO, ol
( Impact )
Category A P Acidification

Inventory results assigned
to impact categories 4

I Model

4 > Proton release (H*)

Environmental
\_ relevance J

P NO,, SO,, etc.

Category indicator

Category endpoint(s) |« P Forest, vegetation, etc.

FIGURE 3.2 The concept of indicators (ISO 14042, 2000) (available at www.afnor.fr).

© 2004 CRC Press LLC


http://www.afnor.fr/portail.asp

3.3 IMPACT CATEGORIES

An impact category is defined as a class representing environmental issues of concern
into which life-cycle inventory results may be assigned. As has been previously
mentioned, Udo de Haes et al. (1999) have proposed classifying impacts in input-
and output-related categories. Input refers to environmental impacts associated with
material or energy inputs to the system and output corresponds to damages due to
emissions or pollutants, vibrations, or radiation. Table 3.1 gives an overview of input
and output impacts currently used in LCIA with a proposal of possible indicators.

Some of the impact categories mentioned in Table 3.1, such as climate change
and stratospheric ozone depletion, have a global effect; others, such as photo-oxidant
formation or acidification, have a local effect. This highlights the need for spatial
differentiation in the fate and exposure analysis in different impact categories. Figure
3.3 shows the global-local impacts for the different impact categories, each of which
is described next.

3.3.1 ExTrRACTION OF BioTic AND ABIOTIC RESOURCES

This impact category includes the extraction of different types of nonliving material
from the natural environment. It is possible to distinguish three different subcate-
gories: extraction of (1) deposits (e.g., fossil fuels and mineral ores), (2) funds (e.g.,
groundwater, sand and clay), and (3) flow resources (e.g., solar energy, wind and
surface water). Examples of used indicator categories are: rareness of resources,
energy content of resources, mineral concentrations, degree of use of flow resources
in relationship to the size of the flow, total material requirement, and indicators

TABLE 3.1
Impact Categories and Possible Indicators

Impact categories Possible indicator

Input-related categories
Extraction of abiotic resources Resource depletion rate
Extraction of biotic resources Replenishment rate

Output-related categories

Climate change kg CO, as equivalence unit for GWP

Stratospheric ozone depletion kg CFC-11 as equivalence unit for ODP

Human toxicity HTP

Eco-toxicity Aquatic eco-toxicity potential (AETP)

Photo-oxidant formation kg ethene as equivalence unit for photochemical ozone
creation potential (POCP)

Acidification Release of H* as equivalence unit for AP

Nutrification Stoichiometric sum of macronutrients as equivalence

unit for the nutrification potential (NP)

Source: Udo de Haes, H.A. et al., Int. J. LCA, 4, 6674, 167-174, 1999. With permission.
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FIGURE 3.3 The need for spatial differentiation in different impact categories. (From UNEP
DTIE, 2003).

related to other categories, such as energy requirement or land use. Extraction of
biotic resources is mainly related to the extraction of specific types of biomass from
the natural environment. The rareness and regeneration rate of the resources is
generally used as indicator (SETAC-Europe, 1999).

3.3.2 CuLMATE CHANGE: GLOBAL WARNING POTENTIAL

Most of the radiant energy received by the Earth as short-wave radiation is reflected
directly, re-emitted from the atmosphere, or absorbed by the Earth’s surface as longer
infrared wave radiation (IR). This natural greenhouse effect is increased by manmade
emissions of substances or particles that can influence the Earth’s radiation balance,
thus raising the planet’s temperature.

Many of the substances emitted to the atmosphere as a result of human activities
contribute to this manmade greenhouse effect and must be classified in this impact
category. Listed in order of importance, they are (Hauschild and Wenzel, 1998):

¢ CO, (carbon dioxide)

¢ CH, (methane)

* N,O (nitrous oxide or “laughing gas”)

e Halocarbons (hydrocarbons containing chlorine, fluorine or bromine)

The potential contribution to global warming is computed with the aid of a
procedure that expresses the characteristics of a substance relative to those of the
other gases. The Intergovernmental Panel of Climate Change (IPCC) has developed
a characterization factor system that can weight the various substances according to
their efficiencies as greenhouse gases (Houghton et al., 1995). This system can be
used in political efforts to optimize initiatives to counter manmade global warming.

The system classifies these substances according to their global warming poten-
tial (GWP), which is calculated as the anticipated contribution to warming over a
chosen time period from a given emission of the substance, divided by the contri-
bution to warming from emission of a corresponding quantity of carbon dioxide
(CO,). Multiplying a known emission of greenhouse gas by the relevant GWP yields
the magnitude of the CO, emission that, under the chosen conditions, will result in
the same contribution to global warming: the emission of the greenhouse gas
expressed as CO, equivalents.
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TABLE 3.2
GWP for Some Substances Depending on the Time Horizon

GWP
Substance Formula Lifetime years (kg CO, eq./kg substance)
20 years 100 years 500 years
Carbon dioxide CO, 150 1 1 1
Methane CH, 14.5 62 24.5 7.5
Nitrous oxide N,O 120 290 320 180

Source: Data taken from Houghton et al., 1995.

CO, was chosen as a reference substance by the IPCC because it makes the
most significant contribution to the manmade greenhouse effect. The expected con-
tribution in terms of warming from a greenhouse gas is calculated based on knowl-
edge of its specific IR absorption capacity and its expected lifetime in the atmo-
sphere. The GWP is internationally accepted and well documented, and provides
characterization factors for the substances encountered in an LCA. Table 3.2 presents
examples of GWP values for direct contribution of three substances mentioned
previously: CO,, CH, and N,O.

3.3.3 STRATOSPHERIC OZONE DEPLETION

Human activities have caused an increase of substances as different chloride and
bromide-containing halocarbons, especially CFCs, tetrachloromethane, 1,1,1-
trichloroethane, HCFCs, halons and methyl bromide, involved in the breakdown of
ozone in the stratosphere. A common characteristic of these compounds is that they
are chemically stable because they can survive long enough to reach the stratosphere,
where they can release their content of chlorine and bromide under the influence of
UV radiation (Solomon and Albritton, 1992).

The Earth’s atmosphere receives ultraviolet radiation from the sun but not at full
intensity. Ozone molecules in the atmosphere absorb large quantities of UV radiation.
The reduction of the ozone layer supposes that more UV radiation reaches the surface
of the earth and causes damage, especially to plants, animals and humans.

Table 3.3 presents a list of factors to calculate the stratospheric ozone depletion
potential of different chemical substances expressed in kilograms of CFC-11 (Freon
11) equivalent as a reference.

3.3.4 HumaN Toxicity

Chemical emissions such as heavy metals, persistent organic substances (POPs),
volatile organic compounds (VOCs) and others may lead to direct human exposure
(inhalation or drinking water) or to indirect exposure (food consumption). Apart
from their toxicity, these substances are all persistent as common characteristics
(low degradability in the environment and ability to bioaccumulate). In contrast to
other impact categories, e.g., global warning and ozone depletion, no common
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TABLE 3.3
Characterization Values for Ozone Layer Depletion

Ozone layer depletion

Medium Chemical Substance u Value
Air 1,1,1-trichloroethane kg 1.20 x 10!
Air CFC (hard) kg 1.00
Air CFC (soft) kg 5.50 x 10?2
Air CFC-11 kg 1.00
Air CFC-113 kg 1.07
Air CFC-114 kg 8.00 x 10!
Air CFC-115 kg 5.00 x 10!
Air CFC-12 kg 1.00
Air CFC-13 kg 1.00
Air Halon-1201 kg 1.40
Air Halon-1202 kg 1.25
Air Halon-1211 kg 4.00
Air Halon-1301 kg 1.60 x 10!
Air Halon-2311 kg 1.40 x 10!
Air Halon-2401 kg 2.50 x 10!
Air Halon-2402 kg 7.00
Air HCFC-123 kg 2.00 x 1072
Air HCFC-124 kg 2.20 x 1072
Air HCFC-141b kg 1.10 x 10!
Air HCFC-142b kg 6.50 x 102
Air HCFC-22 kg 5.50 x 102
Air HCFC-225ca kg 2.50 x 1072
Air HCFC-225cb kg 3.30 x 1072
Air Methyl bromide kg 6.00 x 10!
Air Tetrachloromethane kg 1.08

Source: Goedkoop (1995).

internationally accepted equivalency factors for toxic compounds express the sub-
stances’ “impact potentials.” For the calculation of equivalency factors, consider-
ations about fate and transport, exposure assessment and human toxicity have been
considered.

A frequently used indicator for evaluating human health effects of a functional
unit is human toxicity potential (HTP) (Hertwich et al., 2001; Guinée et al., 1996).
HTP is a site-generic impact potential that is easy to apply; however, it has a limited
environmental relevance because it is based on a multimedia environmental fate
model that assumes uniformly mixed environmental compartments. In other words,
it represents the behavior of chemicals in a uniform world model environment.

Two HTP methods developed by the Center of Environmental Sciences at Leiden
University (CML) (Heijungs et al., 1992) and within the Danish Environmental
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Design of Industrial Products (EDIP) (Hauschild and Wenzel, 1998) will be consid-
ered in the case study (MSWI). The HTP of the EDIP method has the unit m? and
expresses the volume to which the substance emitted must be diluted in order to
avoid toxic effects as a consequence of the emission in question in the relevant
compartment. The HTP of the CML method is dimensionless. The HTP for every
pollutant “p” (HTP,) is calculated using the human toxicity factor (HTF,) for every
pollutant and the mass of every pollutant (M,) and shown in the following expression:

HTP, = HTF,-M, 3.1)

The HTF, is expressed in units of m¥/kg in the EDIP method (Hauschild and
Wenzel, 1998) and in —/kg for the CML method (Heijungs et al., 1992). The overall
HTP for the functional unit is then the sum of all HTP, as seen in the next expression
(expression of overall HTP for the functional unit):

HTP= Y HIP, (3.2)

Table 3.4 shows the HTP for the pollutants considered in the case study (MSWI).
It should be mentioned that ozone, nitrate and sulfate are not considered in these
HTFs due to the unavailability of the mass of these substances in the life-cycle
inventory because they are not directly emitted but formed during dispersion into
the atmosphere. Particulate matter with apparent diameter lower than 10 um (PM,,)
is also not included because no HTF is available.

TABLE 3.4
Human Toxicity Potential from the CML and EDIP Methods for
Different Substances

Pollutant CML (-/kg) EDIP (m3/kg)
As 4700 9.5-10°
Benzo(a)pyrene 17 5.0-10'°
Cd 580 1.1-101
Ni 0.014 6.7-107
NO, 0.78 2.0-10°
SO, 1.2 1.3-100

Sources: CML — Heijungs, R. et al., Environmental life-cycle assessment of products
— guide and backgrounds, technical report, CML, University of Leiden, The Nether-
lands, 1992; EDIP — Hauschild, M. and Wenzel, H., Environmental Assessment of
Products — Scientific Background, Vol. 2, Chapman & Hall, London, 1998.
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3.3.5 Eco-Toxicity

Eco-toxic substances are those toxic to organisms in a manner that affects the
functioning and structure of the ecosystem in which the organism lives and, as result,
affects the health of the ecosystems. They are characterized by their persistence (low
degradability) in the environment and their ability to bioaccumulate in organisms.
Substances such as toxic heavy metals (Cd, Pb, Hg), persistent organic compounds
(dioxins and furans, PCDD/Fs, polycyclic aromatic hydrocarbons, PCBs, etc.), and
organic substances (PVC, etc.) that are emitted into the environment can accumulate
in organisms and cause different types of damage. The target system is not one
organism as in human toxicity, but a variety of organisms (fauna and flora, entire
ecosystems). This makes the assessment even more complex.

In contrast to other environmental impact categories in the LCIA, the impacts
of these types of substances are not based in one individual mechanism but in a
large number, such as genotoxicity, inhibition of specific enzymes, etc.

3.3.6 PHOTO-OXIDANT FORMATION

Human activities can increase air concentrations of photo-oxidant substances that
can affect the health of living organisms and human beings. These substances can
arise via photochemical oxidation of volatile organic compounds (VOCs) and carbon
monoxide (CO) emitted by human activities in the troposphere.

The photo-oxidants include a large number of unstable substances formed when
VOCs react with different oxygen compounds and oxides of nitrogen (NO,). The
most important oxygen compounds are hydroxyl radicals, OH-. Among the most
important photo-oxidants are ozone and peroxyacetyl nitrate (PAN). The transfor-
mation of VOCs and CO to ozone requires, apart from the reactive forms of oxygen,
sunlight and NO,, which have a catalytic effect. The potential contribution to pho-
tochemical ozone formation is described by its maximum incremental reactivity
(MIR) in the American literature and by its photochemical ozone creation potential
(PCP) in Europe.

3.3.7 ACIDIFICATION

Combustion processes contribute greatly to the air emission of contaminants as NO,
and SO,. In contact with water these oxides are converted to acids (nitric acid, HNO;)
and sulfuric acid (H,SO,). Once deposited (by dry and wet deposition), these chem-
icals may lead to exceeding the acid buffer capacity of the soil and water, generating
degradation of terrestrial and aquatic ecosystems. The presence of NH; (emitted
primarily from agricultural soil) increases the potential uptake of SO, in drops of
water in clouds and rains by the formation of (NH,),SO,, and thus affects the forest
in which SO, is deposited.

The principal effect of acidification of the environment is the loss of health
especially among conifers in many forests. The acidification of lakes can lead to
dead fish. On the other hand, metals, surface coatings and mineral building materials
exposed to air conditions are attacked by the air and acid rain, leading to patrimonial
and economic loss of historic monuments.
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3.3.8 NUTRIFICATION

Emission of salt nutrients by human activities involves a big impact in the environ-
ment. The eutrophication process in lakes, watercourses, and open coastal waters is
due to excessive quantities of nutrient salts emitted by man and consequently results
in increased production of planktonic algae and aquatic plants, which leads to a
reduction in the quality of water. The process of decomposition of dead algae
consumes important oxygen and causes with a loss of water quality. Agriculture has
been identified as the most significant source of nitrogen loading. Wastewater treat-
ment plants and fish farming are the most predominant causes of phosphorus emis-
sions.

3.4 AREAS OF PROTECTION

The set of category indicators resulting from the life-cycle inventory configures and
defines the environmental diagnosis associated with product manufacture or any
other activity. The impact indicators are associated with environmental damages
corresponding to areas of protection (AoP) or sectors of the environment to be
protected.

In the first report of the Second SETAC Working Group on Life-Cycle Impact
Assessment (Udo de Haes et al., 1999), an AoP was defined as a class of category
endpoints. In ISO 14042 three of these classes are mentioned: human health, natural
environment and natural resources. Another term used is the expressive “safeguard
subject” introduced by Steen and Ryding (1992). It is important to note that these
two terms convey the same message: they relate to the category endpoints as physical
elements, not as societal values. Thus, following this terminology, the human right
to life or economic welfare cannot be an AoP or a safeguard subject; neither can
respect for nature or cultural values.

However, the concept of AoPs enables a clear link with the societal values that
are the basis for the protection of the endpoints concerned. Table 3.5 gives an

TABLE 3.5
Assignment of Societal Values to AoP
Societal values Human/manmade Natural
Intrinsic values Human health Natural environment (biodiversity
Manmade environment (landscapes, and natural landscapes)

monuments, works of art)

Functional values Manmade environment (materials, Natural environment (natural
buildings, crops, livestock) resources)

Natural environment (life support
functions)

Source: Reprinted with permission from Udo de Haes, H.A. and Lindeijer, E., in Towards Best Available
Practice in Life-Cycle Impact Assessment, Udo de Haes et al., ©2001 SETAC Press, Pensacola, FL.
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overview of the AoPs with underlying societal values, as presented by Udo de Haes
and Lindeijer (2001). Because the AoPs are the basis for the determination of relevant
endpoints, their definition implies value choices. Thus, there is no one scientifically
correct way to define a set of AoPs (Udo de Haes et al., 2002).

Udo de Haes and Lindeijer (2001) propose to differentiate among the sub-AoPs’
life support functions, natural resources and biodiversity, and natural landscapes
within the AoP natural environment. Life support functions concern the major
regulating functions of the natural environment, which enable life on Earth (human
and nonhuman). These particularly include the regulation of the Earth’s climate,
hydrological cycles, soil fertility and the bio—geo—chemical cycles. Like manmade
environments (materials, buildings, crops, livestock) and natural resources, the life
support functions are of functional value for society. From a value perspective, these
are fundamentally of another nature than those of AoPs with intrinsic value to society,
particularly those connected with human health, biodiversity and natural landscapes,
works of art, monuments and manmade landscapes. An overview of the classification
of AoPs according to societal values is presented in Figure 3.4.

3.5 MIDPOINT AND ENDPOINT INDICATORS

The terms midpoint and endpoint refer to the level within the environmental mech-
anism at which the respective effects are characterized. In general it is assumed that
an indicator defined closer to the environmental intervention will result in more
certain modeling and that an indictor further away from the environmental interven-
tion will provide environmentally more relevant information (i.e., more directly
linked to society’s concerns and the areas of protection). Although midpoints and
endpoints can be overlapped in same cases, midpoint indicators are used to measure
a substance’s potency of effect, which in most cases is characterized by using a
threshold, and does not take into account the severity of the expected impact. Figure
3.5 shows a schematic illustration of the definition of midpoint and endpoint levels
(Olsen et al., 2001).

According to Udo de Haes and Lindeijer (2001), historically, the midpoint
approaches have set the scene in LCIA; some prominent examples include the
thematic approach (Heijungs et al., 1992), the Sandestin workshop on LCIA (Fava
et al. 1993), the Nordic LCA guide (Lindfors et al. 1995), the eco-indicator 95
method (Goedkoop, 1995) and the EDIP model (Wenzel et al., 1997). They also
have mostly structured the way of thinking and examples chosen in ISO 14042
(2002).

Since the middle of the 1990s the endpoint approach has been set on the agenda
(Udo de Haes and Lindeijer, 2001). Particularly in LCA studies that require the analysis
of tradeoffs between and/or aggregation across impact categories, endpoint-based
approaches are gaining popularity. Such methodologies include assessing human health
and ecosystem impacts at the endpoint that may occur as a result of climate change
or ozone depletion, as well as other categories traditionally addressed using midpoint
category indicators. The endpoint approach already has a longer history, particularly
in the EPS (environmental priority strategy) approach from Steen and Ryding (Steen
and Ryding, 1992; Steen, 1999); however, it has received a strong impetus from the
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eco-indicator 99 approach (Goedkoop and Spriensma, 1999). In Japan, impact assess-
ment models are currently developed according to this approach (Itsubo and Inaba,
2000), which starts from the main values in society, connected with areas of protection.
From these values and connected endpoints the modeling goes back to the emissions
and resource consumption (Udo de Haes and Lindeijer, 2001).

Figure 3.6 shows the steps that can be involved if a practitioner wishes to take
an LCA study from the inventory stage to valued scores via midpoints and endpoints
in the impact assessment. Not all possible environmental loads can be considered
in the inventory because data are not available for all of them. Based on the inventory
table, two different routes to arrive at valued scores, representing the routes taken
when using midpoint and endpoint approaches, are presented (Bare et al., 2000).
On the one hand, the impact categories that can be expressed in the form of midpoints
are directly presented as valued scores; on the other hand, as far as possible according
to current knowledge, the impacts are expressed in the form of endpoints by relating
the midpoints to endpoints or by modeling effects directly from the inventory to the
endpoints. Then several endpoints can be aggregated to a valued score if the selected
weighting scheme allows it.

At the moment, the availability of reliable data and sufficiently robust models
to support endpoint modeling remains quite limited. Uncertainties may be very high
beyond well-characterized midpoints. As a result, a misleading sense of accuracy
and improvement over the midpoint indicators can be obtained. One of the biggest
differences between midpoint and endpoint approaches is the way in which the
environmental relevance of category indicators is taken into account. For midpoint
approaches, the environmental relevance is presented as a qualitative relationship,
while endpoint modeling can facilitate more informed and structured weighting
(Bare et al., 2000; UNEP DTIE, 2003).
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FIGURE 3.6 Some basic differences between the midpoint (lower row of swinging arrows)
and the endpoint approach (upper row of swinging arrows). (From Bare, J.C. et al., Int. J.
LCA, 5, 319-326, 2000.With permission)
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3.6 WEIGHTING: SINGLE INDEX APPROACHES
3.6.1 INTRODUCTION

Weighting (in ISO terminology) or valuation (in SETAC workgroup terminology)
is the phase of LCIA that involves formalized ranking, weighting and, possibly,
aggregation of the indicator results into a final score across impact categories.
Weighting or valuation inherently uses values and subjectivity to derive, respectively,
a rank order and then weighting factors with values supporting the aggregation into
a final score. Three types of weighting along similar lines are used:

* Monetary methods, such as mediation costs, willingness to pay, etc.

* Sustainability and target methods, such as in the distance-to-target pro-
cedure

* Social and expert methods

The results of an LCIA in the impact categories explained earlier can be difficult to
interpret in certain cases because they may be contradictory. In these cases it would
be helpful to have one single score.

The prioritization of impact categories often depends on political targets or
business strategies. Weighting is necessary to obtain a single index of environmental
performance of a functional unit. However, the weighting across impact categories
is the most critical and controversial step in LCIA, i.e., a quantitative comparison
of the seriousness of the different resource consumption or impact potentials of the
product, aimed at covering and possible aggregating indicator results across impact
categories.

The weighting methods in LCIA to obtain a single index can be distinguished
and classified according to five types of concepts (Udo de Haes, 1996). Table 3.6
presents a description of these concepts, indicating their advantages and disadvan-
tages. In this frame, no simple truth can decide what works best.

Examples for the proxy approach are the sustainable process index (SPI; Sage,
1993) and the material-intensity per-service unit (MIPS) (Schmidt-Bleek, 1994).
MIPS is a measure of the environmental impact intensities of infrastructures, goods,
and services. Materials and fuels are aggregated by mass and energy content. Impor-
tant cases for the distance-to-target methods are eco-scarcity (Braunschweig et al.,
1994), eco-indicator 95 (Goedkoop, 1995) and EDIP (Hauschild and Wenzel, 1998).
Eco-scarcity is a Swiss method that has also been adapted by Chalmers University
of Technology to suit Swedish conditions. Its units are ECO points per gram of
emission or per MJ of energy. Panel approaches have been used, for instance, by
the German EPA (Schmitz et al., 1995) and in the eco-indicator 99 weighting step
(Goedkoop and Speedesma, 1999). A similar approach, the multicriteria evaluation
(MCE), has been proposed for LCA by Powell and Pidgeon (1994). The abatement
technology concept has been used in the method developed by the Tellus Institute
(1992). It consists of an evaluation of internal environmental costs by means of the
most adequate technology to fulfill the legal requirements. Monetization has been
used as a weighting scheme in some of the damage-oriented methods like environ-
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TABLE 3.6

Comparison of Concepts for Weighting across Impact Categories

Type of
concept Description
1 Selection of one
Proxy parameter for the
representation of
the total impact
I Standard or
Distance to environmental
target objectives
established by
the authorities as
reference
III Consideration of
Panels the different
opinions of
experts and/or
the general
society
v Efforts to reduce
Abatement pollution by
technology technological
means as
reference
v Expression of

Monetization environmental
damages in

monetary values

Costs

No

No

Internal

External

Advantages

Simple application.

The reference value is
accepted if it exists

Achievement of a
value that is
accepted by a group

The efforts can be
expressed by costs
that are known

Attempt to estimate
the actual damage
costs

Disadvantages

Parameter is only a
bad approximation
of total impact

No accepted
reference value for
comparison of
different impact
categories

Result depends on
composition of the
panel and/or
selected
individuals

Internalized costs
do not correspond
to external costs

External costs can
only be estimated

mental priority strategies (EPS) (Steen, 1999) and in the

(UWM; Rabl et al., 1998).

In addition to the weighting scheme used, single index approaches can be
differentiated according to whether impact potentials are the basis for the weighting.
For instance, this is the case for eco-indicator 95 and EDIP, but not for Tellus and

eco-scarcity, in which directly weighting factors are applied.

In the ongoing methodology development of LCIA, panel methods are increas-
ingly important; a tendency also exists to reflect the emission—effect relation more
accurately. In turn, proxy indicators “energy” and “mass displacement” (as a measure
of energy and resource intensity) and monetization methods based on damage or

uniform world model

abatement cost are also acquiring relatively increasing importance.
Next, the eco-indicator 95 will be further explained as a single index method.
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3.6.2 Eco-INDICATOR 95 AS EXAMPLE OF A SINGLE INDEX
APPROACH

Eco-indicators are numbers that express the total environmental load of a product
or process. The eco-indicator 95 (Goedkoop, 1995) is one of the weighting methods
based on the “distance to target” in the same way as the similarly structured EDIP
method (Hauschild and Wenzel, 1998). The steps to achieve a weighting are:

1. Determine the relevant effects caused by a process or product.

2. Determine the extent of the effect; this is the normalization value. Divide
the effect by the normalization value. This step determines the contribution
of the product to the total effect. This is done because it is not the effect
that is relevant but rather the degree to which the effect contributes to the
total problem. An important advantage of the normalization stage is that
all the contributions are dimensionless.

3. Multiply the result by the ratio between the current effect and the target
value for that effect. The ratio, also termed the reduction factor, may be
seen as a measure of the seriousness of the effect.

4. Multiply the effect by a so-called subjective weighting factor to link
fatalities, health and ecosystem impairment.

An overview of the principle of eco-indicator 95 is given in Figure 3.7. The
problem, of course, lies in determining the weighting factors — the subjective
damage assessment phase. The eco-indicator 95 uses the so-called distance-to-target
principle to determine weighting factors. The underlying premise is that a correlation
exists between the seriousness of an effect and the distance between the current and
target levels. Thus, if acidification must be reduced by a factor of 10 in order to
achieve a sustainable society and smog by a factor of 5, acidification is regarded as
twice as serious. The reduction factor is the weighting factor.

To establish a correlation between these damage levels and the effects, a detailed
study of the actual state of the environment in Europe was carried out within the
eco-indicator 95 project. The resulting data were used to determine the level of an
environmental problem and by which factor the problem must be reduced to reach
an acceptable level. Table 3.7 lists the weighting factors and the criteria applied.

3.7 DAMAGE-ORIENTED METHODS
3.7.1 INTRODUCTION

All damage-oriented methods try to assess the environmental impacts — not in the
form of impact potentials, but at the damage level, that is, “further down” in the
cause—effect chain. In the case of human health effects, for example, this means not
as HTP but as cancer cases. In order to illustrate the theory behind these damage-
oriented methods, the eco-indicator 99 methodology (Goedkoop and Spriensma,
1999) and the uniform world model (Rabl et al., 1998) are introduced. Another
method based on the same principles has been developed by Steen (1999).
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FIGURE 3.7 Overview of the structure of eco-indicator 95. (From Goedkoop, M.J., Eco-
indicator 95 — final report, NOH report 9523, Pré Consultants, Amersfoort, The Netherlands,
1995. With permission.)

TABLE 3.7
Weighting Factors in Eco-Indicator 95
Weighting
Environmental effect factor Criterion

Greenhouse effect 2.5 0.1°C rise every 10 years, 5% ecosystem degradation

Ozone layer depletion 100 Probability of 1 fatality per year per million inhabitants

Acidification 10 5% ecosystem degradation

Eutrophication 5 Rivers and lakes, degradation of an unknown number of
aquatic ecosystems (5% degradation)

Summer smog 2.5 Occurrence of smog periods, health complaints,
particularly among asthma patients and the elderly,
prevention of agricultural damage

Winter smog 5 Occurrence of smog periods, health complaints,
particularly among asthma patients and the elderly

Pesticides 25 5% ecosystem degradation

Airborne heavy metals 5 Lead content in children’s blood, reduced life expectancy
and learning performance in an unknown number of
people

Waterborne heavy metals 5 Cadmium content in rivers, ultimately impacts people (see
airborne)

Carcinogenic substances 10 Probability of 1 fatality per year per million people

Source: Goedkoop, M.J., Eco-indicator 95 — final report, NOH report 9523, Pré Consultants, Amers-
foort, The Netherlands, 1995. With permission.

The described approaches use particular weighting methods, especially to eval-
uate the damage to human health. Eco-indicator 99 applies the cultural theory and
disability adjusted life years (DALY) concept, using estimates of the number of
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years lived disabled (YLD) and years of life lost (YOLL), while the Uniform World
Model (UWM) is based on monetization of environmental damages.

3.7.2 CuLTUrRAL THEORY

Hofstetter (1998) proposes using the sociocultural viability theory (Thompson et al.,
1990), called cultural theory, to deal with the problem of modeling subjectivity.
Based on this theory, Goedkoop and Spriensma (1999) distinguish five extreme value
systems, which are illustrated in Figure 3.8. The most important characteristics of
the five extreme archetypes can be summarized in the following way:

1. Individualists are free from strong links to group and grid. In this envi-
ronment all limits are provisional and subject to negotiation. Although
they are relatively free of control by others, they are often engaged in
controlling others.

2. Egalitarians have a strong link to the group, but a weak link to their grid.
No internal role differentiation exists in this environment and relations
between group members are often ambiguous; conflicts can occur easily.

3. Hierarchists have a strong link to group and grid. In this environment
people control others and are subject to control by others. This hierarchy
creates a high degree of stability in the group.

Strong binding to
"external" grid

Weak influence
from group

Strong influence
from group

»

Individualist Egalitarian

Weak binding to
"external" grid

FIGURE 3.8 The grid-group dependency of the five extreme archetypes distinguished in
cultural theory. The autonomist has no fixed position in this figure because it does not have
social relations and should be seen as floating over the archetypes. (From Goedkoop, M. and
Spriensma, R., The eco-indicator-99. A damage-oriented method for life-cycle impact assess-
ment, Pré Consultants, Amersfoort, The Netherlands, 1999. With permission.)
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TABLE 3.8
Attitudes Corresponding to the Three Cultural Perspectives Used in the

Eco-Indicator 99
Required level of

Archetype Time perspective Manageability evidence
Hierarchist Balance between Proper policy canavoid  Inclusion based on
short and long term many problems consensus
Individualist Short term Technology can avoid Only proven effects
many problems
Egalitarian Very long term Problems can lead to All possible effects
catastrophe

Source: Goedkoop, M. and Spriensma, R., The eco-indicator-99. A damage-oriented method for life-
cycle impact assessment, Pré Consultants, Amersfoort, The Netherlands, 1999. With permission.

4. Fatalists have a strong link to grid, but not to group. Although these
people act as individuals they are usually controlled by others who influ-
ence their conception of destiny.

5. Autonomists are assumed to be the relatively small group that escapes
the manipulative forces of groups and grids.

There is sufficient evidence to assume that the representatives of the first three
extreme archetypes have distinctly different preferences as to modeling choices that
must be made. Therefore, they are relevant for decision-making (Table 3.8). The last
two archetypes cannot be used. The fatalist tends to have no opinion on such
preferences because he is guided by what others say and the autonomist cannot be
captured in any way because he thinks independently.

Only the hierarchist, egalitarian and individualist perspectives are relevant for
decision-making and can be defined as the default scenarios, which are proposed as
extreme cases if no other scenarios based on more specific information are available
(Weidema et al., 2002).

The real value of sociocultural viability theory is that a wide range of basic
attitudes and assumptions can be predicted for the three remaining extreme arche-
types: hierarchist, individualist and egalitarian. (Figure 3.8 specifies some of the
many different characteristics per archetype.) Therefore, the eco-indicator 99 meth-
odology uses these three perspectives to facilitate analysis of the relative contribution
of the different damage category indicators to one endpoint.

3.7.3 Tue DALY Concepet FOR HUMAN HEALTH IMPACT

The DALY (developed by Murray and Lopez, 1996, for the World Health Organi-
zation [WHO] and World Bank) aggregates health effects leading to death or illness.
Health effects leading to death are described using the years of life lost (YOLL)
indicator, which includes all fatal health effects such as cancer or death due to
respiratory health effects. Respiratory health effects are further divided into acute

© 2004 CRC Press LLC



and chronic death. Acute death means the immediate occurrence of death due to an
overdose of a certain pollutant; chronic death accounts for health effects that lead
to a shorter life expectancy. In order to derive the number of life years lost due to
a fatal disease, statistics are used, especially from the WHO. These statistics can
show at what age and with which probability death occurs due to a certain cancer
type or respiratory health effect. Combining these statistics and the dose-response
and exposure-response functions (see Chapter 4), it can be calculated how many
years of life are lost due to the concentration increase of a certain pollutant.

The DALY concept includes not only the mortality effects but also morbidity.
Morbidity describes those health effects that do not lead to immediate death or to
a shorter period of life, but which account for decreased quality of life and for pain
and suffering. Cough, asthma or hospitalizations due to different pollutants refer to
this indicator. The morbidity health effects are expressed in years of disability (YLD).
Value choices must be made to weight the pain or suffering during a certain period
of time against premature death. Depending on the severity of the illness, suffering
and pain, the weighting factor for morbidity is between 0 and 1. A weighting factor
of 0.5 means that 1 year of suffering is supposed to be as severe as half a year of
premature death. The DALY indicator is, then, the result of the addition of both
indicators, with DW the relative disability weight and L representing the duration
of the disability:

DALY =YOLL+ YLD =YOLL+DW-L 3.3)

Often a pollutant contributes to more than one health effect and a certain health
effect can lead to morbidity and mortality. Cancer, for instance, often leads to a
period of suffering and pain before death occurs and therefore contributes to YLD
and YOLL.

The value of YOLL or YLD does not depend only on the pollutant and the type
of disease. Because value choices are necessary for weighting, YLD and YOLL
strongly depend on the attitude of the person carrying out the weighting step. More-
over, a year of life lost at the age of 20 and a year of life lost at the age of 60 are not
equally appreciated in every socioeconomic perspective, according to the cultural
theory. For instance, one cultural theory discounts years of life lost in the same way
that discounting is done in finances. Therefore, a year of life lost in the future is worth
less than a year of life lost today. Another cultural perspective judges every YOLL to
be equally important independently of the age when it occurs (Hofstetter, 1998). If
one looks at the unit YOLLSs, YLDs and DALY, it can be said that the overall damage
for cancer is determined by mortality effects (YOLL), while morbidity effects (YLD)
can be neglected. For respiratory health effects, however, morbidity plays an important
role.

3.7.4 MONETIZATION OF ENVIRONMENTAL DAMAGES

Lately, acceptance of the approach of valuing health and environmental impacts in
monetary units for policy-oriented decision support, which is based on the theory
of neoclassical welfare economics, has been growing. In the U.S., cost benefit
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analysis (CBA) is mandatory for evaluation of various environmental policy mea-
sures. In Europe, use of CBA to justify new equipment regulation has also been
increasing. The consideration of health and environmental impacts within a CBA
requires quantification of health and environmental impacts as far as possible on the
endpoint level to facilitate a subsequent valuation.

If a company or public administration must choose between one technological
solution and another, money is a very important parameter. The cost benefit analysis
has been developed to support long-term decisions from a societal point of view, in
contrast to a company perspective. In particular, the field of application includes the
evaluation of regulatory measures with a huge influence on the environment and the
selection of general public environmental strategies. The CBA intends to convert
the cost and benefits of regulatory measures, public environmental strategies, etc.
to monetary units (Nas, 1996). The basic principle behind this purpose from eco-
nomic science is to arrange the disequilibria caused by imperfections of the market
in the economic optimum between public and private interests. Therefore, it is
necessary to quantify the effects of the analyzed plans on society economically.
Because these effects can be environmental damages, they refer to effects on the
environment. Methods for their monetization allow estimating external environmen-
tal costs or externalities. They are called external because they are not considered
in conventional accounting methods (Dasgupta and Pearce, 1972).

The CBA facilitates efficient management of resources for the whole society.
When the results indicate that, as a consequence of the project, negative effects to
third parts such as atmospheric pollution or generation of dangerous wastes domi-
nate, the public administration intervene. Some of the interventions the government
can undertake to neutralize the negative effects are to establish emission thresholds
or taxes related to activities that provoke the damages. The CBA methodology
consists of four phases (Nas, 1996):

* Identification of the relevant costs and benefits

* Assignment of monetary values to the costs and benefits

e Comparison of the costs and benefits in the form of monetary units
generated along the lifetime of the project

* Final decision about the viability of the project and, if appropriate, adop-
tion of necessary interventions by the public administration

Figure 3.9 gives an overview of all the costs generated in the life-cycle of a
product and its visibility. The total costs are divided into two main types: pro-
duction and environmental. The costs with a lot of visibility are the direct ones
of the producer included in the selling price to the client and generated in the
phases from extraction to distribution. These are the conventional costs for raw
materials, energy and salaries. The costs in the second half of the life-cycle until
the disposal are less visible; these are the costs related to ownership after buying
the product.

The indirect costs of the producer do not have much visibility; they consist of
pollution abatement costs, actions to reduce the accident risk at the working place
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FIGURE 3.9 Types of production and environmental costs and their visibility.

and other measures not directly necessary to manufacturing the product. The first
part of the environmental costs, the internal environmental costs or abatements costs,
belongs to the producer’s indirect costs in the first half of the life-cycle. They are
internal costs from an environmental point of view because the polluter pays them.
Moreover, in each phase of the product life-cycle, costs to society are generated in
the form of pollution as well as misuse and depletion of resources. These costs are
the second part of environmental costs — the external environmental costs or
externalities — and have very little visibility.
Thus, two types of environmental costs can be distinguished:

» Internal environmental costs or abatement costs are those a company pays
to reduce its environmental loads to, at least, under the legal threshold,
e.g., the installation and maintenance of gas filters.

¢ External environmental costs or externalities are emissions and other
environmental loads caused to society, e.g., increase of asthma cases; to
obtain them the monetization of environmental damage estimates is nec-
essary.

The conversion of environmental damages in external costs is called monetiza-
tion. With the external environmental costs or externalities at one’s disposal, it is
possible to internalize these costs and calculate the total cost of a product. Theoret-
ically, this is the price a product needs to be consistent with the market. In a figurative
sense, it could be considered the amount that must be paid to maintain the planet
in equilibrium, apart from the amount paid to the producer. More practically, it
means that, with the monetization, environmental damages can be introduced into
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the equations of economic balances and that monetization gives support to solving
the allocation problems of public funds for the protection of life.

However, lacking a common reference for comparison of different impact end-
points inevitably involves a value judgment. Monetization is just one option; there-
fore, the following critical points must be mentioned against the monetization of
environmental damages:

* On a more fundamental level there are doubts whether the monetary
evaluation of human health and the environment is ethically defendable.

* The assignment of economic values to human health and the environment
is not necessarily a guarantee for a sustainable development; they are
considered insufficient for the prescription of environmental policies.

It is out of the scope of this book to take the part of a particular point of view.
The decision-maker must make the choice. Monetization methods will be briefly
presented according to the state of the art; other weighting schemes exist and some
of them are presented in this chapter.

In principle, two fundamental concepts exist in the science of environmental
economics for the monetization of environmental damages:

* In the direct measurement of damages the costs are directly quantified in
the market, for example, costs of illness (COI).

* In the case of environmental impacts that individuals consider damages
but which cannot be measured directly in the market, another perspective
is taken. It is considered that the function of the willingness to pay (WTP)
for the reduction of the emission is equal to the marginal damage function
for the increment of emissions.

With regard to environmental damages, the most important concept is the value
of statistical life (VSL). The loss of a statistical life is defined as the increment of
the number of deaths expressed as 1/certain number of inhabitants. This corresponds
to the probability to die by a factor of 1/n, where n corresponds to a certain number
of inhabitants as a reference group. The focus of scientists evaluating the statistical
life can be distinguished between the WTP approach and the human capital concept
in which a salary not received essentially assesses the statistical life. When using
VSL to evaluate the death of a person due to environmental damages, the age of the
person is not taken into account. Therefore, the YOLL principle has been established.
It is possible to estimate YOLLs based on VSL if data on the age of the reference
group affected by environmental damages are available.

Another important point for the monetization of environmental damages is the
discount rate. Discounting is the practice of giving a lower numerical value to benefits
in the future than to those in the present. This fact has many consequences when
applied to the monetization of environmental damages because these often occur in
the near or even far future.

The damage evaluated today (X,) that will occur in t years is quantified by
Expression 3.4, which means, for example, that at a 10% discount rate (r), 100 U.S.$

© 2004 CRC Press LLC



today is comparable to 121 U.S.$ in 2 years’ time. Different stakeholders have
broadly discussed the question of the most adequate discount rate.

Xt=X, - (1 +1) (3.4)

The accurate economic evaluation of environmental damages depends not only
on the monetization method chosen and the discount rate used, but also on the
question of how far economic damage values can be transferred from one place to
another once they have been determined. For example, it is difficult to decide which
modifications should be done in order to use results of U.S. studies in the EU.

In the case study in this book, monetization is done by the following methods
for economic valuation of damages used by the European Commission (1995):

e The direct estimation of damage costs is the most evident evaluation
method. Here the external damage costs that are measurable in the market
are taken into consideration, which facilitates the valuation of an important
part of the impacts. It allows obtaining an under-borderline of the total
environmental cost, although other types of costs exist.

e The WTP method tries to answer the question of how much one is prepared
to pay to reduce emissions. This method is considered an adequate mea-
sure of preference. For example, with certain decisions, such as buying a
car with or without an airbag, individuals give a price to their lives.

* Discounting corresponds to weighting on the level of intergenerational
equity, which means that the interests of future generations must be taken
into account. However, because in practice it is not possible to measure
the values of future generations, the discount rates applied can be under-
stood as the true social discount rate minus the rate of appreciation of the
value. This consideration justifies the use of a discount rate below rates
observed in capital markets.

With these methods, the types of monetary values obtained are, for instance:

¢ Mediation costs, i.e., costs of illness
* Productivity loss/company’s accounting data, i.e., wage loss
e Economic valuation of a VSL on the basis of:

VSL = £ WTP/Ap (3.5)

where VSL = value of statistical life, WTP = willingness to pay, and Ap = change
in probability of death.

The conventional approach for valuing mortality is based on the estimation of
the WTP for a change in the risk of death (Ap), allowing calculation of VSL by
dividing the WTP by the change in risk. A meta-analysis of valuation studies from
Europe and North America undertaken in ExternE suggests a mean VSL of 3.1 Mio
Euro at a 3% discount rate, derived from accident studies according to the ExternE
project (Mayerhofer et al., 1997).
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Most of the valuation studies are based on a context in which the individuals
involved are exposed to an accidental risk leading to a loss of life expectancy of
about 30 to 40 years; thus, the transfer of results to the air pollution context is
problematic. Increased mortality from air pollution is mainly expected to affect
old people in poor health, leading to a loss of life expectancy between some few
days (harvesting effect due to a high pollution episode — acute mortality) and
some few years (resulting from long-term exposure to increased levels of air
pollution — chronic mortality). An alternative valuation approach that seems to
better reflect the context of mortality related to air pollution is to value a change
in risk in terms of the willingness to pay for life years and to derive a value of a
life year lost (VLYL). Because little empirical evidence on the WTP for LYLs
exists, the ExternE study has developed a theoretical framework to calculate the
VLYL from the VSL. Assuming for simplicity that the value of a life year is
independent of age, a relationship between the VSL and the VLYL is established
(Krewitt et al., 1999).

Rabl et al. (1998) indicate that based on this assumption, a VLYL corresponds
to approximately 0.1 million U.S.$. In principle, a discount rate of 3% is applied
throughout the case study of this book. Based on the uncertainty analysis in
Chapter 5, this book will try to compare the uncertainties due to this valuation step
with other sources of uncertainties in environmental impact analysis.

3.7.5 Eco-INDICATOR 99 As APPROACH USING CULTURAL THEORY
AND DALY

Eco-indicator 95 was based on the distance-to-target approach; however, this method
has been criticized because it offers no clear-cut objective way to define sustainable
target levels. Thus, the subjectivity of the weighting factors used contributed to the
development of a new damage-oriented approach: Eco-Indicator 99 (Goedkoop and
Spriensma, 1999).

To calculate the eco-indicator score, three steps are necessary:

1. Inventory of all relevant emissions, resources extraction and land-use in
all processes that form the life-cycle of a product, which is the standard
procedure in life-cycle assessment as described in Chapter 2

2. Calculation of the damages these flows cause to human health, ecosystem
quality and resources

3. Weighting of these three damage categories

To simplify the weighting procedure, damage categories were identified, and as
a result new damage models were developed that link inventory results into three
damage categories: damage to 1) human health, 2) ecosystem quality, and 3)
resources. A brief description of these three damages follows. Figure 3.10 gives an
overview of the eco-indicator 99 method.
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FIGURE 3.10 Overview of the eco-indicator 99 method. The term “sphere” is used to indicate
that the method integrates different fields of science and technology. (From Goedkoop, M.
and Spriensma, R., The eco-indicator-99. A damage-oriented method for life-cycle impact
assessment, Pré Consultants, Amersfoort, The Netherlands, 1999. With permission.)

3.7.5.1 Damage to Human Health

Damage models were developed for respiratory and carcinogenic effects, the effects
of climatic change, ozone layer depletion and ionizing radiation. In these models
for human health four steps are used:

* Fate analysis links an emission to a temporary change in concentration.

» Exposure analysis links concentration changes to a dose.

» Effect analysis links the dose to a number of health effects, such as
occurrences and types of cancers or respiratory effects.

e Damage analysis links health effects to DALYs for humans, using esti-
mates of the number of YLD and YOLL.

3.7.5.2 Damage to Ecosystem Quality

The entire damage category consists of ecotoxicity and acidification/eutrophication.

Ecotoxicity is expressed as the percentage of all species present in the environ-
ment living under toxic stress. The potentially affected fraction (PAF) is used (Van
de Meent and Klepper, 1997) as an indicator and corresponds to the fraction of a
species exposed to a concentration equal to or higher than the no-observed-effect
concentration (NOEC). It is a measure for toxic stress and, in fact, is not a real
damage.

Acidification and eutrophication are treated as one category. To evaluate the
damage to target species in natural areas, the probability of occurrence (POO; Wiertz
et al.,, 1992) is used. The eco-indicator 99 translates this concept to potentially
disappeared fraction (PDF) = 1 — POO. Local damage on occupied or transformed
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areas and regional damage on ecosystems are taken into account. For land use, the
PDF is used as indicator and all species are considered target species. Damages to
ecosystem quality are expressed as percentage of species disappeared in a certain
area due to environmental load (PDF). The PDF is then multiplied by the area size
and the time period to obtain damage. For one specific emission, this procedure is
repeated for the concentrations in all relevant environmental receiving compartments
separately (water, agricultural soil, industrial soil, natural soil). Finally, the damages
in potentially affected fraction (PAF) expressed in m?yr of the different compartments
can be added up, resulting in the total damage (Hamers et al. 1996). Table 3.9 shows
an example of a calculation procedure given for an emission to air and the resulting
damage in natural soil. The damages in PAFm?yr of the different compartments can
be added up, resulting in the total damage in Europe.

3.7.4.3 Damage to Resources

With respect to damage category resources, the eco-indicator methodology only
models mineral resources and fossil fuels. Chapman and Roberts (1983) developed
an assessment procedure for the seriousness of resource depletion based on the
energy needed to extract a mineral in relation to the concentration. Until now, no
accepted unit to express damages to resources has been found.

For minerals, geostatistical models are used to analyze the relation between
availability and quality of minerals and fossil fuels. This step could be described as
resource analysis in analogy with the fate analysis. In this case the “decrease” of a
concentration as a result of an extraction is modeled.

TABLE 3.9
PDF Calculation for Emissions to Air and Resulting Damage in Natural Soil
for 1 kg Pollutant Emissions in Europe

Calculation step Calculation procedure Result
Emission to air in Europe 10,000 kg/d standard flow 1.0 x 106
kg/m?/yr
Concentration increase (AC) in natural soil EUSES 6.96 x 107 mg/1
No effect concentration (NOEC terrestrial) Geometric mean NOECs 1.04 mg/1
Hazard unit (HU) increase AHU = AC/NOEC 6.69 x 107
PAF/HU at Combi-PAF = 24% Slope factor =
(European average) 0.593.(PAF/AH)
PAF increase in natural soil for 10,000 kg/din ~ APAF = AHU - 0.593 4.13 x 107
Europe
PAF increase in natural soil for 1 kg/yr in APAF/(10,000 - 365) 1.130 x 1013
Europe
PAFm? yr in natural soil (2.16 x 10° km?) (1.13 x 10-13)-surface area 0.244 PAFm?.yr

natural soil

Source: Goedkoop, M. and Spriensma, R., The eco-indicator 99. A damage-oriented method for life-
cycle impact assessment, Pré Consultants, Amersfoort, The Netherlands, 1999. With permission.
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For fossil fuels, surplus energy is based on future use of nonconventional
resources, especially oil shale and tar sands. In this case, the model for the surplus
energy is constructed by means of descriptions of the typical characteristics of the
fossil resources and with data on the increased extraction energy for nonconventional
resources.

3.7.5.4 Weighting in the Eco-Indicator 99 Method

With respect to weighting step, different schemes for the evaluation of environmental
damages have been developed. The most fundamental problem in damage estima-
tions is that the final outcome often refers to value choices and thus the weighting
scheme of the decision-maker. A single truth simply does not exist as long as value
choices are necessary. For example, in the case of the YLD and YOLL (previously
seen), because value choices are necessary for weighting, they strongly depend on
the attitude of the person carrying out the weighting step. Moreover, a YOLL at the
age of 20 and a YOLL at the age of 60 are not equally appreciated in every
socioeconomic perspective. Therefore, the DALY concept is linked to the Cultural
Theory earlier described. Moreover, a panel approach is used as another weighting
scheme.

3.7.5.5 The Panel Approach and Graphical Representation

Because weighting should represent the views of society or groups of stakeholders,
the panel approach and the revealed preference were used by eco-indicator 99. The
procedure was developed by Mettier (1998), based on previous experiences with
panel and Delphi methods in LCA (Udo de Haes, 1996), and consists of a five-part
questionnaire to be answered by the panel:

1. An introduction containing a brief description of the purpose, the outline
and intended application of the eco-indicator 99 methodology, and a
description of the damage categories (human health, ecosystems health
and resources)

2. Ranking of the three damage categories (in order of decreasing impor-
tance)

3. Assigning weights

4. Linkages to cultural perspectives

5. Background questions (age, sex, etc.)

The results given by the panel can be represented on a triangle graphic (Figure 3.11).

3.7.5 UNIFORM WORLD MODEL

Based on the Impact Pathway Analysis (IPA) studies on a European level in the
ExternE Project (see in Chapter 4 for more details), Rabl et al. (1998) compared the
results of detailed site-specific calculations for more than 50 electric power stations
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FIGURE 3.11 Triangle graphic for weighting per the three cultural perspectives: individualist = I; egalitarian = E; hierarchist = H. (From Goedkoop,
M. and Spriensma, R. (1999). The Eco-Indicator 99. A damage-oriented method of life-cycle impact analysis, Pré Consultants, Amersfoort, The
Netherlands. With permission.)
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and MSWIs all over Europe and introduced the Uniform World Model (UWM) with
the Expressions (3.5) and (3.6) for:

a) primary pollutants

p=p =JoxPui g (3.5)

uni kum-
where: D = D,; =(uniform) damage [cases/a]
fcg = slope of concentration-response function
(dose-response or exposure-response) [cases/persons*a*ug/m?]
Pui = uniform receptor density [1.05E-O4persons/m?]
K, = uniform removal velocity [m/s]

uni

Q = emission [pug/s]

b) secondary pollutants

DZLmi = Dum' = AfCRZ - pll"li : Q[ (36)

2uni,eff

where: D, ; = uniform damage due to secondary pollutant [cases/a]

fcr, = slope of concentration-response function for secondary pollutant

2uni

(dose-response or exposure-response) [cases/persons*a*ug/m?]
Kyt = effective uniform removal velocity for secondary pollutant[m/s]
Q, = emission of primary pollutant [ug/s]

The slope of functions states the incremental number of cases (e.g. hospitalisations
per concentration increment). Table 3.10 shows typical removal velocity values as
obtained in different IPA studies.

Even though the assumption that the removal velocity k,; is universal may not
appear very realistic, especially for near-point sources, Rabl et al. (1998) found that
the deviation is surprisingly small. The reason is that the total damage is dominated
by regional damages, which occur sufficiently far away from the source, where the
pollutant is well diluted and the difference of the model from real conditions is
negligible.

Thus, it is plausible that these results are fairly representative and that the
UWM can be a useful tool for a first estimate within an order of magnitude of
damage estimates expressed as external costs, monetized according to the guide-
lines of the European Commission (1995). Table 3.10 presents the results com-
puter with the UWM. The multipliers indicate how much the costs can change
with site (rural and urban) and stack conditions (height, temperature and exhaust
velocity).
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TABLE 3.10
Typical Removal Velocity Values for Different Pollutants

Primary pollutants Kyuni eff (M/8)
NO, — nitrates 0.008
SO, — sulphates 0.019
Secondary pollutants kyni (M/s)
PM10 0.01
S0, 0.01
CO 0.001
Heavy metals 0.01
PCDD/Fs 0.01

Source: Data taken from Rabl, A. et al., Waste Manage. Res., 16(4), 368—388. 1998.

3.8 SOPHISTICATION IN LIFE-CYCLE IMPACT
ASSESSMENT

Sophistication in LCIA has been an important topic for scientific discussion (Bare
et al., 1999; UNEP DTIE, 2003). Sophistication is considered to be the ability to
provide very accurate and comprehensive reports that reflect the potential impact of
the stressors to help decision-making in each particular case. In language more
consistent with recent ISO publications, the practitioners of LCA are faced with the
task of trying to determine the appropriate level of sophistication in order to provide
a sufficiently comprehensive and detailed approach to assist in environmental deci-
sion-making. Sophistication has many dimensions and, depending upon the impact
category in LCIA, may simulate the fate and exposure, effect, and temporal and
spatial dimensions of the impact. It has the ability to reflect the environmental
mechanism with scientific validity (Udo De Haes et al., 1999; Owens, 1997, Udo
de Haes, 1996; Fava et al., 1993).

Traditionally LCIA uses linear modeling, takes the effects of the substances into
account (but not their fate and background concentrations), and aggregates the
environmental consequences over

time
locations “potential impact”

chemicals
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TABLE 3.11
European Health Damage Costs Calculated with the Uniform World Model

Cost (mU.S.$/kg

emitted Multiplier forsite  Multiplier for stack emissions
Pollutant pollutant) (rural < urban) (height 250 < 0 m, T, v?)

CcO 2.07 ? ?

NO, via Nit 1.69 x 10* =07 15 = 1.0

SO, tot 1.22 x 10* =07 15 = 1.0

PM 10 1.36 x 10* =033 =0.6 <20

As 1.50 x 10° =033 =0.6 < 2.0

Cd 1.83 x 10° =033 =0.6 < 2.0

Cr 1.23 x 105 =033 =0.6 <20

Ni 2.53 x 103 =033 =0.6 <20
PCDD/Fs 1.63 x 100 =033 =0.6 <20

m= 1073
 t= temperature; v = velocity
Source: Data taken from Rabl et al. (1998).

All this allows calculating potential impact scores, but not actual damages.
Therefore, the appropriate level of sophistication of LCIA involves quite a number
of issues. A major point concerns the extension of the characterization modeling to
include not only the effects of the substances but also their fates. Another issue
concerns a possible differentiation in space and time. Studies can include impact
models that use data at world level and do not specify time periods; in contrast,
more recent options involve spatial differentiation of impacts and distinguish
between different time periods. A further point concerns the type of modeling. More
sophisticated possibilities arise that take background levels of substances into
account and make use of nonlinear dose—response functions. An important question
here is whether these are real science-based thresholds, or whether these thresholds
are always of political origin. A further question relates to the role and practicality
of including uncertainty analysis. Although sensitivity analysis is increasingly
included in LCA studies, this is not yet the case for uncertainty analysis. Finally,
there are the questions of how to apply these different options for sophistication of
LCIA, which applications can afford to keep it simple, and for which applications
a more detailed analysis is needed (Bare et al. 1999; UNEP DITE, 2003).

The important issue of deciding the appropriate level of sophistication is typi-
cally not addressed in LCA. Often, determination of the level of sophistication is
based on considerations that may be appropriate for a scientific point of view, but
which include practical reasons for limiting sophistication (e.g., the level of funding).
A discussion of the most appropriate ways of determining sophistication will include
(Bare et al. 1999; UNEP DTIE, 2003):
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* Study objective

* Inventory data and availability of accompanying parameters

* Depth of knowledge and comprehension in each impact category
e Quality and availability of modeling data

* Uncertainty and/or sensitivity analysis

* Level of financial resources

3.9 INTERPRETATION

To conclude the LCIA step, the practitioner must carry out analysis and interpretation
of its results in order to evaluate the environmental performance of the product or
activity under investigation. The actual assessment of the environmental profile of the
product takes place during the evaluation. The nature of the assessment is determined
by the goal step of the study. Usually, this will be a comparative assessment. Other
examples include providing information about the environmental performance of the
product regarding some function, product regulation by government agencies, bench-
marking and comparing a product with one or more possible alternatives of its redesign.

The interpretation is an independent step when the goal of the LCA is to find
options to improve a product. During the improvement analysis, environmental LCA-
based product information is used to make recommendations about the optimization
of its manufacturing (including actions of processess or product design) or changes
concerning its use by the consumer, e.g., washing at low temperature.

In any case, some priorities need to be established in order to guide the work
of the practitioner. In this frame, questions like “What is more important at this
moment?” or “What comes first: dealing with the greenhouse effect or with photo-
oxidation formation?” or “In terms of LCI, should the first action be to reduce the
CO, emissions or the COD (chemical oxygen demand) generation?” define the type
of evaluation to be carried out during the interpretation step.

The LCIA generates an environmental profile of the product consisting of a certain
number of impact potentials that help to compare product alternatives. It depends on
the specific case if it will then be possible to draw a conclusion without further
weighting. In principle, this is only possible when all of the impact potentials of a
product alternative are better than those of the other product (Heijungs et al., 1992).

However, in many cases, one product alternative will present a better environ-
mental performance for some impact potentials but worse on others. In cases like
this, the impact potentials will have to be rated in order to make an assessment.
Usually, two methods can be used for this: qualitative multicriteria analysis and
quantitative multicriteria analysis. As presented by Heijungs et al (1992), both
methods include methodological as well as procedural aspects. The procedural
aspects are largely concerned with issues such as who will undertake the evaluation
and what information is provided to those concerned.

In the qualitative method a panel rates the better and poorer impact potentials
(see eco-indicator 99 example in Section 3.7.5). The advantage of this method is that
all involved parties can express their points of view, furnishing a multidisciplinary
perspective to data interpretation. A clear disadvantage is the loss of uniformity
inherent to the method: when two different persons assess a set of two environmental
profiles, their results can be highly different.
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A quantitative multicriteria assessment is based on weighting factors established
by the explicit weighting of the impact potentials.

In the event, an important point about LCA application must be remarked no
matter which interpretation method is selected. This methodology is a powerful
instrument of support regarding the evaluation of environmental and human health
impacts; however, in many cases its results can be useful without an appreciation
of the reliability and validity of the information. In this framework, a quantitative
sensitivity analysis must be performed to assess the effect of the key assumptions
on the final results, to check the data whose quality is suspected or unknown, to
show if the study results are highly dependent on particular sets of inputs, and to
evaluate life-cycle effects of changes being considered (Consoli et al., 1993).

Conclusions should only be drawn on study results with consideration of the
data variability and resulting variability of the findings. Chapter 5 will discuss this
subject more thoroughly and present alternative methods to carry out a qualitative
sensitivity analysis.

3.10 EXAMPLE: COMPARISON OF PET AND GLASS FOR
MINERAL WATER BOTTLES

This example addresses the question of what is better from an environmental point
of view: consuming mineral water in nonreturnable small plastic bottles made of
PET or in returnable glass bottles. For the sake of simplicity, as parameter for the
comparison, only the greenhouse effect (GWP) is to be considered. The basis of the
calculation is 1 L of mineral water consumed in small bottles. Calculations must be
made taking into account the life-cycle of the two types of bottles and the environ-
mental load of water and bottle transportation. The following assumptions are con-
sidered:

* Inthe case of the plastic bottles, the impact related to bottle manufacturing
is not taken into account. The same holds for transportation because the
bottles are manufactured in the bottling plant. Empty glass bottles are
delivered from the glass factory in 16-t trucks.

e The bottled water is delivered from the bottling plant to the wholesaler
in 16-t trucks and from the wholesaler to the retail trader by van. The
glass bottles are returned by van to the wholesaler and from the wholesaler
to the bottle manufacturer in 16-t trucks.

* The impact of cleaning the bottles is not considered.

For the calculations the following data must be used:

PET Glass
Bottle weight (g) 20 237
Bottle capacity (L) 0.33 0.25
Number of uses T 20
Distance from bottling plant to wholesaler (km) 50 50
Distance from wholesaler to retail trader (km) 20 20
Distance from bottle manufacturer to bottling plant (km) — 100
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Regarding GWP, the following EL must be considered:

Production Van <3.5 t Transport

EL Units PET (1 kg) Glass (1 kg) (1 tkm) 16-t Truck (tkm)
CO, kg 3.45 9.68 x 10! 1.54 3.46 x 10!
CH, kg 1.17 x 1072 2.32 x 1073 2.61 x 1073 5.34 x 10#

tkm equivalent to a mass of 1 t (1000 kg) transported 1 km.

For the calculation of the greenhouse effect, consider the following impact
factors:

Compound Factor
CO, T
CH, 62

Solution:

Weight of bottling material associated with 1 L of water consumption:

PET: 20/0.33/1000 = 0.0606 kg

Glass: 237/0.25/20/1000 = 0.0474 kg

Transport TP-PET (tkm) assigned to 1 L of water consumption in PET
bottles

1/transport in 16-t truck

Only one trip from bottling plant to the wholesaler

(TP-PET),, = (1000 + 60.61)/10°).50 = 0.053 tkm

2/transport in Van <3.5 t

One trip from wholesaler to the retail trader

(TP-PET),,, = ((1000 + 60.61)/109).20 = 0.0212 tkm

Transport TP-glass (tkm) assigned to 1 L of water consumption in glass
bottles

1/transport in 16-t truck

la/one trip of empty bottles from glass manufacturer to bottling plant

(TP-glass)q, = (47.4/10°).100 = 0.00474 tkm

1b/one trip of full bottles from bottling plant to the wholesaler

(TP-glass), 4, = ((1000+(237/0.25))/10).50 = 0.0974 tkm

Ic/one return trip of empty bottles from wholesaler to the bottling plant

(TP-glass) . = ((237/0.25)/10).50 = 0.0474 tkm

Total (TP-glass),, = 0.00474 + 0.0974 + 0.0474 = 0.150 tkm

2/transport in Van < 3.5 t

2a/one trip from wholesaler to the retail trader

(TP-glass)y,,, = ((1000+(237/0.25))/10%)*20 = 0.0390 tkm

2b/one return trip of empty bottles from retail trader to the wholesaler

(TP-glass)y,,, = ((237/0.25)/106)*20 = 0.0190 tkm

Total (TP-glass),,, = 0.0390 + 0.0190 = 0.058 tkm

The respective amounts (kg) of CO, and CH, assigned to the consumption
of 1 L of mineral water bottled in PET or glass are calculated by multiplying
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the corresponding mass of bottling material (kg) and transport intensity
(tkm) by the EL per unit of material and transport previously given as data:

EL PET PET bottle Total Glass Glass bottle Total
Transport Transport

CO, (kg) [2.09 x107'|5.11 x 102 [2.60 x 10~! [4.59 x 1072 |1.41 x 10! 1.87 x 10!

CH, (kg) [7.09 x 10#|8.37 x 10°  [7.93 x 10~ [1.10 x 10+ ]2.31 x 10~ 3.41 %10

The contribution in percentage is presented as follows:

EL PET PET bottle Total Glass Glass bottle Total
Transport Transport

CO, (kg) 80.4 19.6 100.0 47.6 524 100.0

CH, (kg) 89.4 10.6 100.0 57.1 42.9 100.0

The amount of equivalent CO, is calculated by multiplying the mass of
methane (CH,) by the corresponding factor and adding it to the mass of CO,.

CO, Equivalent PET Glass
CO, 0.260 0.187
CH, 0.049 0.021
CO, TOTAL kg 0.309 0.208

Conclusion: Regarding the greenhouse effect, it is preferable to consume min-
eral water in glass bottles, in consideration of the assumptions made and the data
provided.

3.11 CASE STUDY: APPLICATION OF LCIA METHODS
IN THE MSWI PROCESS CHAIN LCA

The results of the application of the Eco-Indicator 95 method to the MSWI process
chain LCA (see Chapter 2) are shown in Table 3.12. Scenario 2, the current operation
of the incineration plant after the installation of an advanced gas treatment system,

TABLE 3.12
Differences in Impact Categories According to Eco-Indicator 95

Eco-
Pb PAH SO, Ind.
GWP  ODP POCP NP AP equiv. equiv. equiv. 95
Difference? -10.3 —-18.5 -19.5 -1.5 65.4 64.9 63.0 38.6 59.9
(%)

3(Scenario 1 — Scenario 2)/Scenario 1
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is associated with a higher global warming potential (GWP) and nutrification poten-
tial (NP) than Scenario 1, i.e., the former operation, because it has a higher CO,
and NO, emission per produced TJ due to additional energy consumption for the
advanced gas treatment system. Scenario 2 also has a higher ozone depletion poten-
tial (ODP) and photochemical ozone creation potential (POCP) caused by the higher
contribution of the transport.

Scenario 2 is more favorable than Situation 1 in cases of acidification potential
(AP) and winter smog (SO, equivalent) due to the reduction of HCI, SO, and dust.
This scenario is also favorable for heavy metals (Pb equivalent) and carcinogenic
substances (PAH equivalent) because they are removed by the advanced gas treat-
ment system.

The global environmental evaluation according the Eco-Indicator 95 is positive
for the installation of the advanced gas treatment system. The method assigns
especially high weightings to impacts reduced by the advanced gas treatment system
(mainly acidification and heavy metals). Therefore, it can be concluded that the
installation of an advanced gas treatment decreases stack emissions and the related
inventory and impact assessment data, but increases the majority of the other envi-
ronmental loads considered because of higher raw material and energy consumption
per produced TJ as well as more transport activity. Nevertheless, the overall envi-
ronmental efficiency measured according Eco-Indicator 95 clearly improves.

Furthermore, the results obtained with Eco-Indicator 95 methods are comparable
with results obtained from other LCIA methods: MIPS (Schmidt-Bleek, 1994), EPS
(Steen and Ryding, 1992) and the method of the Tellus Institute (1992). Figure 3.12
shows overall results for the difference between Scenario 1 without and Scenario 2
with an advanced gas system.

It can be observed that selected methods corresponding to different weighting
approaches do not deliver results with the same tendency. Two methods show an

80%
60%
40%
20%
0% | .
20 Eco-indicator 95 MIPS EPS (1992)* M todo Tellus**
= o
-40%
-60%
-80%
*  Only emissions, values taken from Lindfors et al., 1995
** Without CO,, values taken from Lindfors et al., 1995

FIGURE 3.12 Comparison of different single-index LCIA methods.
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improvement and two others show a worsening of the environmental performance
of the process chain under study. This observation questions the validity of an
approach based only on a value to measure the environmental performance. However,
above all, this kind of comparison is difficult because the number and types of
environmental loads considered in each method vary significantly.

According to EU environmental policy, the installation of advance gas treatment
systems is obligatory in order to reduce the emission of gases such as SO, and HCI
as well as particulate matter, PCDD/Fs and heavy metals. The results of the Eco-
Indicator 95 and the Tellus methods are in agreement with this policy, whereas the
MIPS and EPS indicate the contrary. Using MIPS, such a result is found because
more raw materials are necessary for the emission reduction technologies. In the
EPS results obtained, more than 96% of the total is caused by CO,. In the same way
as explained for the Eco-Indicator 95 results, the contribution of the heavy metals
decreases, while the values for NO, and CO, increase because they are not eliminated
and the overall energy efficiency declines.

3.12 QUESTIONS AND EXERCISES

1. Build a cause-effect diagram associating inventory results with impact
categories, category indicators, and category endpoints for each case,
starting from a life-cycle inventory for: CO,, SO,, CH,, N,O, NO,, and Pb.

2. Associate possible midpoint and/or endpoint indicators with the following
impact categories: stratospheric ozone depletion; acidification; eco-toxic-
ity; and human toxicity.

3. Explain the main differences between midpoint and endpoint indicators
in LCIA. Try to explain these differences by using some examples.

4. Summarize the main advantages and disadvantages of using endpoint
approaches in LCA.

5. Estimate the GWP of the air emissions, including direct impacts to the
environment (from 1,1,1-TCA) and indirect impacts from fossil fuel-based
energy use (CO, N,0), and the percentage distribution for each chemical.
Use the following data for air emission (20,000 kg 1,1,1-TCA/h).

Chemical m; (kg/h) GWP
TCA 13 100
CO, 10 1
N,O 0.18 310

Discuss the result comparing the effect resulting from the direct impacts
and those from indirect impacts due to the fossil fuel-based energy
used. Considering the possibility of a renewable energy use (biomass-
based fuels), what could be concluded regarding the effects to the glo-
bal warming of the actual process?

6. Describe the scheme of the eco-indicator 95 structure of LCA for eutroph-
ication and carcinogenics.

7. The application of eco-indicator 95 has been sometimes criticized because
of its failure to be an objective assessment tool at the weighting phase
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level. Explain briefly the main faults of eco-indicator 95 and the advan-
tages introduced by eco-indicator 99.
8. Summarize the weighting methods proposed for use in LCIA and briefly
describe their advantages and disadvantages.
9. How many times should the glass bottle be recycled to generate the same
amount of equivalent CO, as the plastic bottle? Answer: 7 times.
10. Compare plastic sheets to paper from cellulose pulp.
According to NASA, the ozone’s layer hole above Antarctica has been in-
creasing. If, on September 19, 1998, it was measured 27.2 X 10° km?
and, 2 years later, on September 3, this surface had increased to 28.3 x
10° km?, determine what would have a worse effect on the ozone’s lay-
er: using a 5-g paper pulp sheet or a 5-g low density polyethylene
(LDPE) sheet. The comparison must be based on the measurement of
the ozone depletion potential (ODP) expressed as kilograms of CFC-11
equivalent. The needed environmental loads (ELs), in this case emis-
sions of chlorfluorinated compounds (CFCs) to the air for paper and
polyethylene production and the corresponding impact factors, are giv-
en in the following table:

EL Unit Paper (EL/kg) LDPE (EL/kg)
Halon 130T kg 7.15 X 107 6.85 X 10~
CFC-11 kg 237 x 107 4.06 x 107
CFC-114 kg 6.24 X 107 1.07 x 10~
CFC-12 kg 5.08 x 10710 873 x 101
CFC-13 kg 3. 19 x 10 548 X 10
HCFC-22 kg 5.66 x 10710 9.60 x 10710

Impact factors:

Compound Unit Factor

Halon-1301 kg 1.6 x 10T
CFC-11 kg I
CFC-114 kg 8.0 X 10T
CFC-12 kg I
CFC-13 kg 1
HCFC-22 kg 5.5x 107

11. Compare the use of two different plastics: PP and PVC. A company
endeavors to compare the environmental impact due to the industrial use
of two polymers: polypropylene (PP) and polyvinyl chloride (PVC) as
raw material for manufacturing piping. It considers it necessary to take
into account two variables: the raw material and its transport. Two alter-
natives are supposed:

1. Buying PP piping from a distributor who receives the product by
train from a factory 1000 km away and uses a van to deliver the
product to a consumer who is 200 km from the distributor

2. Buying PVC tubes from a distributor who acquires the product by
a 16-t truck from a factory 700 km away and uses a van to deliver
the product to a consumer who is 50 km from the distributor

To compare the environmental behavior of each product, the company
makes use of three parameters: kilograms of consumed oil, GWP
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measured as kilograms of equivalent CO,, and acidification (acid po-
tential, AP) measured as kilograms of equivalent SO,.
Determine for each alternative the value of these parameters related to en-
vironmental impact caused by the use of 1 kg of polymer and determine
which of these kinds of plastics would be better used from an environ-
mental point of view. The necessary ELs and impact factor data are giv-
en in the following table.

EL Unit | PP (1kg) | PVC (1kg) | Van (tkm) 16;:;:)”" Train (tkm)
0il kg 1.82 1.07 4.71 x 10! 1,06 x 10! 8.73 x 1073
CO, kg 3.11 3.22 1.54 3.46 x107! 5.41 x 1072
SO, kg 222x 102 | 1.92x 102 |3.39x 1073 7.3 x 10~ 2.15x 10
NO, kg 444 %102 | 6.70x 107 | 872x 102 | 3.52x107 2.89 x 10
CH, kg 1.07 x 102 | 8.05x 103 | 2.61 x 1073 5.34 x 0 1.06 x 10+
HClI kg 1.65 x 10 | 3.26 x 10* | 3.48 x 107 6.05 x0° 5.43 x 1073
tkm equivalent to a mass of 1 t (1000 kg) transported 1 km.
Environmental impact factors:
GWP AP
Component Factor Component Factor
CO, 1 SO, 1
CH, 62 NO, 0.7
HClI 0.88
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4 Environmental Risk
Assessment

With the contribution of Montserrat Meneses

4.1 INTRODUCTION

This chapter deals with the typical concept of risk assessment as a fundamental basis
of environmental management. A general introduction of the risk concept is given
in the first part of the chapter and hazard identification is explained. Exposure
assessment and risk characterization for human health and ecological exposure are
described; also included is a description of environmental monitoring, as well as
general information about the fate and exposure models. Special emphasis is given
to the study of the dose-response and exposure—response functions and the human
health risk characterization for carcinogenic and noncarcinogenic risk. Some exam-
ples are introduced and different practical problems related to them are given at the
end of the chapter.

Another approach is also explained: the impact pathway analysis (IPA), which
is shown as an alternative way of analysis in cases for which risk assessment (RA)
results have to be converted into damage estimations.

IPA is used to assess the impacts produced by some of the processes of the life-
cycle of a process or service, with a higher level of detail than that obtained from
a conventional LCA. Because the impact caused by a pollutant emitted at a specific
site depends on site-specific parameters such as population density, meteorological
data, etc., the tools used by risk assessment, such as fate, transport and exposure
assessment, are included in the analysis. In this manner, risk assessment and LCA
can be linked.

IPA is presented in this chapter as an application of environmental risk assessment
(ERA) but with a huge potential for use within the life-cycle impact assessment
(LCTA). The IPA will be thus taken up again in later chapters for different applications,
development of methodology and examples.

4.2 RISK ASSESSMENT

The term “risk” has different meanings depending on different contexts. For a
layperson it embodies the concepts of severity and probability of outcome. For
example, people do not consider death by asteroid impact very risky, primarily
because the likelihood of such an occurrence is perceived to be very small. Similarly,
death from an accident or a fall at home is not appreciated as a significant risk

© 2004 CRC Press LLC



because these do not normally connote a lethal injury and their severity seems to
be within an individual’s control. Death and injury from attack by strangers is widely
feared as a high risk because of the apparent frequency of such occurrences as
reported by the news media. Risk implies not only some adverse result, but also
uncertainty. Risk changes as information becomes more specific — a golfer has
greater risk of death by lightning than the population as a whole, whether this is
perceived as likely or not. The risk from an injury at home or being struck by
lightning can be calculated because these events actually happen. In contrast, assess-
ment of risk attributable to low levels of environmental contaminants is an uncer-
tainty exercise.

People use the term risk in everyday language to mean ‘“chance of disaster.”
When used in the process of risk assessment it has specific definitions; the most
commonly accepted is “the combination of the probability, or frequency, of occur-
rence of a defined hazard and the magnitude of the consequence of the occurrence”
(Royal Society, 1992). On the other hand, hazard can be defined as “the potential
to cause harm” and also as “a property or situation that in particular circumstances
could lead to harm” (Royal Society, 1992).

The risk assessment is applied in a wide range of professions and academic
subjects. Engineers “risk assess” bridges to determine the probability and effect of
failure of components; social welfare workers “risk assess” their clients to evaluate
the likelihood of the recurrence of antisocial behavior. Risk assessment has become
a commonly used approach in examining environmental problems. It is used to
examine risks of very different natures.

Environmental contamination problems are complex issues with worldwide
implications. Risks to human and ecological health as a result of toxic materials or
their introduction into the environment are a matter of great interest to modern
society. The effective management of environmental contamination problems has
therefore become an important environmental aim that will remain a growing social
issue for the next years.

The foundations for risk assessment methodologies have traditionally been based
on the examination of effects to human health, but much more emphasis is now
placed on all types of environmental damage. In comparison to human health risk
assessment, which is a relatively new field, risk assessment for ecological effects is
very much in its infancy and the field is constantly developing.

ERA consists of evaluating the probability that adverse effects on the environ-
ment or human health occur or may occur as a consequence of exposure to physical,
chemical or biological agents. Evaluation of environmental risk requires knowledge
of adverse effects that might be caused by exposure to chemical substances or
materials, as well as of the intensity and duration necessary to produce adverse
effects on the environment, including the population.

Risk assessment is a tool used to organize, structure and compile scientific
information in order to help identify existing hazardous situations, anticipate
potential problems, establish priorities and provide a basis for regulatory controls
and/or corrective actions. It can also be used to determine and measure the
effectiveness of corrective measures or remedial actions. A key underlying prin-
ciple of risk assessment is that some risks are tolerable — a reasonable and even
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sensible view, considering the fact that nothing is wholly safe per se. In fact,
whereas large amounts of toxic substances may be of major concern, simply
detecting a hazardous chemical in the environment should not necessarily be a
cause for alarm. The intrinsic knowledge of the physical-chemical properties of
pollutants, biodegradability, potential of bioaccumulation or potential effects of
the chemical substances is necessary for the evaluation of environmental risk.
Moreover, it is necessary to carry out a detailed evaluation of the emission sources,
as well as the fate, transport and distribution in the different media. Due to all
this, the analysis of environmental samples in the laboratory and the application
of mathematical models are vital (EC, 1996).

4.3 FRAMEWORK OF ENVIRONMENTAL RISK
ASSESSMENT

ERA is a formal mathematical tool used to evaluate potential hazards introduced by
pollutant emissions in human health and the environment. This risk assessment
process entails a sequence of actions outlined below:

1. Hazard identification: identification of the adverse effect that a substance
has an inherent capacity to cause

2. Exposure assessment: estimation of the concentrations/doses to which
human populations (i.e., workers, consumers and individuals exposed
indirectly via the environment) or environmental compartments (aquatic
environment, terrestrial environment and air) are or may be exposed

3. Dose-response assessment: estimation of the relationship between dose,
or level of exposure to a substance, and the incidence and severity of an
effect

4. Risk characterization: estimation of the incidence and severity of the
adverse effects likely to occur in a human population or environmental
compartment due to actual or predicted exposure to a substance, i.e., the
quantification of that likelihood

Figure 4.1 shows a framework for human and ecological ERA. The EU has
provided a technical guidance document on ERA in support of Commission
Directive 93/67/EEC on Risk Assessment for New Notified Substances and the
Commission Regulation (EC) 1488/94 on Risk Assessment for Existing Sub-
stances (EC, 1996). The U.S. Environmental Protection Agency has produced
different risk assessment guidelines: Guidelines for Ecological Risk Assessment
(EPA/630/R-95/002F. FR 63(93) 26846-26924), the Guideline for Exposure
Assessment (EPA/600Z-92/001. FR 57: 22888-22938) and the Proposed Guide-
line for Carcinogenic Risk Assessment (EPA/600/P-92/003C. FR 61(79)
17960-18011).
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FIGURE 4.1 Framework of environmental risk assessment. (Adapted from Fairman, R. et
al., Environmental Risk Assessment — Approaches, Experiences and Information Sources,
European Environment Agency, Copenhagen, 1998.)

4.4 HAZARD IDENTIFICATION

The first step in an ERA in cases for human health and environment is to determine
whether exposure of humans and ecosystems to chemicals is likely to have any
adverse effects.

4.4.1 HumaN HEeALTH

The human health hazard identification involves an evaluation of whether a pollutant
can cause an adverse health effect in humans. The process is a qualitative risk
assessment that examines the potential for exposure and the nature of the adverse
effect expected. The information used in hazard identification includes human,
animal and mechanistic evidence; therefore, the risk assessor must evaluate the
quality of the evidence, the severity of the effects, and whether the mechanisms of
toxicity in animals are relevant to humans. The result is a scientific judgment of
whether a particular adverse health effect in humans is caused by a chemical or
process at certain concentrations. This is the work of toxicologists and epidemiol-
ogists, who study the nature of the adverse effects caused by toxic agent and the
probability of their occurrence.

4.4.2 ECOSYSTEMS

The design of an ecological risk assessment program for an environmental con-
tamination problem typically involves a process to define the common elements
of populations and ecosystems clearly; this then forms a basis for the development
of a logical framework that can be used for risk characterization. First, the devel-
opment of an ecological risk assessment includes the identification of one or
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several ecological assessment endpoints — a very important point because the
different types of ecosystems have unique combinations of physical, chemical,
and biological characteristics and thus may respond to contamination in unique
ways. The physical and chemical structure of an ecosystem determines how con-
taminants affect its resident species and biological interactions may determine
where and how the contaminants are distributed in the environment and which
species are exposed to particular concentrations. The following ecosystems are
normally studied in an ERA:

» Terrestrial ecosystems are classified depending on the vegetation types
that dominate the plant community and terrestrial animals.

e Wetlands are areas in which topography and hydrography create a zone
of transition between terrestrial and aquatic environments.

e In freshwater ecosystems the dynamics of water temperature and move-
ment of water can affect the availability and toxicity of contaminants.

e Marine ecosystems are of primary importance because of their vast size
and critical ecological functions.

» Estuaries support a multitude of diverse communities and are important
breeding grounds for numerous fish, shellfish and bird species.

Assessment endpoints, mentioned in Chapter 3 with regard to life-cycle impact
assessment, are explicit expressions of the actual environmental value to be pro-
tected. The main criteria used in the selection of assessment endpoints include their
ecological relevance, their susceptibility to the stressor, and whether they represent
management goals (to include a representation of societal values). Ecological
resources are considered susceptible when they are sensitive to human-induced
stressors to which they are exposed. Delayed effects and multiple stressor exposures
add complexity to evaluations of susceptibility. Conceptual models need to reflect
these factors. If a species is unlikely to be exposed to the stressor of concern, it is
inappropriate as an assessment endpoint.

To evaluate every species that may be present at a locale affected by an envi-
ronmental contamination problem is not feasible. Therefore, the selected target of
indicator species will normally be chosen in an ERA study. Then, by using reason-
ably conservative assumptions in the overall assessment, it is rationalized that ade-
quate protection of selected indicator species will enable protection for all other
environmental species as well.

A guiding criterion for the selection of ERA target species considers if they are:

* Threatened, endangered, rare or of special concern

* Valuable for several purposes of interest to human populations (i.e., of
economic and societal value)

e C(ritical to the structure and function of the particular ecosystem that they
inhabit

e Indicators of important changes in the ecosystem

e Of relevance for species at the site and its vicinity
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4.5 EXPOSURE ASSESSMENT

Exposure assessment is the determination of the concentration/doses to which human
populations or environmental compartments are or may be exposed. An exposure
assessment is designed to estimate the magnitude of actual and potential receptor
exposures to environmental contaminants, as well as the frequency and duration of
these exposures, the nature and size of the populations potentially at risk (i.e., the
risk group), and the pathways by which the risk group are or may be exposed.

The following steps must be taken in a typical exposure analysis for an envi-
ronmental contamination problem:

¢ Determination of the concentrations of the chemicals of concern in each
medium to which potential receptors are or may be exposed

e Estimation of the intakes of the chemicals of concern, using the appro-
priate case-specific exposure parameter values

The exposure assumptions election can be very difficult and is one of the critical
elements of an ERA. Efforts have been made to standardize the process of exposure
assessment, but the best approach remains to tailor the exposure assessment to the
particular characteristics of the study. For instance, risk experts should visit the study
area if possible and contact relevant agencies and individuals to assemble information
regarding the habits and activities of local populations.

4.5.1 EXPOSURE ASSESSMENT DATA

One of the most important steps in the ERA process is the determination of
potential exposure. Exposure estimation involves combining predicted concentra-
tions for target chemicals with certain assumptions about the environmental fate of
these chemicals and activity patterns of the receptors. Subsequently, the results of
the exposure assessment include toxicity and epidemiologist information to provide
a quantitative estimate of risk. Therefore the exposure assessment is based on
representative monitoring data and/or on model calculations. Appropriate informa-
tion on substances with analogous use and exposure patterns or analogous properties
will be taken into account when available. However, the availability of representative
and reliable monitoring data or the amount and detail of the information necessary
to derive realistic exposure levels by modeling will vary.

4.5.1.1 Environmental Monitoring

Whenever possible, high-quality and relevant measured exposure data should be
used in risk characterization. Measured exposure data may be available for existing
substances, but are unavailable for new substances. The latter may be obtained from
industry monitoring programs, particularly for occupational exposure, or other mon-
itoring studies.

As a first step, the available data must be assessed with regard to their reliability.
The confidence in measured exposure concentrations is determined by the adequacy
of techniques, strategies and quality standards applied for sampling analysis and
protocol.
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Second, whether the data are representative must be established. The type,
location, duration and frequency of sampling should be evaluated. The selected
representative measured data need to be allocated to specific exposure scenarios to
allow meaningful exposure assessment.

The types of environmental monitoring can be classified as follows:

* Biological monitoring allows actual measurement of exposure and accu-
rate assessment of likely health outcomes. It involves analyzing human
biological samples (i.e., blood, urine, hair, nails, or breast milk) for the
presence of target chemicals.

* Environmental monitoring allows actual measurement of exposure and
accurate assessment of likely ecological outcomes. It involves analyzing
environmental samples (i.e., air, grass, soils, fish or shellfish) for the
presence of target chemicals.

Monitoring is useful in assessing occupational exposures to airborne chemicals
because workplaces typically involve exposure to a single or only a few chemicals
at relatively high concentrations (in contrast to typical environmental concentrations)
and exposure activity is well known. Although monitoring is a useful method, some
disadvantages can be found. The main advantages and disadvantages of environ-
mental monitoring are:

Advantages:

1. Defines environmental exposure accurately and precisely

2. Identifies associated health effects in a good way

3. Improves the determination of susceptibility to target pollutants

Disadvantages:

1. Biomarkers integrate all routes and sources of exposure; thus, it is
impossible to distinguish whether the exposure is due to the chemicals
in air, water, or food.

2. A distinction between variations in the exposed populations, such as
health status and individual lifestyle, cannot be made.

3. The timing of sample collection in relation to exposure that is critical
to the successful measurement of a biomarker cannot be considered.

The best marker would be one that was chemical specific, measured well in
trace quantities, measurable in easily sampled biological media or by noninvasive
techniques (i.e., blood, urine, hair or nails), and well correlated with a previous
exposure. For instance, a good biomarker to assess the municipal solid waste incin-
erator (MSWI) emissions of our case study would ideally be associated with a
chemical unique to the emissions, easily monitored in the stack, and associated only
with inhalation exposure. Inorganic tracer chemicals for MSWI emissions include
antimony, arsenic, beryllium, cadmium, chromium, lead, mercury, nickel and tin.
Organic tracer chemicals include benzo(a)pyrene, polychlorinated biphenyls and
dioxins. None of these chemicals is good for biomonitoring because each one exists
naturally in the environment, so exposure may occur naturally via air, water, soil,
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and food. Although the organic compounds are not naturally occurring, they are
inadvertently produced as an impurity in the manufacture of many chemicals or as
a byproduct of many combustion processes and thus considered to be ubiquitous in
the environment.

4.5.1.2 Fate and Exposure Models

Examination of the total exposure is a comprehensive evaluation that necessitates
modeling. The models or the mathematical calculations for the exposure scenarios
provide a means of calculating exposure levels. A chemical’s final distribution in
the media and its respective concentrations are the result of numerous highly complex
and interacting processes that are not easy to estimate. Fate and transport models
have been developed to estimate pollutant transport among and transportation within
multiple environmental media.

Once a chemical has been emitted to a medium (air, water or soil), it is distributed
in the environment. The distribution is not normally restricted to one environmental
compartment, but is partitioned among different compartments. Therefore, it may
cause one or more types of environmental impacts. Also, it can enter the food chain
and become a risk to human beings. This ability depends on the specific physical,
chemical or biological (toxicological) properties of the compound and of the prop-
erties and characteristics of the medium to which the emission is released. On the
other hand, chemicals can suffer different processes (i.e., degradation, biodegrada-
tion, metabolization, transformation, dissociation, hydrolytic process, etc.) in the
environment. In this way, fate and transport models can help resolve how a chemical
will be distributed in the different media and which transformation may suffer.

Two different modeling approaches exist: 1) multimedia fate and exposure modeling
and 2) specific single-medium models. Integrated multimedia fate and exposure models
represent the distribution of a chemical among different compartments and the transfer
of chemicals through various exposure routes to a species of interest. For human toxicity,
the models calculate a potential dose, which is indicative of the level of impact expected.
For ecological toxicity, the models calculate environmental compartment concentrations
or potential doses for animals at different levels of the food chain.

The examination of the total exposure is a comprehensive evaluation most
accurately carried out for micropollutants (organics and heavy metals) by the use
of multimedia modeling. For macropollutants (SO,, NO, and particles) single-
medium models are generally applied. Table 4.1 consists of selected models that
may be applied to some aspects of risk assessment and environmental management
problems. The choice of one particular model over another will generally be specific
to the problem.

Environmental fate models determine the concentration in different compart-
ments (air, surface water, sediments) through the solution of mass balance equations
describing the release, transformation, and intercompartmental distribution of a
pollutant. Exposure pathway models calculate the exposure of an organism via a
stated pathway resulting from a given environmental concentration. These factors
take into account transfer factors, uptake rates such as the rate of inhalation, parti-
tioning and bioconcentration factors, and environmental concentrations.
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TABLE 4.1

Environmental Models Applicable to Risk Assessment and Environmental Management Problems

Model

FAIR
(framework to assess
international regimes)

TAF
(racking and analysis
framework)

ISCST/ISCLT
(industrial source complex short-
/long- term model)

RAINS
(regional acidification
information and simulation)

Modflow
(modular flow model)
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Description

Special features

Single-medium models

An interactive model to explore options for differentiation of
future commitments in international climate policy making

Integrated modeling framework developed to guide U.S.

regulatory policies on emissions of precursors to acid rain

An air dispersion model that calculates annual ground-level
concentrations and deposition values associated with point and
area sources of air emissions

Scenario-generating device allowing visualization of future
impacts of current actions/inaction and to design a transition
strategy toward long-term environmental goals

Modular three-dimensional ground-water flow model

A decision-support tool, allows interactively evaluating the
implications of different approaches and criteria for
international burden sharing because it enable users to relate
burden-sharing schemes to global climate protection targets

Evaluates the status of implementation, effectiveness, costs and
benefits of the acid-deposition control program; determine
whether additional reductions are necessary to prevent adverse
ecological effects

Used for predicting short-/long-term air concentrations; provides
mechanisms to account for pollutant removal by physical or
chemical processes

Brings information about costs of control, emissions,
atmospheric transport and ecological impacts in a
multipollutant/multieffect framework

Simulates steady and nonsteady flow in an irregularly shaped
flow system in which aquifer layers can be confined,
unconfined or both

-- continued



TABLE 4.1 (continued)

Environmental Models Applicable to Risk Assessment and Environmental Management Problems

Model

DREAM
(Danish Rimpuff and Eulerian
accidental release model)

TRIM
(total risk integrated
methodology)
AQUATOX
(simulation model for aquatic
ecosystems)

CalTOX
(California total exposure
model)
EUSES
(European Union system for the
evaluation of substances)
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Description

Special features

Single models

Used for studying transport, dispersion and deposition of air
pollution due to a single but strong source, such as an accident

Modeling system for assessing air pollutants and finding needs
of the hazardous and critical air pollutant programs

Predicts the fate of different pollutants, such as nutrients and
organic chemicals, and their effects on the ecosystem

Comprehensive three-dimensional tracer model based on a

combination of a Lagrangian short-scale puff model (describe
the transport, dispersion and deposition in the area near the
source) and a Eulerian long-range (describe the long-term
transport calculations)

Time series modeling system with multimedia capabilities for

assessing human health and ecological risks for hazardous and
criteria air pollutants

Valuable tool for ecologists, water quality models and anyone

involved in performing ecological risk assessments for aquatic
ecosystems

Multiple-media models

A risk assessment model that mathematically relates the
concentration of a chemical to the theoretical dose a person
may receive

A multimedia transport and transformations model; estimation
of emissions, distribution in the environment, exposure
forecast of humans and environment, assessment of bioeffects
and risk estimation for the environment and humans

A multimedia, multiple pathway exposure, transport and

transformation model

End points are humans (consumers, workers, man exposed

through environment) and environment ( population of micro-
organisms), aquatic, terrestrial and sediment ecosystems,
populations of top predators; risk environmental and health
human assessment of new and existing substances



MENDTOX
(multimedia environmental
distribution of toxics)

SMCM
(spatial multimedia
compartmental model)

SIMPLEBOX

An environmental simulator designed to track the dynamic
distribution of chemicals in the multimedia environment, in
eight main compartments including: air, aerosol, soil, water,
sediment, suspended solids, biota, and vegetation

Describes the fate of organic chemicals in a conventional air,
water, soil , and sediment system under steady-/unsteady-state
condition

A nested multimedia model that uses contaminant
concentrations as input and computes steady-state and time-
dependent (transient) concentrations as outputs

Based on a detailed mechanistic description of intermedia
transfer processes; incorporates theoretical and empirical
descriptions of transport processes (gaseous, dissolved and
particle phases) and the particle-size distribution and their
dependence on intermedia transfer processes

Based on estimation of the multimedia partitioning of organic
pollutant in local environments; used to predict multimedia
concentrations and to analyze the multimedia distribution of
organic chemicals in the environment

Terrestrial and aquatic fauna are not incorporated into the model;
however contaminant concentrations in water bodies and
sediments can be evaluated; uses contaminant concentrations
as input and computes steady-state and time-dependent
(transient) concentrations as outputs
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The development of the ERA methodology was an important step forward with
the inclusion of such models for pollutant fate calculations. Figure 4.2 shows a
general overview of the exposure assessment by multimedia modeling for human
health. This figure shows the influence of human activities on the environment and
illustrates the connections of the different important impact pathways within the
total exposure. Thus, this figure describes the main goal of multimedia modeling:
to identify the different pathways of a pollutant fate and to calculate the total
exposure due to the different sources. Starting with emission from the plant, the
distribution of the pollutants goes over the air, soil, ground water and surface water
in the other bordering compartments. Through these paths the pollutants can enter
the food chain of human beings and animals. With the direct consumption of
agricultural products, i.e., plants or animals, humans stand under the direct and
indirect pollutant influence (see Figure 4.2).

Numerous model classification systems with different complexities exist in prac-
tice; these are broadly categorized as analytical or numerical models, depending on
the degree of mathematical sophistication involved in their formulation. Analytical
models are models with simplifying underlying assumptions, often sufficient and
appropriate for well-defined systems for which extensive data are available and/or
for which the limiting assumptions are valid. Whereas analytical models may be
enough for some situations, numerical models (with more stringent underlying
assumptions) may be required for more complex configurations and systems.

The procedure of deriving an exposure level by applying model calculations
must be transparent and the input data or default values used for the calculations
should be documented. Nowadays a large number of different models are available
to describe an exposure situation, so the choice of the most appropriate model for
the specific substances and scenario should be made and explained. The choice of
which model will be used for specific applications depends on numerous factors;

ATMOSPHERE

0 Animals
BEING and

HUMAN Vegetables

ACTIVITY

to Water*

TERRESTRIAL
ECOSYSTEM

*Emissions to superficial and underground water.

FIGURE 4.2 Cause—effect chain for ecosystem and human health as basis for exposure
assessment by multimedia modeling.
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choosing a more complex model over a simple one will not necessarily ensure a
better solution in all situations. In fact, because a model is a mathematical repre-
sentation of a complex system, usually some degree of mathematical simplification
must be made about the system being modeled. Due to the complexity of natural
systems, it is usually not possible to obtain all the input parameters, so data limita-
tions must be weighted appropriately when choosing a model. Here ERA is con-
fronted with the same problem as that of the LCA described previously because
both are methods based on system analysis.

Ultimately, the type of model selected will be dependent on the overall goal for
the assessment, complexity of the problem, type of contaminants of concern, and
nature of the impacted and threatened media, as well as the type of corrective actions
considered in the investigation.

4.5.2 HumaN HEeALTH EXPOSURE ASSESSMENT

After estimation of the increasing concentrations of pollutants in air, water, soil, and
food in the affected regions (by means of a monitorization, multicompartmental or
single model), an exposure assessment must be carried out. The exposure assessment
phase of human health risk assessment is the estimation of the rates at which
chemicals are absorbed by potential receptors. Because most potential receptors can
be exposed to chemicals from a variety of sources and/or in different environmental
media, an evaluation of the relative contributions of each medium and/or source to
total pollutant intake could be critical in a multipathway exposure analysis. In fact,
the accuracy of exposure characterization could be a main determinant for the
validity of a risk assessment.

Humans may be exposed to substances in their workplaces (occupational expo-
sure), due to use of consumer products (consumer exposure) and indirectly via the
environment. Different types of individuals and ages may be required to characterize
the population at greatest risk. Also, frequent exposure to adults and children must
be considered separately because adulthood provides the longest period of exposure
and childhood accentuates some exposure routes (such as the incidental ingestion
of soil) and potential sensitivities due to higher ratios of intake to body weight.

In a first step of the exposure assessment, the probability of an exposure of the
population to the substances under consideration must be evaluated. Exposure levels
and concentrations for each exposed population need to be evaluated based on
available measured data and/or modeling.

A contaminant can enter the body using any of three pathways: ingestion,
inhalation or by contact with the skin (dermal or other exterior surfaces such as
eyes). Once in the body it can be absorbed and distributed to various organs and
systems. The toxic may then be stored, for example in fat, as in the case of DDT,
or it may be eliminated from the body by transformation into something else and/or
by excretion. The biotransformation process usually provides metabolites more
readily eliminated from the body than the original chemicals; however, metabolism
can also convert chemicals into more toxic forms.

On the other hand, environmental exposure to chemicals can be direct (as a
result of exposure to the media where the emission directly takes place) or
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indirect (as a result of exposure to a media in which the pollutants arrive by
transport for another media where the emission takes place). Thus, all derived
exposure levels should be representative of the exposure situation they describe.
The duration and frequency of exposure, routes of exposure, human habits and
practices, as well as technological processes, need to be considered. Furthermore,
the spatial scale of exposure (e.g., personal, local, regional levels) must be taken
into account.

The quantitative process of estimating exposure is straightforward. With the
exception of the inhalation pathway, exposure is normally estimated as the rate of
pollutant contact per unit of body weight:

Concentration - Contact Rate- Frequency
Dose =

4.1
Body weight

where Dose is the rate of exposure, Concentration is the level of pollutant in a
particular environmental media, Contact rate is the amount (per time) of the media
contacted, Frequency is a measure of how often (and over what period) exposure
occurs, and Body weight is the weight of the individual.

For some exposure routes, the individual term of doses may include multiple
parameters. For example, in estimating dermal pollutant intake during swimming,
the contact rate is calculated as the product of (1) the surface area of the skin, (2)
a chemically specific permeability, and (3) the density of water.

Exposure parameters are generally selected as a mix of typical and high-end
values to afford an overall conservative bias. Although situation-specific values are
always preferable, they are seldom available and often impractical to develop.
Default values have been established for many parameters and some conventions
have been yielded. For example, an average adult body weight of 70 kg is routinely
used in dose calculations. Moreover, exposure profiles are subject to considerable
discretion; the difficulty of exposure assessment is to choose a combination of
assumptions that satisfies the aim of the assessment and is appropriate for the
populations of interest. Implications of parameter variability and uncertainty are
difficult to test with deterministic methods; probabilistic techniques such as those
described in Chapter 5 can directly incorporate these aspects.

Risk assessments contain numerous uncertainties that are typically compensated
for by conservative assumptions designed to bias risk estimates high. Recently, the
philosophy has shifted toward the use of less conservatism. Most risk assessments
conducted in the late 1980s were centered on extreme situations such as a maximally
exposed individual (MEI). An MEI was built to receive (in theory) a level of exposure
not likely to be exceeded by any person, a level that would be extremely improbable.
More recent guidance, however, has recommended the use of reasonable maximum
exposure (RME) scenarios that attempt to work out plausible, high-end exposure
estimates. In reality, the difference between MEI and RME scenarios may be one
of semantics because concepts such as plausible, maximum and high-end are too
often subjective. Psychologically, however, the shift from MEI to RME implies a
movement from the unlikely to the plausible and assigns a greater sense of realism
to the risk estimates.
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4.5.3 EcoLocicAL EXPOSURE ASSESSMENT

Ecosystems may be exposed to chemical substances during all stages of their life-
cycle — from production to disposal or recovery. For each environmental compart-
ment potentially exposed, the exposure concentrations should be evaluated. The
objective of the ecological exposure assessment is to estimate the concentration to
which an environmental compartment is or may be exposed.

A chemical may be released into the environment and is then subject to physical
dispersal into the air, water, soil, or sediment. The chemical may then be transported
spatially and into the biota and perhaps be chemically or otherwise modified or
transformed and degraded by abiotic processes (such as photolysis, hydrolysis, etc.)
and/or by microorganisms present in the environment. The resulting transformation
may have different environmental behavior patterns and toxicological properties
from those of the chemical. Nonetheless, it is the nature of exposure scenarios to
determine the potential for any adverse impacts. The amount of a target species’
exposure to environmental contamination is based on the maximum plausible expo-
sure concentrations of the chemicals in the affected environmental matrices. The
total daily exposure (in mg/kg-day) of target species can be calculated by summing
the amounts of constituents ingested and absorbed from all sources (e.g., soil,
vegetation, surface water, fish tissue, and other target species) as well as those
absorbed through inhalation and dermal contacts.

The process for the environmental risk assessment of a substance is based on
the comparison of the concentration in the environmental compartment (predicted
environment concentration, PEC) with a concentration below which unacceptable
effects on organisms will most likely not occur (predicted no effect concentration,
PNEC) as shown in Section 4.6.2. Therefore the aim of exposure assessment for the
environment is the evaluation of PEC. It can be derived from available monitoring
data and/or model calculations.

Analytical processes used to estimate receptor exposure to chemicals in various
contaminated media (such as a wildlife or a game species’ daily chemical exposure
and the resulting body burden) are similar to those discussed under human health
risk assessment.

4.6 DOSE-RESPONSE AND EXPOSURE-RESPONSE
FUNCTIONS

Some experts argue that it is unnecessary to determine first if a chemical is hazardous.
Their philosophy stems from the first definition of toxicology, given by Paracelsus
(1493-1541) over 450 years ago: “All substances are poisons; there is none which is
not a poison. The right dose differences a poison and a remedy.” In other words, all
chemicals have the potential to be hazardous, depending on the dose; therefore, exposure
assessment could potentially take the place of hazard identification.

Dose-response and exposure-response evaluation, the third component of the
risk assessment process, involves the characterization of the relationship between
the dose administered or received and the incidence or severity of an adverse effect
in the exposed population or ecosystem. Characterizing the dose-response

© 2004 CRC Press LLC



relationship includes understanding the importance of the intensity of exposure, the
concentration vs. time relationship, whether a chemical has a threshold level, and
the shape of the dose—response curve. In the determination of a dose response and
exposure response, the following aspects need to be considered: the metabolism of
a chemical at different doses, its persistence over time, and an estimate of the
similarities in disposition of a chemical between humans and animals.

The dose—response and exposure—response functions are based on toxicological
dose-oriented and epidemiological exposure-oriented studies. Figure 4.3 proposes
to illustrate the difference between the toxicological and the epidemiological
approaches. Although the toxicological approach is based on bioassays or animal
tests that allow determining dose-response functions, the epidemiological approach
uses empirical studies in which correlations are established between exposure situ-
ations and observed human effects. In this way exposure—response functions, which
allow an estimation of human effects depending on the exposure concentration, are
calculated. Epidemiological studies focus more on macropollutants responsible for
respiratory effects such as SO,, NO, and particles because they usually act together
and it is quite difficult to conduct laboratory assays. The dose-response functions
permit the determination of risk due to the accumulation of pollutants in the human
organism. The risk is a way to foresee the probability of physical impacts. Bioassays
are the foundations to obtain toxicological information for micropollutants, i.e.,
heavy metals and the huge number of organic compounds like PCDD/Fs or PAH

Emission
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\ Correlation Empirical studies
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accumulation impact
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response function risk factor response function
\ Bioassays / \
animal tests

FIGURE 4.3 Comparison of the toxicological approach by bioassays and animal tests and
the epidemiological approach using empirical studies to determine damage factors for human
health impacts.
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(polyaromatic hydrocarbons). Potential cancer risk factors are determined by both
approaches and both types of damage functions are important sources of uncertain-
ties — especially the question of extrapolation to lower doses and the correlations
made implying insecurity.

4.6.1 HumaN HEeALTH DOSE—RESPONSE AND EXPOSURE RESPONSE

Government agencies are charged with the protection of the public health and
ecology; however, the U.S. Environmental Protection Agency (USEPA), the Agency
for Toxic Substances and Disease Registry (ATSDR), and the U.S. Food and Drug
Administration (FDA) must have a reference, or comparison value, upon which to
base an evaluation of potential health threats posed by any substances or chemicals.
The bases, or starting points, for such estimations may have different names or
acronyms but they represent more or less the same thing. The risk of carcinogenic
pollutants is estimated with a factor of potential cancer; however, the risk of non-
carcinogenic pollutants is characterized by a reference dose. These values for non-
carcinogenic endpoints are called oral reference doses (RfDs) and inhalation refer-
ence concentrations (RfCs) by the USEPA, acceptable daily intakes (ADIs) by the
FDA, and oral and inhalation minimal risk levels (MRLs) by ATSDR (Table 4.2).

TABLE 4.2
Oral RfDs/ADIs/MRLs for Noncarcinogenic Effects of Some Different
Chemicals

Regulated substance RfDs (mg/kg-day) ADIs (mg/kg-day) MRLs (mg/kg-day)

Acetone 0.100 0.1 Oral int. 2
Cadmium 0.0005 5.10* Oral chr. 0.0002
Chloroform 0.010 0.01 Oral acute 0.3

Oral int. 0.1

Oral chr. 0.01
1,1-Dichloroethylene 0.009 0.009 Oral chr. 0.009
Cis-1,2-Dichloroethylene 0.010 0.01 Oral acute 1

Oral int. 0.3
Methylene chloride 0.060 0.06 Oral acute 0.2

Oral chr. 0.06
Tetrachloroethylene 0.010 0.01 Oral acute 0.2

Oral chr. 0.06
Toluene 0.200 0.3 Oral acute 0.8

Oral int. 0.02
1,1,1-Trichloroethane 0.035 0.09 Inhalation acute 2 ppm?

Inhalation int. 0.7 ppm
Xylene 2.000 2.0 Oral int. 0.2

aJust available inhalation effects.
Note: Oral RfDs and ADIs refer to chronic effects. MRL values refer to intense, acute and chronic
effects.
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RfDs, RfCs, MRLs and ADIs are very often construed as rigid threshold limits,
above which toxicity is likely to occur. The truth, however, is that these values
actually represent levels of a potential toxicant that are highly unlikely to represent
any threat to human health over a particular or specified duration of daily exposures.
The more frequently these levels are exceeded and the greater the excess, the more
likely that some toxic manifestation will occur. Most definitely these guidance or
reference values are not threshold values for the onset of toxicology in any exposed
population. Health guidance values must be considered in the context of their
intended role as mere screening or trigger values, as which they serve as tools for
assisting in the determination of whether further evaluation of a given potential
exposure scenario is warranted.

For a general environmental health risk assessment of an unspecified emitted
pollutant it is necessary to divide the population into different groups depending
on their sensibility, for instance, babies, children, adults, adults above 65 years
of age, people with asthma, etc. A division is especially important for the
assessment of noncarcinogenic pollutants with the effect of chronic illness. In
the case of carcinogenic pollutants, it is generally sufficient to divide the popu-
lation into two groups of adults and children (until a certain age) in order to
consider the different physical conditions (e.g., breathing, surface of the body,
etc.) and the different life-styles (e.g., children playing outside). For substances
that induce a carcinogenic response, it is always conservatively assumed that
exposure to any amount of the carcinogen will create some likelihood of cancer;
that is, a plot of response vs. dose is required to go through the origin. Therefore,
for noncarcinogenic responses, it is usually assumed that a threshold dose exists,
below which no response will occur. As a result of these two assumptions, the
dose-response curves and the methods used to apply them are quite different for
carcinogenic and noncarcinogenic effects, as suggested in Figure 4.4 (Masters,
1991). Realize that the same chemical may be capable of causing both kinds of
responses.

4.6.1.1 Toxicological Information: Carcinogenic Effect

A controversial point in the discussion of carcinogenic effects is the estimation of
the dose-response functions for different pollutants. Animal tests administer various
doses to observe toxic effect; however, because the doses in these tests are higher
than those existing in the environment, the discussion deals with the possibility of
an extrapolation from the higher concentration in the animal test to the lower
concentration in the environment and the possible effects. It is necessary to take into
account that, even with extremely large numbers of animals in a bioassay, the lowest
risks that can be measured are usually to a small percentage. Because regulators
attempt to control human risk to several orders of magnitude below that, no actual
animal data will be anywhere near the range of highest interest.

Different mathematical models to extrapolate to the lowest level exist, but there
is still a lot of uncertainty. With the main aim of protecting human health, the USEPA
chooses the safer way to estimate the risk with an additional correction factor, which
means an overestimation of risk (Olsen et al., 2000).
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FIGURE 4.4 Dose-response functions for carcinogenic and noncarcinogenic pollutants. This
is a schematic presentation; generally these curves are not linear.

4.6.1.2 Toxicological Information: Noncarcinogenic Effect

A threshold exists for noncarcinogenic substances; that is, any exposure below the
threshold would be expected to show no increase in adverse effects above natural
background rates. As for carcinogenic substances, in order to get knowledge of this
threshold, it is necessary to conduct animal tests by changing the dose. The minimal
dose at which a special effect appears is called LOEL (lowest observed effect level).
The maximum dose without any special effect to the tested animal represents the
NOEL (no observable effect level) (Olsen et al., 2000).

The RfD is defined as an estimation of the daily exposure of a human population
(including sensitive subgroups) that is likely to be without appreciable risk of
deleterious effects during a lifetime (Barnes and Dourson, 1988). However, it should
not be concluded that all doses below a reference dose, or concentration, are accept-
able. Despite this caution, most noncancer health studies adopt the reference dose
as an adequate standard to be met. Residual risks associated with doses at or below
such standards are not commonly estimated.

The RfD is derived by dividing the NOEL (or LOEL) by uncertainty factors and
a modifying factor. Separate adjustment factors are specified for each of several
extrapolations, e.g., from average to sensitive individuals, from animal studies to
humans, from subchronic to chronic exposure durations, and to account for the
quality and breadth of the database. A factor of 10 is usually the default value for
the uncertainty factors. Values below 10 are sometimes used when sufficient data
and justifications are available. LOEL is only used in the absence of NOEL, and an
additional adjustment factor is required in this case to compensate for the lack of a
NOEL estimate. For instance, the use of a large number of animals in a study may
enhance NOEL certainty. An important point is that the factors may include an
inconsistent margin of safety across different chemicals, contributing to varying
RfDs, in terms of their conservatism.

Altogether, the values of the RfD represent a dose of approximately 1000 times
the value below which it is not possible to observe an adverse effect (NOEL) in animals.
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TABLE 4.3
Example of RfD Values and Potential Factors

RfD Oral cancer factor Inhalation cancer

(mg/day/kg) (kg/day/mg) factor (kg/day/mg)
As 3.0x 10* 1.75 50
Cd 5.0x 10+ — 6.3
Cr 1.0 — 42
Ni 2.0 x 1072 — 1.19
Pb 6.0 x 1073 — —
Hg 3.0 x 10+ — —
Sn 6.0 x 10! — —
Zn 3.0 x 10! — —

PCDD/Fs 4.0 x 107 1.56 x 10° 1.16 x 10°

Source: IRIS (1996), EPA Integrated Risk Information System, available online at:
http://www.epa.gov/ngispgm3/iris/.

The RfD has the unit milligram of a daily intake of the toxic element, which is absorbed
in the body, divided by body weight (Table 4.3) (Olsen et al., 2000).

Baird et al. (1996) analyzed the RfDs reported in the USEPA’s Integrated Risk
Information System database (IRIS, 1996). Of 231 RfDs evaluated, 56% were below
the 5th percentile in corresponding uncertainty distributions, 44% were between the
5th and 15th percentiles and 3% were above the 15th percentile. Such a conserva-
tively biased approach is consistent with the objectives of many risk-screening
assessments (Krewitt et al., 2002).

In carcinogenic and noncarcinogenic effects, it can be expected that some of the
available data for existing substances have been derived from studies conducted in
vitro — the basic (and perhaps additional) studies on genotoxicity, for example. In
vitro studies may yield data on, for instance, metabolism and/or mechanism of
actions (including studies in cell cultures from different species), dermal absorption
(which may also be for different species) and various aspects of toxicity (e.g., test
for cytotoxicity in different types of cells, macromolecule bonding studies, tests
using embryo culture systems, and sperm mobility tests).

4.6.1.3 Epidemiological Information

Some data can be obtained from clinical studies of humans who have inadvertently
been exposed to a suspected toxicant; thus, a source of information relating exposure
to risk is obtained from epidemiological studies. Epidemiology is the study of the
incidence rate of diseases in real populations. When attempting to find correlations
between elevated rates of incidence of a particular disease in certain groups of people
and some measure of their exposure to various environmental factors, an epidemi-
ologist tries to show in a quantitative way the relationship between exposure and
risk. Such data should be used to complement animal data, clinical data and scientific
analyses of the characteristics of the substances in question.
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From studies of former smog pollution episodes (e.g., London smog in the
1950s), it is known that very high ambient pollution concentration is associated with
adverse health effects on the same day or on subsequent days. In the last 20 years
numerous well-conducted epidemiological* as well as experimental** studies have
confirmed this correlation between exposure to pollutants and the occurrence of
health and environmental damages. Hence, they allow establishing a direct link
between ambient concentration of certain pollutants and effects on different receptor
endpoints, as indicated in Pilkington et al. (1997) and Beer and Ricci (1999). Under
the assumption of linearity in incremental damage with incremental exposure, slope
factors (SF) could be defined. Figure 4.5 shows some possible forms of expo-
sure-response (E-R) functions as they have been found. E-R functions exist for
human health effects, damages to material and crops, and harm to ecosystems.
Unfortunately, at the moment sufficient epidemiological data are not available to
address human health effects caused by the majority of chemicals. Therefore, the
epidemiological approach must be combined with bioassays. Moreover, it should be
taken into account that epidemiological data are criticized for providing insights that
may be limited to the identification of correlations. A correlation does not necessarily
imply a causal relationship; in the case of human data from clinical studies and
trials, the causal association is considered to be higher by Crettaz et al. (2002).

According to European Commission (1995 and 2000) the E-R functions of
macro-pollutants for human health can be subdivided into the seriousness of their
effects:

response
A
nonlinear function

linear function 4

. function with threshold
<—

= .
|

/I\ dose

function with fertiliser effect

FIGURE 4.5 Possible forms of exposure-response functions. (Adapted from European-Com-
mission-DGX11, ExternE — Externalities of Energy, ECSC-EC-EAEC, Brussels-Luxem-
bourg, 1995.)

* Epidemiological studies are statistical methods in which causal coherence between environmental
pollutant concentration and the occurrence of cases of illness have been thoroughly investigated.

** Experimental studies are laboratory studies with animals and in vitro, whereby safety factors are used
for the transfer of the obtained results from animal to human.
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Morbidity

This effect concerns the following primary and secondary pollutants: NO,, SO,,
NH;, CO, nitrate aerosol, sulphate aerosol and PM10. Possible impacts are, among
others, hospital visits, bronchodilator use and chronic cough.

Mortality

The effect of mortality can be expressed by fatal cases or years of life lost (YOLL),
as previously explained in Chapter 3. However, since in recent years researchers
have moved from studies based on fatal cases to YOLL (EC, 1995; EC 2000), YOLL
is used as endpoint in this study. Table 4.4 illustrates the highly important E-R
functions that use YOLL as endpoint.

For example the additional YOLL by sulphates are calculated in the following way:

0.0012 YOLL/(mg/m3) * 0.00082 mg/m3)/
functional unit * 423,000 pers.* 0.75 adults/pers. =
0.312 YOLL/ TWh

where Dc = 0,00082 (ug/m?) concentration increase/functional unit
Pop. = 423,000 pers. (population expressed as persons in region considered)
adults = 0.75 adults/pers. (percentage of population which age above 18 years)

Caution must be exercised in interpreting every epidemiological study because
any number of confusing variables may lead to invalid conclusions. For example, a
study may be biased because workers are compared with nonworkers (workers are
usually healthier) or because relative rates of smoking have not been accounted for,
or other variables that may be the actual causal agents may not even be hypothesized

TABLE 4.4
Mortality Functions Expressed in YOLL Due to Concentration Increments
(ug/md) (IER, 1998)

Receptor Category Pollutant Formula

Adults: Percentage of Population with Age above 18

'chronic' YOLL PM10 / 0.00072 * Dc * Pop. * adults
Nitrates
Sulphates 0.0012 * Dc * Pop. * adults
'acute' YOLL SO, 0.0719 * Dc * Pop. * b_m /100 * adults
PM10 / 0.04 * Dc * Pop. * b_m /100 * adults
Nitrates
Sulphates 0.0677 * Dc * Pop. * b_m /100 * adults
NO, 0.0648 * Dc * Pop. * b_m /100 * adults

b_m: baseline mortality
Source: IER (1998)
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in the study. As an example of the latter, consider an attempt to compare lung cancer
rates in a city with high ambient air pollution levels with rates in a city with less
pollution. Suppose the rates are higher in the more polluted city, even after account-
ing for smoking history, age distribution, and working background. To conclude that
ambient air pollution is causing those differences may be totally invalid. Instead,
different levels of radon may be in homes, for example, or differences that are
causing the cancer variations may exist in other indoor air pollutants associated with
the type of fuel used for cooking and heating.

4.6.1.4 Quantitative Structure Activity Relationship

When data do not exist or are limited for a given endpoint, the structure activity
relationship (SAR) has been used lately by scientists. It should be noted that SAR
techniques and methods, particularly for quantitative structure activity relationship
(QSAR) techniques, have been created recently and are not well developed in relation
to mammalian toxicology. The SARs, which are used for risk-assessment purposes,
are usually more of the “expert judgment” type.

4.6.2 EcosysTEMs (ENVIRONMENT)

The procedure for the environmental risk assessment of substances consists in
comparing the concentration in the environmental compartments (PEC) with the
concentration below which unacceptable effects on organisms will most likely not
occur (PNEC).

The PNEC values are usually determined on the basis of results from monospecies
laboratory tests or of established concentrations from model ecosystem tests, taking
into account adequate safety factors. A PNEC is regarded as a concentration below
which an unacceptable effect will most likely not occur. In principle, the PNEC is
calculated by dividing the lowest short-term L(E)C50 or long-term NOEC value by
an appropriate assessment factor. The assessment factors reflect the degree of uncer-
tainty in extrapolation from laboratory toxicity test data for a limited number of species
to the “real” environment. Assessment factors applied for long-term tests are smaller
because the uncertainty of the extrapolation from laboratory data to the natural envi-
ronment is reduced. For this reason long-term data are preferred over short-term data.

Because aquatic organisms are exposed for a short period to compounds with
an intermittent release patterns, short-term L(E)C50 values are used to derive a
PNEC,,,, for these compounds. For most compounds, data will probably not be
present for sediment-dwelling organisms. Appropriate test systems are under devel-
opment but standardized guidelines are not yet available. A method to compensate
for this lack of toxicity data, known as the equilibrium partitioning method, is used
to derive a PNEC,,,. Toxicity data are also scarce for the soil compartment. When
such data are present, they will normally include only short-term studies. In cases
in which data are missing, the equilibrium partitioning method can be used to derive
a PNEC, ;. For the atmosphere, biotic and abiotic effects like acidification are
addressed. Due to the lack of suitable data and unavailability of adequate methods
to assess both types of effects, a provisional strategy is used.
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The main function of risk assessment is the overall protection of the environ-
ment. However, certain assumptions are made concerning the aquatic environment
that allow an uncertainty extrapolation to be made from single-species, short-term
toxicity data to ecosystem effects. It is assumed that ecosystem sensitivity depends
on the most sensitive species and that protecting ecosystem structure protects
community function. These two assumptions have some important consequences.
When the most sensitive species to the toxic effects of a chemical in the laboratory
is established, extrapolation can subsequently be based on the data from that
species. Furthermore, the functioning of any ecosystem in which that species exists
is protected, provided the structure is not sufficiently distorted to cause an imbal-
ance. It is accepted that protection of the most sensitive species should protect the
structure.

With regard to the assessment of impacts that affect ecosystems, E-R or damage
functions have been developed for acidic deposition on natural and semi-natural
terrestrial ecosystems. That means it accounts for the impact corresponding to the
sub-area of protection (see Chapter 3) biodiversity and natural landscapes. Currently
the most widely applicable approach for the analysis of pollutant effects on terrestrial
ecosystems is the critical load/ level approach. The following definitions of the terms
critical load and levels were given by UN-ECE (1991).

Critical load: The highest deposition of acidifying compounds that will not cause
chemical changes leading to long-term harmful effects on ecosystems structure and
function according to the present knowledge.

Critical levels: The concentration of pollutants in the atmosphere above which direct
adverse effects on receptors, such as plants, ecosystems or material may occur accord-
ing to the present knowledge.

Critical loads have been defined for several pollutants and ecosystems. However,
they cannot be used directly to assess damages per se, rather they simply identify
the areas where damages are likely to occur. In the present study the relative
exceedance weighted (REW) ecosystem area approach is used to assess the envi-
ronmental impact. The contribution of a specific source of pollutants to the exceed-
ance of critical loads for ecosystems is analyzed by taking into account predefined
background conditions. The relative exceedance factor fRE is the contribution of
the concentration increase Ac due to the emission to the height of exceedance of the
critical load divided by the critical load C itself (see Expression (4.2)). The REW
ecosystem area indicator is expressed in km? and is obtained by the multiplication
of fzr by the ecosystem exceeded area A where the critical load is exceeded by
the pollutant (see Expression (4.3)) (IER, 1998).

fop = Ac/ Coy 4.2)

REW = fo * Ay (4.3)
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For example, the additional REW by NO, are calculated in the following way
for imaginative values of Ac/, C, and Agg:

fre = 0.00082 (ug/m?)/ FU/ 100 pg/m?* = 0.0000082/ FU
REW = 0.0000082/ FU * 10,000 km? = 0.082 km? FU

where Ac = 0.00082 (ig/m?) concentration increase/ functional unit (FU)
Cc = 100 pg/m? (concentration corresponding to critical load)
Agg = 10,000 km? (ecosystem exceeded area)

Moreover, damage functions exist for environmental damage on crops and mate-
rial, as what in the present is defined as the AoP man-made environment. There are
two basic pathways through which plants can be harmed by SO,. The first is through
foliar uptake of pollutants, and the second through effects of acid deposition on the
soil. Damages to material refers to surface damage, especially in buildings, bridges
and cars, due to acidic deposition. However, not included are cultural damages, e.g.,
to ancient cathedrals, due to their intrinsic value as mankind’s patrimony.

4.7 RISK CHARACTERIZATION AND CONSEQUENCE
DETERMINATION

The last stage of the risk assessment process, risk characterization, involves a
prediction of the probability and severity of health and ecological impact in the
exposed population and environmental damages. That is, the information from the
dose-response evaluation (What human dose or PEC is necessary to cause an effect?)
is combined with the information from the exposure assessment (What human dose
or PEC is the population or ecosystem receiving?) to produce an estimate of the
likelihood of observing an effect in the population or ecosystem being studied. An
adequate characterization of risks from hazards associated with environmental con-
tamination problems allows risk management and corrective action decisions to be
better focused. To the extent feasible, risk characterization should include the dis-
tribution of risk among the target populations.

4.7.1 HumaN HEeaLtH Risk

Human health risk characterization is the estimation of whether adverse effects are
likely to affect humans who are exposed to certain substances. This process includes
the comparison of the hazard and dose—response information, usually derived from
animal experiments or in vitro test systems, with data on human exposure levels, as
has been explained before. For notified new substances, risk characterization should
take account of each adverse effect for which the substances have been assigned a
hazard classification, together with any other effect of possible concern. Workers,
consumers and humans exposed indirectly via the environment must be considered.
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The health risk to exposed populations from exposure to environmental pollut-
ants is characterized by the calculation of noncarcinogenic hazard quotient and
indices and/or carcinogenic risks. These parameters can then be compared with
benchmark criteria or standards in order to arrive at risk decisions about an envi-
ronmental pollution problem.

4.7.1.1 Carcinogenic Risk to Human Health

Cancer risk expresses the likelihood of suffering cancer due to a definite daily intake
of a pollutant. In this way, carcinogen risk is defined by the incremental probability
of an individual developing cancer over a lifetime as a result of exposure to carci-
nogenic substances. It can be described by a dose-response estimate. Cancer risk is
nonthreshold; this means that even the lowest doses have a small, or finite, probability
of generating a carcinogenic response. Although risk decreases with the dose, it does
not become zero until the dose becomes zero. For the characterization of cancer
risk, the specific exposure is compared with a corresponding health benchmark for
the relevant contaminant. The results correspond to the probability that cancer occurs,
e.g., a value of 10° means that the probability exists that one person in a million
may get cancer due to the study exposition.

In this way, cancer risk is estimated as excess risk (ER). ER does not express
total cancer. It is an incremental risk due to exposure to the considered pollutant.
In general, risks associated with the inhalation and noninhalation pathways (oral
pathways) may be considered separately, and therefore different human health bench-
marks are required. They can be estimated in accordance with the following generic
relationships:

Inhalation risk = air ground-level concentration (GLC) (ug/m?) X unit risk (m3/ug)

Noninhalation risk = dose (mg/kg-day) X potency slope ((mg/kg-day)') (4.4)

Therefore, different human health benchmarks are required. Inhalation risk of car-
cinogenic substances is assessed using the inhalation unit risk factor, while the
noninhalation risk is the oral cancer slope factor. The latter (cancer slope factors)
do not represent a safe exposure level, but relate the exposure with the probability
of causing carcinogenic effects (Gold et al., 1995).

A total pathway risk can be calculated by summing the cancer risk estimates to
each pathway. However since cancer risk describes the probability of developing cancer
over a lifetime, the entire duration of exposure must be considered for risk assessment.

4.7.1.2 Noncarcinogenic Risk to Human Health

Depending on the exposure level, adverse health effects other than cancer can be
associated with all chemical substances. Therefore, a noncancer risk characterization
is always a dose-response analysis that determines whether the actual human expo-
sure exceeds a defined exposure level. This critical exposure level represents the
threshold below which adverse effects are assumed to be unlikely and it is determined
in a toxicity assessment.
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The human health benchmarks most widely used are the RfD for oral exposure
and the RfC for inhalation of contaminants. RfD and RfC are lower-bound estimates
of the NOAEL (no observed adverse effects level) of a pollutant, expressed for the
different types of human exposure. These human health benchmarks are established
for chronic exposure and do not account for acute toxicity of a pollutant.

Noncancer risks are expressed by the hazard quotient (HQ), which relates the
exposure to the RfD and RfC, respectively (U.S. Environmental Protection Agency,
1989). HQ refers only to the potential for some individuals to be affected and cannot
address the absolute level of risk. If HQ is higher than 1, this does not necessarily
indicate a potential health risk. In consequence, noncarcinogenic quantitative esti-
mates only identify the exposure level below which adverse effects are unlikely but
say nothing about incremental risk for higher exposure. Although cancer risks are
expressed as an increased probability of the occurrence of carcinogenic effects due
to additional exposure, noncancer risks are assessed for the total exposure to a
pollutant.

4.7.2 EcoLocicaL Risk

Having conducted the exposure assessment and the dose (concentration)-response
(effect) for all environmental compartments, risk characterization is carried out by
comparing the PEC with the PNEC. This is done separately for each of the protection
goals identified before, for instance: aquatic ecosystem, terrestrial ecosystem, atmo-
sphere, top predator, microorganisms in sewage treatment plants, etc.

For the risk characterization of the aquatic and terrestrial ecosystems a direct
comparison of the PEC and PNEC values must be carried out. If the PEC/PNEC
ratio is greater than one, the substance is “of concern” and further action must be
taken.

For the air compartment, only a qualitative assessment of abiotic effects is carried
out. If there are indicators that one or more of these effects occur for a given
substance (for example, for ozone depletion substances), expert knowledge and
consulting such as that provided by the responsible body in the United Nations
Environment Program (UNEP) will be necessary.

4.8 IMPACT PATHWAY ANALYSIS (IPA)

Impact pathway analysis (IPA) has been lately introduced as a simplified way to
assess the environmental fate and exposure of emissions to air; it allows the expres-
sion of effects in physical impact parameters, such as cancer cases and restricted
activity days, that can be evaluated in monetary terms. IPA takes into account
damages on a regional level due to pollutants with a long residence time and last
used exposure—response functions based on epidemiological studies and also to
dose—response functions based on toxicological tests.

IPA is also known as a damage function or “bottom-up” approach that traces
the passage of pollutants from the place where they are emitted to the endpoint, i.e.,
the receptor that is affected by them. The approach provides a logical and transparent
way of quantifying environmental damages, i.e., externalities. This methodology
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was developed through the ExternE-Project (Externalities of Energy) in a collabo-
rative study between the European Commission and the U.S. Department of Energy.

The difference between IPA and the earlier used “top-down” damage assessment
methodologies (Hohmeyer, 1992; Friedrich and Voss, 1993) is that in IPA specific
emission data are used for individual locations. These data are computed with
pollution dispersion models, detailed information about receptors and dose—response
and exposure—response functions in order to calculate the physical impact of increas-
ing emissions. Finally, the impacts are valuated economically.

The principal steps are illustrated in Figure 4.6 and described as follows:

e Activity and emission: characterization of the relevant technologies and
the environmental burdens they cause (e.g., mg of SO, per Nm? emitted
by the considered process)

* Fate and transport: calculation of the increasing concentration in the
affected regions via atmospheric dispersion models and chemical reactions
(e.g., SO, transport and transformation into sulfates)

* Receptor response and physical impact: characterization of the recep-
tors exposed to the incremental pollution, identification of suitable
dose—response and exposure—response functions and their linkage to given
estimated physical impacts (e.g., number of asthma cases due to increase
of sulfates)

¢ Monetization and cost accounting: economic valuation of the mentioned
impacts, determination of external costs that have not been internalized
by governmental regulations (e.g., multiplication of the monetary value
with the asthma incidents gives the damage costs).

Impact Assessment Valuation

Activity and Emissions

v

Fate and Transport

v

Receptor Response Change in Utility
and Physical Impact and Welfare Loss

v

Monetisation
and Cost Accounting

FIGURE 4.6 Illustration of the main steps of the IPA. (From European-Commission-DGXII,
ExternE — Externalities of Energy, ECSC-EC-EAEC, Brussels-Luxembourg, 1995.)
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Although the IPA is a complex approach, its application is quite easy thanks to
the support of integrated impact assessment models like EcoSense, developed by
Krewitt et al. (1995), or PathWays (Rabl et al., 1998). In this study the EcoSense
model was applied; therefore, further details are given about this model.

EcoSense stems from the experiences learned in the ExternE project (EC, 1995;
EC, 2000) to support the assessment of priority impacts resulting from exposure to
airborne pollutants, namely, impacts on health, crops, building materials, forests,
and ecosystems. Although global warming is certainly among the priority impacts
related to air pollution, EcoSense does not cover this impact category because of
the very different mechanism and the global nature of impact. Priority impacts like
occupational or public accidents are not included either because the quantification
of impacts is based on the evaluation of statistics rather than on modeling. Version
3.0 of EcoSense covers 13 pollutants, including the “classical” pollutants SO,, NO,,
particulate matter and CO, and photochemical ozone creation as well as some of
the most important heavy metals and hydrocarbons, but does not include impacts
from radioactive nuclides.

In view of increased understanding of the major importance of long-range
transboundary transport of airborne pollutants, also in the context of external costs
from electricity generation, there was an obvious need for a harmonized European-
wide database supporting the assessment of environmental impacts from air
pollution. In the beginning of the ExternE project, work was focused on the assess-
ment of local scale impacts and teams from different countries made use of the data
sources available in each country. Although many teams spent a considerable amount
of time compiling data on, e.g., population distribution, land use etc., it was realized
that country-specific data sources and grid systems were hardly compatible when
the analysis had to be on a European scale. Thus, it was logical to set up a common
European-wide database by using official sources like EUROSTAT and make it
available to all ExternE teams. Once there was a common database, the consequent
next step was to establish a link between the database and all the models required
for assessment of external costs to guarantee a harmonized and standardized imple-
mentation of the theoretical methodological framework (EC 1995).

Taking into account this background, the further objectives for the development
of the EcoSense model were:

* To provide a tool supporting a standardized calculation of fuel cycle
externalities

* To integrate relevant models into a single system

* To provide a comprehensive set of relevant input data for the whole of
Europe

* To enable the transparent presentation of intermediate and final results

* To support easy modification of assumptions for sensitivity analysis

Because health and environmental impact assessment is a field of large uncer-
tainties and incomplete but rapidly growing understanding of the physical, chemical
and biological mechanisms of action, it was a crucial requirement for the develop-
ment of the EcoSense system to allow easy integration of new scientific findings
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into the system. As a consequence, all the calculation modules (except for the
integrated ISCST model) were designed so that they were model interpreters rather
than models. Model specifications, e.g., chemical equations, exposure-response
functions or monetary values, are stored in the database (Paradox format) and can
be modified by the user. This concept should allow easy modification of model
parameters; at the same time the model should not necessarily appear as a black
box because the user can trace back what the system is actually doing.

Figure 4.7 shows the modular structure of the EcoSense model. All data — input
data, intermediate and final results — are stored in a relational database system. The
two air quality models integrated in EcoSense (ISCST-2 and the Windrose trajectory
model — WTM) are stand-alone models linked to the system by pre- and postpro-
cessors. There are individual executable programs for each of the impact pathways,
which make use of common libraries. The following sections give a more detailed
description of the different EcoSense modules (IER, 1998).

4.8.1 REerFereNCE TECHNOLOGY DATABASE

The reference technology database holds a small set of technical data describing the
emission source (power plant) that are mainly related to air quality modeling includ-
ing, e.g., emission factors, flue gas characteristics, stack geometry and the geographic
coordinates of the site.

4.8.2 REFeRENCE ENVIRONMENT DATABASE

The reference environment database is the core element of the EcoSense database,
providing data on the distribution of receptors and meteorology, as well as a Euro-
pean-wide emission inventory. All geographical information is organized using the
EUROGRID coordinate system, which defines equal-area projection grid cells of
10,000 and 100 km? (Bonnefous and Despres 1989), covering all EU and European

Impact Assessment| |Impact Assessment| |Impact Assessment| |Impact Assessment| |Impact Assessment
Human health Crops Materials Forests Ecosystems

§raphical display air transport models
—— ~— -ISC
of results VM

dose-
response
functions

reference
environment
database

technology monetary

database values

FIGURE 4.7 Structure of the EcoSense model. (From European-Commission-DGXII,
ExternE — Externalities of Energy, ECSC-EC-EAEC, Brussels-Luxembourg, 1995.)
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non-EU countries. Data on population distribution and crop production are taken
from the EUROSTAT REGIO database and, in some few cases, have been updated
using information from national statistics. The material inventories are quantified in
terms of the exposed material area from estimates of representative buildings. Critical
load maps for nitrogen deposition are available for nine classes of different ecosys-
tems, ranging from Mediterranean scrub over alpine meadows to tundra areas. To
simplify access to the receptor data, an interface presents all data according to
administrative units (e.g., country, state) following the EUROSTAT NUTS classifi-
cation scheme. Meteorological data (precipitation, wind speed and wind direction)
and a European-wide emission inventory for SO,, NOx and NH; from EMEP
(Sandnes and Styve, 1992), transferred to the EUROGRID-format, are also included
for the long-range pollutant transport model.

4.8.3 Dose—RespoNSE AND ExPOSURE—RESPONSE FUNCTIONS

Using an interactive interface, the user can define any exposure effect model as a
mathematical equation. The user-defined function is stored as a string in the
database, which is interpreted by the respective impact assessment module at
runtime. All dose-response and exposure—response functions compiled by the
various experts of the ExternE project are stored in the database. Examples are
given in Section 4.6.

4.8.4 MONETARY VALUES

The database provides monetary values for most of the impact categories following
the recommendations of the ExternE economic valuation task group according to
guidelines from the European Commission, explained in Chapter 3.

4.8.5 IMpACT ASSESSMENT MODULES

The impact assessment modules calculate the physical impacts and, as far as possible,
the resulting damage costs by applying the dose-response and exposure—response
functions selected by the user to each individual grid cell, taking into account the
information on receptor distribution and concentration levels of air pollutants from
the reference environment database. The assessment modules support the detailed
step-by-step analysis for a single end point as well as a more automated analysis
including a range of prespecified impact categories.

4.8.6 PRESENTATION OF RESULTS

Input data as well as intermediate results can be presented on several steps of the
IPA in numerical or graphical format. Geographical information like population
distribution or concentration of pollutants can be presented as maps. EcoSense
generates a formatted report with a detailed documentation of the final results that
can be imported into a spreadsheet program.
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4.8.7 AR QuALITY MODELS

A special feature of EcoSense is the fact that air quality models are included. Apart
from the local-scale ISCST-2 or -3 model, for which a set of site-specific meteoro-
logical data must be added by the user, a long-range pollutant transport model is
included; both models have also been applied separately in this study for the calcu-
lation of site-dependent impact factors.

Close to the plant, i.e., at distances of some 10—-100 km from the plant, chemical
reactions in the atmosphere have little influence on the concentrations of primary
pollutants. For these reasons, the computation of ambient air concentrations of
primary pollutants on a local scale is done with a model that neglects chemical
reactions, but is detailed enough in the description of turbulent diffusion and vertical
mixing. An often-used model that meets these requirements is the Gaussian plume
model. The concentration distribution from a continuous release into the atmosphere
is assumed to have a Gaussian shape (see Expression (4.5)):

: S0 o | el — = G
c(x’y’z)_ﬂncsycz SXP{ 26)2,:| (GXP{ 26’ }H:Xp{ 26’ D (4.5)

where: c(x,y,z) = concentration of pollutant at receptor location (X,y,z)
Q = pollutant emission rate (mass per unit time)
u = mean wind speed at release height
oy = standard deviation of lateral concentration distribution at downwind
distance
o, = standard deviation of vertical concentration distribution at downwind
distance x
h =plume height above terrain

The assumptions embodied into this type of model include those of idealized terrain
and meteorological conditions so that the plume travels with the wind in a straight
line, mixing with the surrounding air, both horizontally and vertically, to produce
pollutant concentrations with a normal (Gaussian) spatial distribution (Figure 4.8).
Dynamic features that affect the dispersion, for example vertical wind shear, are
ignored. These assumptions generally restrict the range of validity of the application
of these models to the region within some 100 km of the source. Pollution transport
however, extends over much greater distances. The assumption of a straight line is
justified for a statistical evaluation of a long period, where mutual changes in wind
direction cancel out each other, rather than for an evaluation of short episodes.

In this study the Industrial Source Complex Short Term model, version 2 (ISCST-
2) of the U.S. EPA (1992) and version 3 (ISCST-3) of U.S. EPA (1995a) in the form
of BEEST (Beeline, 1998) have been applied. The model calculates hourly concentra-
tion values of gases and particulate matter for 1 year at the center of each specified
grid. Effects of chemical transformation are neglected. Annual mean values are obtained
by temporal averaging of the hourly model results. Currently U.S. EPA has proposed
the establishment of a new regulatory dispersion model AERMOD (U.S. EPA, 2002).
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FIGURE 4.8 Gaussian plume shapte (H mixing layer height, h — stack height, H — plume
height assuming flat terrain, H* — plume height above terrain).

Mean terrain heights for each grid cell are necessary and it is also the respon-
sibility of the user to provide the meteorological input data. These include wind
direction, wind speed, stability class as well as mixing height, wind profile exponent,
ambient air temperature and vertical temperature gradient.

With increasing distance from the stack the plume spreads vertically and hori-
zontally due to atmospheric turbulence. Outside the area of the local analysis (i.e.,
at distances beyond 100 km from the stack), it can be assumed for most purposes
that the pollutants have vertically been mixed throughout the height of the mixing
layer of the atmosphere and that chemical transformations can no longer be neglected
on a regional scale. The most economic way to assess annual regional scale pollution
is a model with a simple representation of transport and a detailed enough repre-
sentation of chemical reactions.

The Windrose trajectory model (WTM) used in EcoSense to estimate the con-
centration and deposition of acid species on a regional scale was originally developed
at Harwell Laboratory by Derwent and Nodop (1986) for atmospheric nitrogen
species, and extended to include sulfur species by Derwent et al. (1988). The model
is a receptor-oriented Lagrangian plume model employing an air parcel with a
constant mixing height of 800 m moving with a representative wind speed. The
results are obtained at each receptor point by considering the arrival of 24 trajectories
weighted by the frequency of the wind in each 15° sector. The trajectory paths are
assumed to be along straight lines and are started at 96 h from the receptor point.
In addition to dealing with primary pollutants, the WTM is also able to calculate
concentrations of secondary sulfate and nitrate aerosols formed from emissions of
SO, and NO,, respectively. The chemical reaction schemes implemented in the model
are shown in Figure 4.9.

As we have seen, IPA and ERA sharer many similarities. In Figure 4.10 the
steps of both methods are compared.
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FIGURE 4.10 Steps of an IPA compared to those in a conventional ERA.

4.9 THE ROLE OF RISK ASSESSMENT IN

ENVIRONMENTAL MANAGEMENT DECISIONS

The risk assessment proposes to give the risk management team the best possible
evaluation of all available scientific data, in order to arrive at justifiable and defen-
sible decisions on a wide range of issues. In relation to the types of risk management
actions necessary to an environmental contamination problem or hazardous situation,
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decisions could be made based on the results of a risk assessment. In fact, risk-based
decision-making will generally result in the design of better environmental manage-
ment programs because risk assessment can produce more efficient and consistent
risk reduction policies; at the same time, it can also be used as a screening tool for
setting priorities.

Risk management based on the risk assessment result is the rpocess of deciding
what has to be done. Given the estimates of risk established, political and social
judgment is required to decide which risk is acceptable; therefore an acceptable risk
must be defined. On the other hand, risk assessment has several specific applications
that could affect the types of decisions to be made in relation to environmental
management programs. Further general discussion of some of the more prominent
applications scenarios is offered below.

4.9.1 ENVIRONMENTAL IMPACT ASSESSMENTS

Environmental impact assessment (EIA), as described in Chapter 1, is the analysis
of the likely environmental consequences associated with a determined human
activity. The main goal of an EIA is to ensure that environmental aspects are
incorporated into planning for decision-making on and implementation of develop-
ment activities. Typically, an identification of factors contributing the most to overall
risks of exposures to the environmental hazards of concern may be included. It may
also incorporate an analysis of baseline risks, as well as a consistent process to
document potential public health and environmental threats from the relevant activity.
EIAs are designed to prevent or minimize the adverse impacts of a development
activity while maximizing its beneficial effects.

As an example, quantitative risk assessment is often undertaken as part of the
siting process for newly proposed facilities. In many cases it is carried out as a
regulatory requirement for EIAs or, sometimes, is used for operating facilities to
evaluate implications from design changes or changes in exposure parameters. In
fact, the risk assessment of stack emissions from MSWI facilities seems to be one
of the most important applications for this type of evaluation. This becomes neces-
sary because MSWIs typically release various potentially toxic compounds — some
of which escape pollution control equipment and enter the outside air. These chem-
icals may include metals (e.g., arsenic, cadmium, and mercury), organic compounds
such as polychlorinated dibenzo(p)-dioxins and furans (PCDD/Fs) (Zemba et al.,
1996).

4.9.2 A Toxics

An air pathway exposure assessment (APEA) is a systematic approach to address
air pollutant emissions from a variety of sources. This approach includes the appli-
cation of modeling and monitoring methods to estimate pollutant emission rates and
their concentrations in air. The goal of an APEA is to evaluate the extent of actual
or potential receptor exposures to air pollutants. This includes emission quantifica-
tion, modeling of environmental transport and fate by means of a determination of
the effects of the atmospheric processes on pollutant fate and transport, identification
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of potential exposure routes and populations potentially at risk from exposures, and
the estimation for various exposure periods (short- and long term).

The air pathways methods of analysis in relation to air pollutant emission find
several specific applications in situations such as the estimation of VOC emissions
rates from landforms — sludge, landfills, etc. (see, e.g., Mackay and Leinonen,
1975; Mackay and Yeun, 1983; Thibodeaux and Hwang, 1982) and particulate
inhalation exposure from fugitive dust (see, e.g., CAPCOA, 1990; U.S. Environ-
mental Protection Agency, 1989).

4.9.3 PotenTIAL Risks oF CONTAMINANT VAPORS INTO BUILDING

The migration of subsurface contaminant vapors into buildings can become a
very important source of human exposure via the inhalation route. Although the
degree of dilution in the indoor air of a building is generally far less than the
situation outdoors, contaminant vapors entering or infiltrating into a building
structure may represent a significant risk to occupants of the building. An appli-
cation could be a risk characterization scenario involving exposure of populations
to vapor emissions from cracked concrete foundations or floors that can be
determined for this situation, in order to adopt responsible risk management
and/or mitigating measures.

4.9.4 ENVIRONMENTAL ASSESSMENT AND CHARACTERIZATION

Environmental assessments are invariably a primary activity in the general processes
involved in the management of environmental assessment. The main goal of envi-
ronmental assessments is to determine the nature and extent of potential impacts
from the release or threat of emission of hazardous substances.

First, a representative sampling from the potentially contaminated media must
be collected, along with historical data and sufficient details about the likely envi-
ronmental contaminants. Sampling programs can be designed to search for specific
chemical pollutants that become indicator parameters for sample analysis. For
instance, a multimedia approach to environmental characterization can be adopted
for most environmental pollution problems so that the significance of appropriate
field sampling and analysis procedures increases. The activities included are
expected to provide high-quality environmental data needed to support possible
corrective action response decisions. To accomplish this, samples are collected and
analyzed for the pollutants of concern. Proper protocols in field sampling and
laboratory analysis procedures are used to help minimize uncertainties associated
with data collection and evaluation activities.

The results from these activities will be a complete analysis of the pollutants
detected in the environment. Risk assessment techniques and environmental char-
acterization are typically applied to provide the development of effectual environ-
mental characterization programs. Thus, the information obtained is used to evaluate
current and potential future risks to human health and the environment. In addition
to information about the nature and magnitude of potential risks associated with
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potential environmental contamination problems, risk assessment also affords a basis
for judging the need for mitigating actions. On this basis, corrective actions are
developed and implemented with the main goal of protecting public health and the
environment.

4.9.5 CORRECTIVE ACTION

A variety of corrective action strategies may be applied in case of contaminating
processes to restore sites into healthier and more ecologically sound conditions.
The processes involved will generally incorporate a consideration of the complex
interactions among the environment, regulatory policies, and the technical feasi-
bility of remedial methodologies. A clear understanding of the fate and behavior
of the pollutants in the environment is essential for developing successful cor-
rective action response programs, and also to ensure that the problem is not
exacerbated.

The design of corrective action response programs for contaminated site prob-
lems includes various formalized steps. In general, when the existing site information
has been analyzed and a conceptual understanding of a site is obtained, then remedial
action objectives should be defined for all impacted media at the contaminated site.
Subsequently, alternative site restoration programs can be developed to support the
requisite corrective action decision. Overall, risk assessment plays a very important
role in the development of remedial action objectives for contaminated sites, the
identification of feasible remedies that meet the remediation objectives, and the
selection of an optimum remedial alternative.

Risk assessment has become particularly useful in determining the level of clean-
up most appropriate for potentially contaminated sites. By utilizing methodologies
that establish clean-up criteria based on risk assessment principles, corrective action
programs can be conducted in a cost-effective and efficient manner.

These procedures can help determine whether a particular remedial alternative
will pose unacceptable risks following implementation and to determine the specific
remedial alternatives that will result in the least risk upon achieving the clean-up
goals or remedial action objectives for the site. Consequently, risk assessment tools
can be used as an aid in the process of selecting among remedial options for
contaminated sites.

4.9.6 EcorocicaL Risks

Often, especially in the past, only limited attention has been given to the ecosystems
associated with contaminated sites, as well as to the protection of ecological
resources during site remediation activities. Instead, much of the focus has been on
the protection of human health and resources directly affecting public health and
safety. In recent times, however, the ecological assessment of contaminated sites has
gained considerable attention. This is the result of prevailing knowledge or awareness
of the intricate interactions between ecological receptors and systems and contam-
inated site clean-up processes.
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In fact, remedial actions can alter or destroy aquatic and terrestrial habitats; the
consequences of ecosystem disturbances and other ecological effects must therefore
be given adequate consideration during the corrective action response process. Thus,
it is important to integrate ecological investigation results and general concerns into
the overall site clean-up process.

4.9.7 ENVIRONMENTAL MANAGEMENT STRATEGIES

Environmental pollution problems have reached an important level in most societies
globally because pollution through chemicals represents a significant portion of the
overall problem of environmental protection. The effective management of environ-
mental pollution problems has certainly become an important environmental priority
that will remain a growing social concern for next future. This is mainly because of
the numerous complexities and inherent uncertainties involved in the analysis of
such problems.

Whatever the cause of an environmental pollution problem, the impacted media
must be remedied. However, restoration or clean-up may not be economically or
technically feasible. In this case, risk assessment and monitoring the situation,
together with institutional control measures, may be acceptable risk management
strategies in lieu of remediation.

Overall, a risk assessment will generally provide the decision maker with sci-
entifically defensible procedures for determining whether a potential environmental
pollution problem could represent a significant adverse health effect, and environ-
mental pollution problems could represent a significant adverse candidate for miti-
gative actions. In fact, the use of health and environmental risk assessments in
environmental management decisions in particular, and a corrective actions program
in general, is becoming an important regulatory requirement in several places. For
instance, a number of environmental regulations and laws in various jurisdictions
increasingly require risk-based approaches in determining clean-up goals and related
decision parameters.

4.10 EXAMPLE: COMPARISON OF TWO FATE AND
EXPOSURE MODELS

The choice of which model must be used for an application is a big issue. Next we
will present two different models, EUSES and CalTOX, and explain how differently
they work. EUSES has been developed in Europe to assess the risk of new or existing
chemicals produced and CalTOX was released by the California EPA as a tool to
assist in health-risk assessment. They differ significantly in their functional proper-
ties and limits, necessary inputs and results. Figure 4.11 shows a screen shot of
EUSES depicting the typical outline section and an opened data input window.
Figure 4.12 shows a screen shot of the Excel spreadsheet with the input and output
sections of CalTOX.

An important point is the input data (physical, chemical, toxicological and other
properties of the contaminant) that the models need for calculation. Figure 4.13
depicts the amount of exclusive inputs of CalTOX and EUSES. The input data

© 2004 CRC Press LLC



File Edit Assess Defats System Help

Bl] 18] 2]

EEE
o

- £1Study identification
ig::;z:ssmem wee egradation and transformation input
& 5ubstance Characteization and S TP T Envitonmental ]
I Substance identification A
t (5 General name
L 12,378 Tetrachloro-dibenzo-p-dioxin{m) Specific degradation rate constant with OH-radicals |6.6E-13 [em3.molec-1.5-1]
r @escription Rate constant for degradation in air 0.114255
L B TCOD: C12H402CH4 (mean) 2 LAl
& CAS-Ho Water
L B1ras-0-5 Rate constant for hydrolysis in surface water [d1] E
@ EC-notification no.
Lp Rate constant for photolysis in surface water [d-1] |E|
L BEINECS no.
LBara221 Rate constant for biodegradation in surface water D [d-1] E
- E1Physico-chemical propertics Total rate constant for degradation in bulk surface... |1.59573E-03 ||[d-1 3
I E1Release estimation a1l |_|
- EDistribution Soil
- E1Exposure Rate constant for biodegradation in bulk soil 6.93E-07 [d1] E
- CaEffects
L @ Risk characterization Total rate constant for degradation in bulk soil 3.54702E-04 | [[d-1]
LBEnulrnnmemal exposure e
B Local Sediment
= Rate constant for biodegradation in aerated sediment (6. 93E [d-1]
[>Regional
- EsEnvironment Baig 2 ,—|
Total rate constant for in bulk sediment |3 25543E-04 | [[d-1 3
[BRCR for the regional water 1l |_|
L Blo.49s [
BLRI:J;r[t;Ie regional goil compartment ‘ ‘ Prev | ‘ ’ Meut | | ¢ Finish | x Abort | ‘ ? Help |
[®Extra factor 10 applied to PEC
L Bves
(BRCRfor the regional sediment compartment
L B4 [
(2 Extra factor 10 applied to PEC
L Bves
- @Humans
[3MOS regional, total exposure via all media
L Ba21E03 [ -
Sdy s LW v e Buzc st
| TEOD (mean) | Tarmagona FEECT [ | bt | heomplts

FIGURE 4.11 Screen shot of EUSES.

characterize the reference substances and the reference area in study. Output data
will indicate which model could give the needed results, i.e., which model can
provide a solution to the problem. Figure 4.14 shows a view of the results that the
two models have in common, consisting of concentrations and some daily human
doses. The risk is evaluated in a different way for the two models. The exclusive
outputs of each model reflect the different approaches and areas of use for which it
is designed. With 61 exclusive outcomes, EUSES offers almost twice as many results
as CalTOX with its 34 exclusive outputs.

Further advantages and disadvantages of EUSES and CalTOX are presented.
Beneficially, CalTOX as an Excel spreadsheet offers dynamic data exchange (DDE)
and many data import and export formats enabling comfortable further processing
(e.g., graphical visualization or uncertainty/sensitivity analysis) of its results. A good
range of substances can be assessed with CalTOX, but the variety of output data as
well as spatial and time flexibility and assessable endpoints are less comprehensive
compared to those of EUSES. Perhaps the best resources of EUSES are its great
amount of output data, assessable endpoints (environment and humans) and spatial
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FIGURE 4.12 Screen shot of CalTOX.

FIGURE 4.13 Amount of shared (intersectional set) and exclusive inputs of EUSES and

CalTOX used in this study.

and time flexibility, as well as many estimation routines for missing data. The latter
also make it very complex and opaque. Furthermore, any form of data exchange with
other applications is very difficult, if not impossible, including uncertainty and sensi-
bility analysis. With EUSES, not as many substances can be assessed as with CalTOX.

To make the choice of model easier, the user needs to know the desired results,
the substances to be evaluated, and to which situation to apply the model. As the
following comparison of the two models shows, each gives different results and fits
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FIGURE 4.14 Amount of shared (intersectional set) and exclusive outputs calculated by
EUSES and CalTOX.

well in different situations. Based on these two points, the choice of which model
to use would be determined.

Advantages of CalTOX:
» Easy export/import of data/results for visualization or further process-
ing
* Possibility of DDE to other applications
* Direct applicability of sensibility/uncertainty analysis
* Relatively well-structured input/output sections
Advantages of EUSES:
* Assessment for the environment and humans
* Implemented step-by-step-input of necessary data
* Control of range of data introduced by the user
* Possibility of introducing the data in different units
* Great amount of different output data
» Estimation routines for a lot of the necessary data (emissions, effects,
etc.)
* Great amount of European default data
* Wide range of time and spatial scales
* Implemented life-cycle steps for individual assessments

Disadvantages of CalTOX
* Only risk assessment for humans
* No control of the range of the values introduced by the user
* Fixed units
e Default data are valid for California
* Limited applicability for short term, exposure and small areas/sites
¢ Limited output of risk values (only non/cancer risk for humans)
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Disadvantages of EUSES
» Rather complex and difficult to understand
» Data exchange/export is difficult and does not work automatically
» Sensibility/uncertainty analysis are not applicable
* Graphical visualization of the results is not implemented

4.11 CASE STUDY: APPLICATIONAL ERA TO MSWI
IN TARRAGONA, SPAIN

Consider the example of estimating risk by lifetime of a person living in the sur-
roundings of the municipal solid waste incinerator (MSWI) under study. In this
example, the methodology for estimating the distribution of daily PCDD/Fs intake
for the population living near a MSWI is presented. First, risk assessment requires
identification of the pathways through which people will be exposed to the potential
chemicals of concern, in this case PCDD/Fs. The quantitative estimation of health
noncancer and cancer risks due to a PCDD/F exposure was considered to be a
combination of six pathways: ingestion of soil, ingestion of vegetation from the area,
inhalation of resuspended soil particles, inhalation of air, dermal adsorption and
through diet. These pathways were classified depending on whether they were due
to direct deposition of the MSWI emissions or to an indirect exposure. Ingestion of
soil, ingestion of edible vegetables from the area, dermal absorption, inhalation of
resuspended particles, and air inhalation were considered pathways of direct expo-
sure, and exposure through the diet a pathway of indirect exposure.

The concentrations of PCDD/Fs were determined in soil and vegetation samples
collected near the MSWI in Tarragona, Spain (Schuhmacher et al., 1998a, b). Food
samples, which were randomly obtained from local markets and supermarkets, were
also analyzed for PCDD/Fs (Domingo et al., 1999).

We may begin by calculating the total amount of contaminant ingested via the
six different exposure pathways.

1. Ingestion of contaminated soil (Ings). Humans ingest small amounts of
soil indirectly (hand-to-mouth transfer) when they work outdoors or dur-
ing home gardening. Although outdoor workers can be exposed during
the whole year, most people have contact with soil only when they work
in their gardens. Exposure to soil is a function of the pollutant concen-
trations in soil and the individual consumption rate. Average daily dose
resulting from ingestion of contaminated soil is (Table 4.5):

Ings = Sc-SIR-AFIs

where Sc: PCDD/F concentrations in soil (ng/kg), SIR: soil ingestion rate
(mg soil/day), and AFIS: fraction absorption ingestion of soil (unitless).
SIR varies depending upon the age of the individual, amount of out-
door/indoor activity, frequency of hand-to-mouth contact and seasonal
climate (U.S. Environmental Protection Agency 1990).
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TABLE 4.5

Parameter Value for Direct Exposure for the Population Living in Area

Surrounding an MSWI

Parameter

Soil ingestion rate

Fraction absorption
ingestion of soil

Vegetable ingestion rate

Fraction absorption
ingestion of vegetables

Fraction vegetables from
the area

Resuspended particles
from the soil

Ventilation rate

Fraction retained in the
lung

Particle concentration

Fraction absorption
inhalation

Contact time soil-skin

Exposed skin surface area

Dermal absorption factor

Soil to skin adherence
factor

PCDD/F concentrations in
soil from the area

PCDD/F concentrations in
vegetables from the area

PCDD/F concentrations in
air

Symbol

SIR
AFIS

VIR
AFIV

1A

RES

RET
Pa
AFIn
CT
SA
Add

AF

Sc

Units
mg/day
unitless

g/day
unitless

unitless
unitless

m’/day
unitless

ug/m’
unitless
h/day
cm?
unitless
mg/cm?
ng/kg
ng/kg

pg/m3

Value

3.44

40

99
60

50

11
60

133

100

1.50
1980

0.003

1.00

0.197

0.07

References

LaGrega et al.
(1994)
Nessel et al. (1991)

Arija et al. (1996)
Nessel et al. (1991)

Personal
communication
Hawley (1985)

Shin et al. (1998)
Nessel et al. (1991)

Personal
communication

Nessel et al. (1991)

USEPA (1990)
USEPA (1990)
Katsumata and
Kastenberg (1997)
USEPA (1990)

Schuhmacher et al.
(1998)

Schuhmacher et al.
(1998)

Personal
communication

2. Ingestion of vegetables from the area (Ingv). In general, a high fraction
of consumed vegetables is not grown in the region where a person lives
but is imported from other regions. Therefore, only a fraction of 5% of
total vegetables ingested (equivalent to locally grown) was considered.
The average daily intake of TCDD equivalents was estimated by multi-
plying the PCDD/F concentrations in vegetables by the daily amount of
intake, by the fraction of vegetables from the area, and by the absorption

factor (Table 4.5):
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where Ve: PCDD/F concentrations in vegetables (ng/kg), VIR: vegetables in-
gestion rate (mg vegetables/day), AFIV: fraction absorption ingestion of
vegetables (unitless), and IA: fraction vegetables from the area (unitless).

3. Inhalation of resuspended particles of soil (Inhp). Contaminants that
deposit to the ground become aggregated with soil particles. Natural and
mechanical disturbances, e.g., wind, construction and demolition of build-
ings, can lead to a resuspension of particles from soil into the atmosphere.
Along with this resuspended dust, the adhering pollutants reach the atmo-
sphere and are subsequently inhaled by people who live or work in the
region. Inhalation exposure from emissions was calculated by assuming
that individuals were exposed to contaminated air and that indoor air
exposure was equal to outdoor exposure (Nessel et al., 1991) (Table 4.5):

Inhp = Sc-RES-Vr-RET-Pa-AFIn

where Sc: PCDD/F concentrations in soil (ng/kg), RES: fraction of resus-
pended particles from soil (unitless), Vr: ventilation rate (m3/day),
RET: fraction retained in lungs (unitless), Pa: particle concentration
(ug/m?), and AFIn: fraction absorption inhalation (unitless).

4. Air inhalation (Inh; Table 4.5). The inhaled quantity of an airborne
pollutant depends mainly on the atmospheric concentration and the indi-
vidual inhalation rate. Vapor and particle-bound pollutants are taken up
likewise. The total daily intake was related to the body weight in order
to obtain a daily inhalation dose.

Inh = Ac-Vr-AFIn

where Ac: PCDD/F concentrations in air (pg/m?), Vr: ventilation rate
(m?/day), AFIn: fraction absorption inhalation (unitless).

5. Dermal absorption exposure (Ads). Dermal absorption was assumed to
occur only in case of direct skin contact to contaminated soil. People
come in contact with soil when they work outdoors or during home
gardening. Although outdoors workers are exposed during the whole year
to contaminated soil, most people are affected only a limited period of
the year because bad weather impedes the stay in their garden or they
tend to other weekend activities. Daily dermal exposure was estimated by
the following model (Table 4.5):

Ads = Sc-SA-CT-AF-Add

where Sc: PCDD/F concentrations in soil (ng/kg), SA: exposed skin sur-
face area (cm?), CT: contact time soil to skin (hr/day), AF: soil to skin
adherence factor (mg/cm?), Add: dermal absorption factor (unitless).
6. Ingestion through diet. Human daily PCDD/Fs intake from diet is calcu-
lated by multiplying the concentration of PCDD/Fs in each food group by
the amount of food group consumed daily and by the absorption fraction
(Nessel et al., 1991). Food groups were the following: meat, eggs, fish,
milk, dairy products, oil, cereals, pulses, vegetables and fruits (Table 4.6):
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TABLE 4.6

Parameter Value for Ingestion through Diet Exposure for the General

Population of Tarragona, Spain

Parameter

Intake of meat

Intake of eggs

Intake of fish

Intake of milk

Intake of dairy products

Intake of oil

Intake of cereals

Intake of pulses

Intake of vegetables

Intake of fruits

PCDD/F concentrations in meat

PCDD/F concentrations in eggs

PCDD/F concentrations in fish

PCDDV/F concentrations in milk

PCDD/F concentrations in dairy
products

PCDD/F concentrations in oils

PCDD/F concentrations in cereals

PCDD/F concentrations in pulses

PCDD/F concentrations in
vegetables

PCDD/F concentrations in fruit

Fraction absorption ingestion of
food

Symbol

Inme
Ineg
Infi
Inmi
Indm
Inol
Ince
Inpu
Inve
Infr
Mec
Egc
Fic
Mic
Dmc

Olc
Cec
Puc
Vec

Frc
AFIF

Units

g/day
g/day
g/day
g/day
g/day
g/day
g/day
g/day
g/day
g/day
ng/kg
ng/kg
ng/kg
ng/kg
ng/kg

ng/kg
ng/kg
ng/kg
ng/kg

ng/kg

unitless

Value

180
30
53
226
50
43
210
14
99
236
0.12
0.13
0.42
0.12
0.04

0.56
0.25
0.19
0.14

0.09
60

References

Arija et al. (1996)
Arija et al. (1996)
Arija et al. (1996)
Arija et al. (1996)
Arija et al. (1996)
Arija et al. (1996)
Arija et al. (1996)
Arija et al. (1996)
Arija et al. (1996)
Arija et al. (1996)

Domingo et al.
Domingo et al.
Domingo et al.
Domingo et al.
Domingo et al.

Domingo et al.
Domingo et al.
Domingo et al.
Domingo et al.

Domingo et al.

(1999)
(1999)
(1999)
(1999)
(1999)

(1999)
(1999)
(1999)
(1999)

(1999)

Nessel et al. (1991)

Ingd = XFc-FIR-AFIF

where Fc: PCDD/F concentration in a food group (ng/kg), FIR: food in-
gestion rate (mg food/day), and AFIF: fraction absorption ingestion

food (unitless).

The addition of the PCDD/F amount through the different pathways gives

the total dose. See Table 4.7.

Table 4.7 summarizes the value of the direct exposure to PCDD/Fs by the
population living in the proximities of the MSWI of Tarragona, Spain. Inhalation of
air from the area and ingestion of vegetables are the pathways that contribute more
to the direct exposure. The other pathways of exposure — dermal absorption, soil
ingestion and inhalation of resuspended particles — are, in fact, minimal. With
regard to PCDD/F exposure through diet, Table 4.8 shows the daily intake of PCDD/F
from different food groups and from total diet. The intake of cereals is the exposure
daily intake that contributes more to the total exposure diet. Milk, fish, vegetables,
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TABLE 4.7
Different Types of Direct PCDD/Fs Exposure? of Population
Living in Proximity of the MSWI

Type of exposure Mean

Soil ingestion 1.61 x 10¢
Vegetable ingestion 5.85x 10+
Inhalation of resuspended particles 5.14 x 107
Inhalation of air 7.70 x 104
Dermal absorption 1.04 x 107
Total direct exposure 1.36 x 103
“ng I-TEQ/day.

TABLE 4.8

Daily Intake of PCDD/Fs? from the Diet

Food group Mean

Meat 12.96

Eggs 2.34

Fish 13.36

Milk 16.27

Dairy products 1.20

Fat 14.45

Cereals 31.50

Pulses 1.60

Vegetables 8.32

Fruits 12.74

Total diet 114.73

apg I-TEQ/day.

fruits, meat and fat intake have a considerable contribution to the total exposure diet,
and the other food groups have insignificant contribution. The results corresponding
to the diet exposure are based on a Mediterranean diet. See Table 4.7 and Table 4.8.

Once the human daily intake of PCDD/Fs through the different exposure path-
ways has been calculated, the noncarcinogenic and carcinogenic risks can be calcu-
lated. To determine if the contaminant poses a noncancer risk to human health, daily
intake is compared with the reference dose (RfD) for chronic exposure. The carci-
nogenic risk is calculated by multiplying the estimated dose by the carcinogenic
potency factor for PCDD/Fs (Table 4.9).The predicted carcinogenic risk is an upper-
bound estimate of the potential risk associated with exposure. Table 4.10 shows the
noncarcinogenic and carcinogenic risks from direct, indirect ( = diet) and total
exposure.
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TABLE 4.9
Parameter Values for PCDD/Fs

Parameter Symbol Units Value References
Body weight BW kg 67.52 —
Noncarcinogenic NCP pg/kg/day 1-4 Van Leeuwen et al. (2000)
potency factor
Carcinogenic CP (mg/kg/day)! 34,000-56,000  Katsumata and
potency factor Kastenberg (1997)
TABLE 4.10

Noncarcinogenic and Cancer Risks by Direct Diet, Direct Risk and
Total Exposure

Noncarcinogenic Carcinogenic
Direct risk 8.04 x 1073 Direct risk 8.64 x 1077
Diet risk 6.79 x 107! Diet risk 7.31 x 107
Total exposure 6.87 x 10! Total exposure 7.39 x 10

The total cancer risk is 7.39 X 107, which means that a person living in the
surroundings of the MSWI has chance of less than one in a million of developing
cancer during his or her lifetime. The total noncancer risk is 6.87 x 10-!, which
means that the population exposure does not exceed the threshold value. Neither the
emissions from the MSWI nor the indirect exposure (diet) to PCDD/Fs in the
Tarragona area would mean an additional noncarcinogenic risk for health to general
population living in the area.

Another point is that, in both cases (noncarcinogenic and carcinogenic risk), the
total risk is due mainly to diet. Consequently, under the present conditions, Tarrag-
ona’s MSWI would not cause a substantial additional exposure to PCDD/Fs in the
area under potential influence of the plant. See Table 4.9.

4.12 QUESTIONS AND EXERCISES

1. Indicate possible and ideal target/indicator species for an ERA in the
following cases: a) dioxins emission of a MSWI; b) acid rain; c) indoor
radiation. Explain their advantages and disadvantages.

2. Which aspects do you consider the main difficulties in the selection of
target species of an ecosystem to overall risk assessment? How do you
consider these problems can be noticeably improved?

3. Describe the main concept of risk assessment and sum up the main fields
and boundaries of application as well as the main tools utilized in it.
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4. Calculate an acceptable concentration (8-h time-weighted average) to
prevent cancer effects in workers where there is working lifetime exposure
to an airborne threshold toxicant. The pollutant has a potency factor of
0.002 (mg/kg/day)-!, the absorption factor is estimated at 80%, and the
exposure time is 5 days per week, 50 weeks per year over a 30-year period.
The worker is assumed to breathe for 3.5 h per workday at the rate of 1.5
m*h and 3.5 h per workday at a moderate breathing rate of 1 m¥h.

5. The reference dose (RfD) for arsenic is set at 3.0 x 10~ mg/kg/day and
the carcinogenic oral scope is 1.75 (mg/kg/day)-'. Discuss which would
be more stringent: oral concentration standard based on a carcinogenic
risk or on RfD.

6. A 70-kg person is exposed to 1.33 ng/m? of cadmium in the air and also
consumes an average of 53 g fish per day twice a week taken from a
contaminated river with a cadmium concentration of 0.2 ug/g. The refer-
ence concentration is 2.0 X 102 ug/m3, reference dose is 1.0 x 1073
mg/kg/day and the inhalation unit factor (mg/m?®)~!. Calculate his or her
lifetime cancer and noncancer risks.

7. Suppose a 70-kg person consumes an average of 5.6 g fish per day with
a concentration of DDT (oral potency factor = 0.34 (mg/kg-day)~') equal
to 50 ppb (0.05 mg/L). Calculate the maximum lifetime cancer risk from
this source.

8. Suppose that a 70-kg individual eats 7 g fish per day taken from a river
contaminated by methylene chloride and that the bioconcentration factor
(BCF) is 2 L of water per kilogram of fish. What concentration of meth-
ylene chloride (mg/L) in the river water would produce a lifetime risk of
6 x 1077 to this individual? (Bioconcentration factor is a measure for the
characterization of the accumulation of a chemical in an organism. It is
defined as the concentration of a chemical in an organism — plants,
microorganisms, animals — divided by the concentration in a reference
compartment, e.g., food, surrounding water.)

9. The reference dose (RfD) for 1,1-dichloroethylene is set at 0.009
mg/kg/day and its oral potency factor is 0.58 (mg/kg-day)'. Discuss
which would be more stringent: a dichloroethylene oral concentration
standard based on a carcinogenic risk of 1 X 107 or a standard based on
RfD.

10. Consider the issue of indoor air pollution caused by sidestream smoke
emitting roughly 0.4 mg/cigarette of 1,3-butadiene. Calculate the average
concentration of 1,3-butadiene producing a 1 x 10 lifetime cancer risk
using standard values of inhalation. The inhalation potency factor of 1,3-
butadiene is 6.1 X 10! (mg/kg-day)".

11. Estimate and discuss what would be better regarding the cancer risk:
drinking unchlorinated groundwater with 25 ppb of benzene, which has
an oral potency factor of 2 X 102 (mg/kg-day)~', or switching to a surface
water supply that, as a result of chlorination, has a chloroform concen-
tration of 50 ppb (which has a potency factor of 6.1 x 10-3 (mg(kg-day)™").
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5 Uncertainty Assessment
by Monte Carlo
Simulation*

With the contribution of Luiz Alexandre Kulay
and Yolanda Pla

5.1 INTRODUCTION

The high uncertainty present in the implementation of life-cycle and environmental
risk assessment studies introduces a crucial limitation when interpreting the envi-
ronmental impact and damage estimations provided by these methodologies. Within
this particular context this chapter presents a strategic procedure to better deal with
an uncertainty assessment based on the stochastic model of Monte Carlo (MC)
simulation. Initially, we will present an overview about the importance of imple-
menting uncertainty assessments in studies of life-cycle assessment (LCA) and
impact pathway analysis (IPA). Then, the basic statistical concepts related to MC
simulation are introduced. This section also compares some of the best known
commercial software packages that apply MC simulation to uncertainty evaluation.
The third section describes the core of the uncertainty assessment strategic proce-
dures. Finally, in the last section, we will use the municipal solid waste incineration
process (MSWI) in Tarragona, Spain, as the practical case study of risk assessment
for explaining the procedure better.

5.2 TYPES OF UNCERTAINTIES IN ENVIRONMENTAL
IMPACT ANALYSIS

The various sources of uncertainty in environmental impact analysis can be system-
atically classified in accordance with the following categories (Huijbregts, 1998).

5.2.1 PARAMETER UNCERTAINTY

A life-cycle inventory (LCI) analysis and the models that calculate fate, exposure
and effect within an impact and risk assessment usually need a large amount of data.

* Extracts of this chapter are reprinted from Environment International, 28, Sonnemann, G.W., Pla, Y.,
Schuhmacher, M., and Castells, E., pp. 9-18, 2002a; and Journal of Cleaner Production 11, Sonnemann,
G.W., Schuhmacher, M., and Castells, F., pp. 279-292, 2002b. ©2002 with permission from Elsevier.
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Uncertainty of these parameters reflects directly on the outcome of any environmen-
tal impact method. Empirical inaccuracy (imprecise measurements), unrepresenta-
tive data (incomplete or outdated measurements) and lack of data (no measurements)
are common sources of parameter uncertainty. Weidema and Wesnas (1996) describe
a comprehensive procedure for estimating combined inaccurate and unrepresentative
LCI data qualitatively and quantitatively. Although this procedure may substantially
improve the credibility of LCA outcomes, uncertainty analyses are generally com-
plicated by a lack of knowledge of uncertainty distributions and correlations among
parameters.

5.2.2 MobDEL UNCERTAINTY

According to conclusions presented by various authors, the predicted values for
environmental impact and risk generally respond in a linear manner to the amount
of emitted pollutant. Moreover, in life-cycle impact assessment (LCIA) and IPA,
thresholds for environmental interventions are disregarded. Additionally, in LCIA
the derivation of characterization factors causes model uncertainty because these are
calculated with the aid of simplified environmental models without considering
spatial and temporal characteristics.

5.2.3 UNCERTAINTY DUE TO CHOICES

In many cases, performing choices is unavoidable in environmental impact analysis.
Considering the step of LCI from LCA, examples of choices leading to uncertainty
include the selection of the functional unit (or definition of the allocation procedure
for multioutput processes), multiwaste processes, and open loop recycling. More-
over, the socioeconomic evaluation step in LCA and IPA is an area in which choices
play a crucial role. Although experts from the social sciences have suggested many
different weighting schemes, only a few are operational and no general agreement
exists as to which one should be preferred.

5.2.4 SpATIAL AND TEMPORAL VARIABILITY

In most LCAs environmental interventions are summed up regardless of their spatial
context, thus introducing model uncertainty. Temporal variations, in turn, are present
in LCI and other impact assessment methods. In general, variations of environmental
interventions over a relatively short time period, such as differences in industrial
emissions on weekdays vs. weekends or even short disastrous emissions, are not
taken into account.

5.2.5 VARIABILITY AMONG SOURCES AND OBJECTS

In LCA or in other impact assessment methods, variability among sources and
objects may influence the outcome of a study. This means, for example, that some
variability in LCIs may result from differences in inputs and emissions of comparable
processes within a product system (due to the use of different technologies in
factories producing the same material). Furthermore, variability among objects exists
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in weighting environmental problems during impact assessment due to variability
in human preferences. For instance, when a method such as the willingness-to-pay
(WTP) method is used to determine the external environmental cost due to a specific
damage, differences related to individual preferences cause inherent variation in the
final result.

5.3 WAYS TO DEAL WITH DIFFERENT TYPES OF UNCERTAINTY

Huijbregts et al. (2000) have offered solutions on how to deal with the issues of
uncertainty previously discussed. The tools available to address different types of
uncertainty and variability in LCAs include probabilistic simulation, correlation and
regression analysis, additional measurements, scenario modeling, standardization,
expert judgment or peer review, and nonlinear modeling. Scenario modeling
(Pesonen et al., 2000) should be especially useful in cases in which uncertainty
about choices and temporal variability is present.

When a model suffers from large uncertainties, the results of a parameter uncer-
tainty analysis may be misleading. In most cases, the consequence of decreasing
model uncertainty will be the implementation of more parameters in the calculation,
thereby increasing the importance of operationalizing parameter uncertainty in the
model. In the following two sections, we present an overview of previous efforts to
assess uncertainties in LCA.

5.3.1 ExperieNCES TO Assess UNCERTAINTY IN LiFe-CYCLE
ASSESSMENT

So far the influence of data quality on final results of LCA studies has rarely been
analyzed. In spite of the lack of published case studies, several approaches to carry
out this kind of evaluation have been proposed during recent years. Nevertheless,
from a general point of view, the existing methods can be classified in qualitative
and quantitative assessments.

Qualitative assessment means describing the data used by characterizing its
quality. Weidema and Wesnaes (1996) and Weidema (1998) proposed using data
quality indicators depending on categories like reliability, completeness, temporal
correlation, etc. In turn, Finnveden and Lindfors (1998) suggested ranges for
various inventory parameters as rules of thumb. Quantitative assessment means to
quantify all inherent uncertainties and variations in an LCA. In order to perform
this task, many different analytical procedures have been applied. For uncertainty
analysis of LCI, Hanssen and Asbjornsen (1996) used statistical analysis, Ros
(1998) proved the fuzzy logic, and Maurice et al. (2000) as well as Meier (1997)
decided in favor of the stochastic methods. Regarding uncertainty assessment
within the impact assessment stage of LCA, Meier (1997), Hofstetter (1998) and
Huijbregts and Seppiléd (2000) have reported results achieved using similar tech-
niques. Even when it is strongly effective, quantitative assessment is continuously
confronted with the problem that it is hardly possible to analyze all types of
uncertainties.

© 2004 CRC Press LLC



5.3.2 FORMER UNCERTAINTY ASSESSMENT IN IMPACT PATHWAY
ANALYSIS

The IPA is a quite complex approach and hence risks lack of reliability in the final
results. In the same way as with other environmental analysis methods, uncertainty
is the key problem that makes it difficult to convince decision-makers based on the
outcomes of a study.

One of the most interesting experiences is that reported by Rabl and Spadaro
(1999), in which they evaluated the uncertainty and variability of damages and costs
of air pollution by means of analytical statistical methods. In this case, the authors
observed that the equation for the total damage is largely multiplicative, even though
it involves a sum over receptors at different sites. This conclusion comes from the
principle of conservation of matter, which implies that overprediction of the disper-
sion model at one site is compensated for by underprediction at another; the net
error of the total damage arises mostly from uncertainties in the rate at which the
pollutant disappears from the environment.

In the same reference, the authors discuss the typical error distributions related
to the factors in the equation for the total damage, in particular those related to two
key parameters: the deposition velocity of atmospheric dispersion models and the
value of statistical life; according to Rabl and Spadaro (1999), these are close to
log-normal. They conclude that a log-normal distribution for the total damage
appears very plausible whenever the dose-response or exposure—response function
is positive everywhere. As an illustration they show results for several types of air
pollution damage: health damage due to particles and carcinogens, damage to build-
ings due to SO,, and crop losses due to O,, in which the geometric standard deviation
is in the range of 3 to 5. Results and conclusions such as those presented by Rabl
and Spadaro illustrate the necessity of dealing with uncertainty assessment in IPA
in spite of its high level of complexity.

5.4 INTRODUCTION TO MONTE CARLO SIMULATION

Based on the previously mentioned experiences regarding uncertainty analysis in
LCA and ERA studies, especially to IPA, it seems that the use of a stochastic model
helps to characterize the uncertainties better, rather than a pure analytical mathe-
matical approach. This can be justified because the relevant parameters follow a
different frequency distribution. In this case, one of the most widespread stochastic
model uncertainty analyses is the Monte Carlo (MC) simulation. In a wide approach
to perform an MC simulation, the parameters under evaluation must be specified as
uncertainty distributions. The method makes all the parameters vary at random
because the variation is restricted by the given uncertainty distribution for each
parameter. The randomly selected values from all the parameter uncertainty distri-
butions are inserted in the output equation. Repeated calculations produce a distri-
bution of the predicted output values reflecting the combined parameter uncertainties.
According to LaGrega et al. (1994), MC simulation can be considered the most
effective quantification method for uncertainties and variability among the environ-
mental system analysis tools available.
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The term simulation can be understood as an analytical method meant to imitate
a real-life system, especially when other analyses are too mathematically complex
or too difficult to reproduce. Without the aid of simulation, a spreadsheet model
would only reveal a single outcome, generally the most likely or average scenario.
Spreadsheet uncertainty analysis uses a spreadsheet model and simulation to analyze
the effect of varying inputs or outputs of the modeled system automatically. The
random behavior of how MC simulation selects variable values to simulate a model
is similar to that employed by games of chance. When a player rolls a die, he or
she knows that a 1, 2, 3, 4, 5, or 6 will come up, but does not know which will
occur in any particular roll. It is the same with the variables that have a known range
of values but an uncertain value for any particular time or event (Decisioneering
1996).

5.4.1 UsEe oF SOFTWARE PACKAGES TO PROPAGATE UNCERTAINTY
BY PERFORMING MONTE CARLO SIMULATION

In order to simplify the task of determining the uncertainty of a parameter by MC
simulation, various commercial software packages are available. Among them, Crys-
tal Ball®* @Risk®** Analytica,*** Stella II®**** PRISM®***** and Susa-
PC®**#**% can be highlighted. Table 5.1 summarizes the main information about
each of these software packages.

According to Metzger et al. (1998), @Risk was originally designed for business
applications, but it has found wide use in human health and ecological risk assess-
ment. This package includes uncertainty in estimates to generate results that show
all possible outcomes. Because of its standardized spreadsheet backbone, @Risk is
easy to use without a need for extensive statistical knowledge, modeling capability
or programming ability.

Analytica and Stella II are two stand-alone programs designed for a wide variety
of applications. Analytica is a model-building program that attempts to simplify
sophisticated systems with the use of multilevel influence diagrams. Stella II is a
multilevel hierarchical environment for constructing and interacting with models.
These two programs are designed to simplify complex problems and therefore
require additional effort in learning the software and building the models. However,
because these models are displayed in diagrams, their interpretation for other users
tends to be easier than for any other software package.

PRISM and Susa-PC are Fortran-based codes, designed specifically for use in
risk analysis. PRISM is a simple free-access program that builds distributions for
input into any model and then analyzes the output of that model. Susa-PC is a more

* Registered trademark of Decisioneering, Inc., Denver, CO.

** Registered trademark by Palisade Corporation, Newfield, NY.

*##% Registered trademark of Decisioneering, Inc., Denver, CO.

##%k% Registered trademark of High Performance Systems, Inc., Lebanon, NH.

##*kx% Registered trademark of SENES Oak Ridge, Inc., Oak Ridge, TN.

##dkkk Registered trademark of Gesellschaft fiir Anlagenund Reaktorsicherheit (GRS) mbH, Koln,
Deutschland.
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TABLE 5.1
Uncertainty Analysis Software Commercial Packages

Software
package Version Producer Year URL address
Crystal Ball 4.0 Decisioneering, 1996 www.decisioneering.com
Inc.
@Risk 3.1 Palisade 1996 www.palisade.com
Corporation
Analytica 1.0 Beta 1 Lumina Decision 1996 www.decisioneering.com
Systems, Inc.
Stella II 3.0.6 High Performance 1994 www.hps-inc.com
System, Inc.
PRISM November 1992 Gardner, R.H. et 1992 WWW.Senes.com
al.
Susa-PC 1.0 Hofner, E. et al.; 1992 —

GRS-Garching

Source: Metzger, J.N. et al., Hum. Ecol. Risk Assess., 4(2), 263-90, 1998. With permission.

involved package that offers advanced statistical analysis specific to risk analysis.
It is Excel based and uses macros for everything except the actual results from the
model. Because of their relatively wide focus, PRISM and Susa-PC are more
difficult to use than spreadsheets and require some knowledge of Fortran and
statistics.

Finally, the software Crystal Ball Version 4.0 from Decisioneering (1996) is a
simulation program that helps analyze the uncertainties associated with Microsoft
Excel spreadsheet models by MC simulation. Crystal Ball adds probability to the
best, worst, and most likely case versions of the same model — which only predict
the range of outcomes — and automates the what-if process. Crystal Ball is an add-
on to Excel; the user does not need to leave Excel to undertake such forecasting.
The program works with models existing already, so the calculations do not need
to be recreated. As a fully integrated Excel add-on program with its own toolbar
and menus, Crystal Ball picks up where spreadsheets end by allowing the user to
perform the MC analysis. The user must define a range for each uncertain value in
the spreadsheet and Crystal Ball uses this information to perform thousands of
simulations. Another function of this software is the sensitivity analysis. Sensitivity
charts show how much influence each assumption has on the results, allowing the
user to focus further analytical effort on the most important factors. The results are
dynamically summarized in forecast charts that show all the outcomes and their
likelihood. An example of the activated cells of an Excel sheet, the result of a
sensitivity analysis, and the final provision are shown in the Crystal Ball screenshot
(Figure 5.1).
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FIGURE 5.1 Crystal Ball screenshot (activated cells of an Excel spreadsheet, the result of a
sensitivity analysis and the final provision).

5.4.2 FRAMEWORK FOR UNCERTAINTY ASSESSMENT BY MONTE
CARLO SIMULATION IN ENVIRONMENTAL IMPACT ANALYSIS

Based on the information about previous studies on uncertainty evaluation in envi-
ronmental impact analysis methods and the knowledge of the MC simulation tech-
nique, the following general strategy for the assessment of uncertainties in impact
assessment studies may be established:

» C(lassification of data (extensively available, based on little information
and data that can be ignored)

* Identification of probability distribution for considered data

* Monte Carlo simulation

» Sensitivity analysis

* Analysis and discussion of results

As mentioned briefly earlier, by means of a sensitivity analysis it is possible to
show which parameters are most relevant for the final result. If small modifications
of one parameter characterized by a probability distribution strongly influence the
final result, it can be concluded that the sensitivity of the considered variable is
elevated for the relation between parameter and final result. This information is
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crucial for decision-makers in order to understand the variables to be acted upon.
Also it would be very useful to know the parameters that might be neglected,
especially if it is difficult to get detailed information about them. Sensitivity can be
analyzed by an approach that displays sensitivity as a percentage of contribution
from each parameter to the variance of the final result. Crystal Ball Version 4.0, the
software package selected to perform an example of application for the use of MC
simulation, approximates this approach by lifting to square the correlation coeffi-
cients of ranks and normalizing them to 100%.

5.5 UNCERTANTY ASSESSMENT IN DIFFERENT
ENVIRONMENTAL IMPACT ANALYSIS TOOLS

In this section, methods of uncertainty assessment in different environmental impact
analysis tools are presented.

5.5.1 UNCERTAINTY ASSESSMENT IN LIFE-CYCLE INVENTORY

Figure 5.2 presents an adaptation of the procedure for uncertainty analysis in LCI
as it is reported in the literature (Meier, 1997; Maurice et al., 2000). The first step
refers to the compilation of LCI data. If all the parameters that might have reper-
cussions on the final result were considered, an exhaustive study would need to be
carried out; however, not all these data are relevant. Hence, only the most relevant
factors must be selected and, for some parameters, can be assumed to have fixed
values. Once the essential factors have been selected, a characterization of the
probability distributions is carried out. Therefore, the data are classified into two
groups: extensively available data, for which average and standard deviation can be
calculated, and data based on little information, for which literature and expert

Compilation of Life-cycle
inventory data

¥
Selection of essential factors | | Neglected parameters
Characterization of
robability distribution
P y -1 Distribution for data based
L on little information
Determination of distribution by literature and experts
for extensively available data
]
Monte Carlo Simulation |—>| Sensitivity Analysis
2 L ]

Analysis and
discussion of results

FIGURE 5.2 Procedure for the uncertainty and variability assessment in the life-cycle inven-
tory. (Reprinted from J. Cleaner Prod., 11, Sonnemann, G.W. et al., pp. 279-292, ©2002
with permission from Elsevier.)
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FIGURE 5.3 Framework for the assessment of uncertainty and variability in the impact
pathway analysis.

estimations must be considered. All these parameters feed the MC simulation, which
gives the results in the form of a probability distribution around a mean value and
allows a detailed sensitivity analysis to be carried out.

5.5.2 UNCERTAINTY ASSESSMENT IN IMPACT PATHWAY ANALYSIS

Figure 5.3 presents the framework for uncertainty assessment in the IPA. The first
step of the so-called framework is the compilation of damage function data, in which
an exhaustive study must be carried out on all the parameters that have a repercussion
on the final result. Although the model is processing an enormous quantity of data
that are not all relevant, only fundamental facts need really be considered. Thus, a
classification must be made among the most significant parameters, for which prob-
ability distributions should be defined. In addition, the parameters are supposed to
be invariant and are called point estimates. Significant data are further classified into
the above-mentioned two groups for advanced evaluation: extensively available data
and data based on little information. In the same way as in the uncertainty assessment
for LCI, these parameters feed the MC simulation that gives the results in the form
of a probability distribution around a mean value, and allows a detailed sensitivity
analysis to be carried out. The last step of the framework consists of the analysis
and discussion of the achieved results.

5.5.3 Risk CHARACTERIZATION AND UNCERTAINTY ANALYSIS

Risk assessment uses a wide array of information sources and models. Even when
actual exposure-related measurements exist, assumptions or inferences will still be
required. Most likely, data will not be available for all aspects of the exposure
assessment and may be of questionable or unknown quality. In these situations, the
exposure assessor will depend on a combination of professional judgment, inferences
based on analogy with similar chemicals and conditions, estimation techniques and
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the like. The net result is that the exposure assessment will be based on a number
of assumptions with varying degrees of uncertainty (U.S. Environmental Protection
Agency, 1992). Decision analysis literature has focused on the importance of explic-
itly incorporating and quantifying scientific uncertainty in risk assessment (Rose-
berry and Burmaster, 1991).

Several reasons lead to uncertainties concerning the validity and entirety of the
results of a risk assessment. These uncertainties can be regarded in different manners
and degrees depending on the methodology applied in the risk assessment process.
One source of high uncertainties is the application of models that simulate the
behavior of a pollutant in the environment and the uptake into the human body.
Computer models that attempt to describe natural processes are always simplifica-
tions of a complex reality. They require the exclusion of some variables that in fact
influence the results but cannot be regarded because of increased complexity or lack
of data. Moreover, many natural processes can only be approximated but not exactly
explained with mathematical correlations. Hence, a model is always affected with
uncertainties and gives only an imperfect description of the reality. Different models
for the same issue consider different uncertainties but disregard also different sources
of uncertainty.

On the other hand, because many parameters in a model cannot be treated as
fixed-point values, a range of values better represents them. This uncertainty of input
parameter can result from real variability, measurement and extrapolation errors as
well as the lack of knowledge regarding biological, chemical and physical processes.
Uncertainties that are related with lack of knowledge or measurement and extrapo-
lation errors can be reduced or eliminated with additional research and information.
However, real parameter variability, e.g., spatial and temporal variation in environ-
mental conditions or life-style differences, occurs always and cannot be eliminated.
It leads to a persisting uncertainty of the modeling results.

Risk assessment is subject to uncertainty and variability. Specifically, uncertainty
represents a lack of knowledge about factors affecting exposure or risk, whereas
variability arises from true heterogeneity across people, places, and time. In other
words, uncertainty can lead to inaccurate or biased estimates, whereas variability
can affect the precision of the estimates and the degree to which they can be
generalized.

Now let us consider a situation that relates to exposure, such as estimating the
average daily dose by one exposure route — inhalation of contaminated air. Suppose
that it is possible to measure an individual’s daily air inhalation consumption (and
concentration of the contaminant) exactly, thereby eliminating uncertainty in the
measured daily dose. The daily dose still has an inherent day-to-day variability
because of changes in the individual’s daily air inhalation or concentration of the
contaminants in air.

Clearly, it is impractical to measure the individual’s dose every day. For this
reason, the exposure assessor may estimate the average daily inhalation based on a
finite number of measurements, in an attempt to “average out” the day-to-day
variability. The individual has a true (but unknown) average daily dose, which has
not been estimated based on a sample of measurements. Because the individual’s
true average is unknown, it is uncertain how close the estimate is to the true value.
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Thus, variability across daily doses has been translated into uncertainty in the
parameter. Although the individual’s true value has no uncertainty, the estimate of
the value has some variability (U.S. Environmental Protection Agency, 1992).

The preceding discussion pertains to the air inhalation for one person. Now
consider a distribution of air inhalation across individuals in a defined population
(e.g., the general U.S. population). In this case, variability refers to the range and
distribution of air inhalation across individuals in the population. Otherwise, uncer-
tainty refers to the exposure assessor’s state of knowledge about that distribution,
or about parameters describing the distribution (e.g., mean, standard deviation,
general shape, various percentiles).

As noted by the National Research Council (1994), the realms of variability and
uncertainty have fundamentally different ramifications for science and judgment.
For example, uncertainty may force decision makers to judge how probable it is that
exposures have been overestimated or underestimated for every member of the
exposed population, whereas variability forces them to cope with a certainty that
different individuals are subject to exposures above and below any of the exposure
levels chosen as a reference point (U.S. Environmental Protection Agency, 1992).

To account for the uncertainty in ERA, process probabilistic models are used.
These techniques generate distributions that describe the uncertainty associated with
the risk estimate (resultant doses). The predicted dose for every 5th percentile to the
95th percentile of the exposed population and the true mean are calculated. Using
these models, the assessor is not forced to rely solely on a single exposure parameter
or the repeated use of conservative assumptions to identify the plausible dose and
risk estimates. Instead the full range of possible values and their likelihood of
occurrence are incorporated into the analysis to produce the range and probability
of expected exposure levels.

In addition to establishing exposure and risk distributions, probabilistic analysis
can also identify variables with the greatest impact on the estimates and illuminated
uncertainties associated with exposure variables through sensitivity analysis. This
provides some insight into the confidence that resides in exposure and risk estimates
and has two important results. First, it identifies the inputs that would benefit most
from additional research to reduce uncertainty and improve risk estimates. Second,
assuming that a thorough assessment has been conducted, it is possible to phrase
the results in more accessible terms, such as, the risk assessment of PCBs in small-
mouth bass is based on a large amount of high-quality reliable data, and we have
high confidence in the risk estimates derived. The analysis has determined that 90%
of the increased cancer risk could be eliminated through a ban on carp and catfish,
but there is no appreciable reduction in risk from extending such a ban to bass and
trout.

5.6 TYPES OF PROBABILITY DISTRIBUTIONS USED

In the MC simulation, new values of the random variables are selected at least 10,000
times and a new estimate of the final damage is foreseen. The results of the calcu-
lations are summarized in a single histogram of damage values; mathematical oper-
ations such as multiplication, exponential functions, matrix calculations, etc. can be
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managed. Among the wide range of statistical distributions (normal, log-normal,
uniform, etc.) found in MC simulation, we will refer only to the most common types
of probability distributions, which are:

1. Normal distribution (Figure 5.4). Normal distribution is appropriate to
describe the uncertainties of large samples that constitute stochastic events
and are symmetrically distributed around the mean. The mean and the
standard deviation will define the probability density function. The normal
distribution is especially appropriate if data uncertainties are given as a
percentage of the stadard deviation with respect to the mean, i.e., the
coefficient of variation (CV).

FIGURE 5.4 Normal probability distribution profile.

2. Log-normal probability distribution (Figure 5.5). This type of distribution
can be used if large numbers of quantities must be presented, no negative
values are possible, and the variance is characterized by a factor rather
than a percentage.

FIGURE 5.5 Log-normal probability distribution profile.

The 50th percentile of a log-normal distribution is related to the mean of
its corresponding normal distribution. The log-normal distribution is
calculated assuming that the logarithm of the variable has a normal dis-
tribution. Many environmental impacts follow the log-normal model.
The geometric mean, |L1g, and the geometric standard deviation, o, of
the samples are very practical and correspond to the mean and coeffi-
cient of variation for the normal distribution. Moreover, they provide
multiplicative confidence intervals such as:

[1,/C,, M,.O,] for a confidence interval of 68%
[Wo,*, u,.0%] for a confidence interval of 95%
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The way to calculate the probability distribution from an enormous amount of
experimental data will be explained here with a brief example:

The Crystal Ball software facilitates the adjustment of sample points in a density
function. As an example, Figure 5.6 shows the variation of such sample points for
different measurements of cadmium emissions. In the diagram, 17 measurements
are classified according to their range of concentration. The most frequent value is
the 10 ug/Nm? that appears four times. However two samples have more than
35 ug/Nm?. The presented variation has been adjusted with normal and log-normal
distribution. The different curves make evident that the log-normal distributions fit
the variation of the measurements much better.

As previously explained, in the case study from Tarragona’s MSWI, the vari-
ation of the pollutant concentrations in the incinerator emissions is enormous due
to the heterogeneity of the incinerated waste. As can be expected, its elementary
composition varies strongly at each moment. Often cadmium concentrations are
low, but sometimes these increase due to the elevated cadmium amount in the
waste. Thus the measured emissions are not constant over time, following a log-
normal distribution.

5.7 EXAMPLE: RISK ASSESSMENT TO PCDD/FS IN
TARRAGONA, SPAIN, USING THE MONTE CARLO
APPROACH

Returning to the case of the MSWI and its application of the risk assessment seen
in Chapter 4, now the same case — not as point estimation, but considering its

Cadmium
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Concentration (-<g/Nm3)

FIGURE 5.6 Log-normal distribution of cadmium emissions by adjustment of sample points
in a density function. (Reprinted for Environ. Int., 28, Sonnemann, G.W. et al., pp. 9-18,
©2002 with permission from Elsevier.)
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distribution — will be shown as an example of uncertainty assessment. Applying
the uncertainty analysis to the risk assessment of the population living in its vicinity
will be demonstrated. Only the “direct risk” due to air emissions will be considered.
To account for variability and uncertainty, the Monte Carlo simulation will be applied
to estimate the set of risk estimates. In this example model and data uncertainty will
be considered. The sensitivity analysis will show how much each predictor variable
contributed to the uncertainty or variability of the predictions.

5.7.1 DETERMINATION OF DISTRIBUTION FUNCTIONS

The determination of which form of distribution function to assign to each parameter
depends on site-specific data and judgment based on statistical analysis. The distribution
employed in this example is assembled from site-specific data, data existing in the most
current literature, and professional judgment; they are considered to be the most up-to-
date description of the parameter (Katsumata, 1997). In the vegetation production in the
area of study (Tarragona), only the adult population was considered. In this example,
only exposition through the air, soil and 10% of the consumed vegetation will be
considered as a direct vies of exposition. Because the MSWI is located close to a city,
no impact to foods like meat, fish or dairy products will be considered.

Table 5.2 and Table 5.3 show a description of the Monte Carlo parameter
distribution for risk assessment evaluation due to direct exposure for people living
in the area surrounding the MSWI of Tarragona, Spain. After characterizing the
uncertainty and/or variability associated with each parameter, the uncertainty in the
risk can be estimated. For the risk assessment presented here, the commercially
available software package Crystal Ball (Version 4.0) was used. For analyzing the
results, the mean and median values and the percentiles 50 and 90% were extracted
and presented. In this example, ranges of exposure rather than single point estimates
are developed in order to account for the natural variability among members of a
population and for uncertainties in the input variables. Even if it were possible to
eliminate the uncertainty associated with the input variables, a probability density
function would still be required because of natural variability.

Figure 5.7 shows the distribution of the different variables of direct exposure
due to the incinerator emissions for the population living in the area surrounding
the plant. The distribution of total direct exposure is also depicted. Figure 5.8 shows
the sensitivity analysis for total direct exposure from the different exposure pathways
due to MSWI emissions. This figure shows that inhalation of air from the area
contributes to 50.4% of the variance and vegetation ingestion to 49.5%. The other
pathways — exposure, dermal absorption, soil ingestion, and inhalation of resus-
pended particles — are irrelevant.

Table 5.4 summarizes the exposure to PCDD/Fs by the population living in the
proximity of the MSWI of Tarragona, Spain, and Table 5.5 shows the PCDD/Fs
dose (ng I-TEQ/day/kg) for the population living around the incinerator. The toler-
able average intake levels of PCDD/Fs recently established by the WHO is between
1 and 4 pg I-TEQ/kg/day for lifetime exposure (Rolaf and Younes, 1998). Therefore,
the current total exposures of 2.87 x 102 pg I-TEQ/day/kg for the 50th percentile
and 5.37 x 102 for the 90th percentile (Table 5.5) are within this tolerable intake.

© 2004 CRC Press LLC



TABLE 5.2

Monte Carlo Parameter Distributions for Direct Exposure for Population
Living in Areas Surrounding the MSWI

Parameter

Soil ingestion rate
Fraction absorption
ingestion of soils
Vegetable ingestion

rate
Fraction absorption
ingestion of
vegetables
Fraction vegetables
from the area

Resuspended particles
from the soil

Ventilation rate

Fraction retained in
the lungs

Particle concentration

Fraction absorption
inhalation

Contact time soil—skin

Exposed skin surface
area

Dermal absorption
factor

Soil to skin adherence
factor

PCDD/Fs soil
concentration from
the area

PCDD/Fs vegetable
concentration from
the area

PCDD/Fs air
concentration

Symbol

SIR
AFIS

VIR

AFIV

1A

RES

RET

Pa

AFIn

CT
SA

Add

AF

Sc

Units

mg/day
unitless

g/day

unitless

unitless

unitless

m?¥/day
unitless

pg/m’

unitless

h/day

cm?
unitless
mg/cm?

ng/Kg

ng/Kg

pg/m?

Type

Log-normal
Point

Log-normal

Point

Uniform

Point

Log-normal
Uniform

Point

Point

Uniform
Triangular

Triangular
Uniform

Triangular

triangular

triangular

Distribution?

3.44 £ 0.80
40

99 + 80

60

1-10

50

20-2
60

133

100

1-2
1980
(910-2940)

0.003 (0-0.03)

0.75-1.25

1.17
(0.10-3.88)

0.197 (0.06-
0.50)

0.07 (0.01 -
0.22)

Reference

LaGrega 1994
Nessel 1991

Arija et al. 1996

Nessel 1991

Generalitat
Catalunya
(Statistical
Dept.)®

Hawley 1985

Shin 1998
Nessel 1991

Generalitat
Catalonia
(Environmental
Dept.)®

Nessel 1991

EPA 1990
EPA 1990

Katsumata 1997
EPA 1990

Schuhmacher et
al. 1998a

Schuhmacher et
al. 1998b

Generalitat
Catalonia

(Environmental
Dept.)°

aDistribution: means and standard deviations are used for log-normal distributions, the low and high

for uniform distributions, and the mean, low and high for triangular distributions.
"Personal communication.
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TABLE 5.3
Monte Carlo Parameter Distributions for PCDD/Fs

Parameter Symbol Units Type Distribution® Reference
Body weight BW kg Log- 67.52 £ 12.22 Arija et al.
normal 1996°
Noncancer NCP pg/kg day Uniform 1-4 Rolaf and
potency Younes 1998
factor
Cancer CP (mg/kg Uniform 34,000-56,000 Katsumata
potency day)! 1997
factor

aDistribution: mean and standard deviation are used for log-normal distributions, the low and high
for uniform distributions.
"Personal communication.
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FIGURE 5.7 Distribution of the different variables of direct exposure due to MSWI emis-
sions.
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Graph of Sensibility
Prevision: Direct Total Exposure

Inhalation of air 50.4%

Vegetation 49.5%
Soil ingestion 0.1%
Dermal absorption| 0.0%
Inhalation of

resuspended 0.0%
Particles 0.0%

0% 25% 56% 75% 100%

Measured as contribution to variance

FIGURE 5.8 Distribution of total direct exposure.

TABLE 5.4
PCDD/Fs Exposure? by Different Ways of Direct Exposure of the Population
Living in Proximity of the MSWI

Percentiles

Mean SD 10th 50th 90th
Soilingestion ~ 3.01 x 10-° 337 x 107 5.49 x 10° 1.98 x 107 6.69 x 107
Vegetable 7.95 x 10+ 9.09 x 10+ 1.36 x 10+ 5.11 x 10+ 1.76 x 1073
ingestion
Inhalation of 1.37 x 10¢ 6.53 x 107 5.73 x 107 1.28 x 10° 2.31 x 10
resuspended
particles
Inhalation of 1.19 x 103 5.53 x 10# 5.20 x 10+ 111 x 103 1.98 x 103
air
Dermal 2.15 x 107 2.00 x 10 3.78 x 1010 1.53 x 107 4.70 x 107
absorption
Total direct 2.02 x 103 1.07 x 103 6.62 x 10+ 1.64 x 103 3.81 x 103
exposure
ang [-TEQ/day.
TABLE 5.5
PCDD/Fs Dose? for Population Living around the Incinerator
Percentiles
Mean SD 10th 50th 90th
Direct 3.24 x 107 1.80 x 10 1.46 x 10 2.87 x 107 5.37 x 107

dose
‘ng I-TEQ/day/kg.
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TABLE 5.6
Noncancer Risk: Mean, Standard Deviation and 10th, 50th and 90th
Percentiles

Percentiles
Mean SD 10th 50th 90th
Direct risk 1.44 x 102 1.06 x 102 5.18 x 1073 1.15 x 102 2.65 x 102

TABLE 5.7
Cancer Risk: Mean, Standard Deviation and 10th, 50th and 90th Percentiles
Percentiles
Mean SD 10th 50th 90th
Direct risk 1.42 x 106 828 x 106 6.20 x 107 1.25 x 106 2.36 x 106

5.7.2 Risk EVALUATION

The noncancer and cancer risks from direct exposure are shown in Table 5.6 and
Table 5.7, respectively. The results show the 10th percentile, the central tendency
estimates of risk (50th percentile) and the RME (reasonable maximum exposure;
90th percentile). It can be seen that the median (50th percentile) of noncancer risk
due to PCDD/Fs in the population living in the area surrounding the MSWI of
Tarragona is 0.015 The results reveal that the uncertainty of the risk estimated as
defined by the ratio of the 90th to the 10th percentile is 5.1 (Table 5.6). With
respect to total cancer risk, the median increment in individual lifetime is 1.25 x
10-%, and the ratio between the 90th percentile and 10th percentile is about 3.8
(Table 5.7).

It can be concluded that the exposure to PCDD/Fs due to the MSWI in the
Tarragona area is not producing health risks for the general population.

5.8 CASE STUDY: UNCERTAINTY ASSESSMENT BY
MONTE CARLO SIMULATION FOR LCI AND IPA
APPLIED TO MSWI IN TARRAGONA, SPAIN

The frameworks for uncertainty assessment by MC simulation for LCI and IPA
described in Section 5.5 are applied to formerly inroduced case study of the MSWI
in Tarragona, Spain.
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5.8.1 AprpLICATION OF THE FRAMEWORK TO LIFE-CYCLE INVENTORY
of ELectriCITY PRODUCED BY A WASTE INCINERATOR

This section presents an application of the framework for uncertainty assessment
corresponding to the case of LCIs mentioned earlier. For this purpose, the industrial
process of electricity produced by the MSWI, discussed in Chapter 1 to Chapter 4,
was once more selected. The following goals were proposed for the sake of a more
didactical and practical example:

1. Assigning probability distributions to the parameters considered in the
study

2. Assessing the uncertainties and variations in the calculation of the LCI
table

3. Determining the most relevant parameters in such LCI by sensitivity
analysis

5.8.1.1 Assigning Probability Distributions to Considered
Parameters

The predominant pollutants identified and quantified during the implementation of
the LCI for the MSWI study were selected by a combined quantitative and qualitative
approach. The quantitative selection consisted of a dominance analysis performed
on the basis of the results in the impact assessment carried out using the eco-indicator
95 method (see Chapter 3). Figure 5.9 presents the contribution of the considered
pollutants to the total environmental potential impact measured by the eco-indicator
95. As a selection criterion, only the emissions with a contribution to the total
environmental impact higher than 1% will be selected for the uncertainty assessment.
The results of the quantitative selection established that the atmospheric emission
of cadmium (Cd), carbon dioxide (CO,), chloridric acid (HCl), nickel (Ni), sulfur
dioxide (S0O,), other heavy metals (HMs) and particulate matter (PM) would be
taken into account. Moreover, because of their carcinogenity and consideration as
primary air pollutants in the ExternE project (EC, 1995, 2000), arsenic (As), carbon
monoxide (CO) and PCDD/Fs were also to be considered (Figure 5.9).

A proper determination of the probability distribution is possible if data are
extensively available, as in the case of measured emissions, electricity production,
working hours and flow gas volume. Here the probability distributions were calcu-
lated from experimental data provided by the LCA study (STQ, 1998) and by the
MSWI director by means of a report (Nadal, 1999) or personally. Based on a relevant
number of measurements and their inherent variations, the normal or log-normal
distribution was selected as the best-fitting probability density function for the
respective types of data. The quality of the fitting was assessed by the Kolmog-
orov—Smirnov test for parameters with less than 30 measurements and by the Chi?
test for parameters with more than 30 measurements.

The software Crystal Ball allowed carrying out this fitting of probability distri-
butions. The variation of the emissions in the study was enormous due to the constant
variation in the waste’s incinerated composition. The concentrations of the
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FIGURE 5.9 Selection of essential pollutants by dominance analysis. (Reprinted from J.
Cleaner Prod., 11, Sonnemann, G.W. et al., pp. 279-292, ©2002 with permission from
Elsevier.)

incineration process emissions together with their distribution type and deviations
are presented in Table 5.8. Except for PCDD/Fs, the variations of the pollutant
concentration emissions were fitted from experimental data by log-normal distribu-
tions with a geometric standard deviation (0,) between 1.5 and 3.4. It can be seen
that the variation of the measurements of nickel and other HM concentrations in the
emissions is in general much higher than that of the macropollutants SO,, NO, and
CO. The heterogeneous feature of the waste used in the process can explain the
enormous variation once more (Table 5.8).

The probability distributions for the PCDD/Fs concentrations in the emissions
were considered to be log-normal with a geometric standard deviation of 2.0, accord-
ing to the estimations published by Rabl and Spadaro (1999). The consideration was
done due to a lack of sufficient experimental data on this substance. Also, in the
case of the life-cycle data taken from Frischknecht et al. (1996), site-specific data
on transport processes, as well as the inputs and outputs for local production and
the waste treatment process, count on little information about data quality. Conse-
quently, the uncertainty estimations have been made according to the literature
(Weidema and Wesnaes, 1996; Meier, 1997). Table 5.9 shows the technical site-
specific data for the whole system, which embraces the operation of waste treatment,
electricity production and consumption, and transportation, as well as its inherent
inflows and outflows (see Chapter 2). All these technical data show a normal distri-
bution. The variation in the data on the annual amounts of waste treated and elec-
tricity produced are described by their normal standard deviations because these
statistical factors would be calculated from a sufficient amount of data.

For the annual working hours and gas volume flow, a 5% coefficient of variation
was estimated according to the information given by the technical staff of the MSWI.
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TABLE 5.8
Site-Specific Data: Concentrations in Emissions of the Incineration Plant*

Former Current
Parameter Unit Distribution situation® situation© Reference
Mean value Mean value
Type (cy (cy

As mg/Nm? Log-normal 2.00 x 102 5.60 x 1073 (STQ 1998)
3.4 (3.4)

Cd mg/Nm? Log-normal 2.00 x 102 6.60 x 1073 (STQ 1998)
(1.7) 1.7

CcO mg/Nm? Log-normal 4.00 x 10! 4.00 x 10! (STQ 1998)
(1.5) (1.5)

PCDD/Fs pg/Nm? Log-normal 2.00 x 10! 2.00 (STQ 1998;
(2.0 (2.0) Rabl and

Spadaro
1999)

HCl mg/Nm? Log-normal 5.16 x 10? 3.28 x 10! (STQ 1998)
(1.6) (1.6)

Heavy metals mg/Nm? Log-normal 4.50 x 10! 9.10 x 1072 (STQ 1998)
(2.5) (2.5)

Ni mg/Nm? Log-normal 3.00 x 102 8.40 x 103 (STQ 1998)
(2.2) (2.2)

NO, mg/Nm? Log-normal 1.91 x 102 1.91 x 102 (STQ 1998)
(1.5) (1.5)

Particulate mg/Nm? Log-normal 2.74 x 10! 4.80 (STQ 1998)

matter 2.1) 2.1
SO, mg/Nm? Log-normal 8.09 x 10! 3.02 x 10! (STQ 1998)

(1.5) (1.5)

2CO, emissions are determined stochiometrically.
*Without new filters.

“With new filters.

0, = geometric standard deviation

The probability distributions for other pieces of technical data had to be derived
from the literature (Weidema and Wesnaes, 1996; Meier, 1997). Thus, a normal
distribution with a CV of 10% was assumed for site-specific inflows and outflows,
while for transportation a normal distribution with a CV of 20% was chosen due to
the large uncertainty in the exact description of the waste transport. An enormous
amount of the data used in the LCI is not directly related to the incineration process,
but to the cycles of associated inputs, outputs and transport processes, as can be
seen in Table 5.9. The data of the system under study were not obtained in a site-
specific manner but from the ETH database (Frischknecht et al., 1996). These data
have been collected from a Swiss perspective on a European scale. It is evident that
the transfer of data to the Spanish situations definitely caused an uncertainty that,
according to Meier (1997), differs depending on the considered pollutant. For infor-
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TABLE 5.9

Site-Specific Data: Technical Variables of the Incineration Plant

Parameter

Electricity
production
Waste treated

Yearly
working
hours

Flue gas
volume

Transport

Plastic
proportion

Electricity
consumption

Diesel

Lubricant oil

Lime (CaO)

Water

deionized

Water
refrigeration

Unit

TJ

Nm?/h

tkm

%

TJ

kg

m3
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Distribution

Type

Normal
Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Normal

Former
situation?
Mean value
(Cv)

158.56 (8.08)

153,467(5,024)

8,280 (0.05)

90,000 (0.05)

4,100,000 (0.2)

13 (0.1)

1.66 (0.1)

148.8 (0.1)

2.3 (0.1)

0 (0)

19,665 (0.1)

5,175 (0.1)

Current
situation®
Mean value
(Cv)

149.55 (6.94)

148,450
(5,024)
8,280 (0.05)

90,000 (0.05)

4,100,000

0.2)

13 (0.1)

1.66 (0.1)

148.8 (0.1)

2.3 (0.1)

921,000 (0.1)

19,665 (0.1)

5,175 (0.1)

Reference

Nadal 1999

Nadal 1999

Nadal 1999

Nadal 1999

Weidema and
‘Wesnaes
1996; STQ
1998

Weidema and
Wesnaes
1996; STQ
1998

‘Weidema and
‘Wesnaes
1996; STQ
1998

Weidema and
Wesnaes
1996; STQ
1998

‘Weidema and
‘Wesnaes
1996; STQ
1998

Weidema and
Wesnaes
1996; STQ
1998

‘Weidema and
‘Wesnaes
1996; STQ
1998

Weidema and
Wesnaes
1996; STQ
1998

-- continued



TABLE 5.9 (continued)
Site-Specific Data: Technical Variables of the Incineration Plant

Former Current
Parameter Unit Distribution situation? situation® Reference
Mean value Mean value
Type (CV) (CV)
Water purified m3 Normal 7,360 (0.1) 7,360 (0.1) Weidema and
‘Wesnaes
1996; STQ
1998
Unspecified m? Normal 8,122 (0.1) 33,120 (0.1) Weidema and
water Wesnaes
1996; STQ
1998
Ashes treated kg Normal 590,000 (0.1) 3,450,000 Weidema and
(0.1) ‘Wesnaes
1996; STQ
1998
Scrap treated kg Normal 2,740,000 (0.1) 2,740,000 Weidema and
0.1) Wesnaes
1996; STQ
1998
Slag t Normal 42,208 (0.1) 42,208 (0.1) ‘Weidema and
‘Wesnaes
1996; STQ
1998

aWithout new filters.

®With new filters.

CV = coefficient of variation with the exception of electricity production and waste treated, which
are expressed as normal standard deviation.

mation taken from databases, Meier (1997) proposed to assume classes of normal
probability distributions with the following CVs:

» For data obtained by stochiometric determination, a CV of 2% needs to
be considered.

e For actual emission measurements or data computable in well-known
process simulation, a CV of 10% is expected.

* For well-defined substances or summed parameters, a CV of 20% can be
assumed.

* For data taken from specific compounds by an elaborated analytical
method, a CV of 30% is expected.
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TABLE 5.10
Uncertainties in Measurements of Emissions in ETH Process Modules?

Parameter types Distribution type Uncertainty (CV)
Substances determined stochiometrically (CO,) Normal 0.02
Actual emission measurements or emissions of Normal 0.10

well-known processes depending on multiple
parameters (CO, NO,, SO,)

Well-defined substances or sum parameters (As, Normal 0.20
Cd, HCI, HMs, Ni, PCDD/Fs)
Specific compounds with elaborated analytical Normal 0.30

methods (PM)

aAccording to Meier, M., Eco-Efficiency Evaluation of Waste Gas Purification Systems in the Chemical
Industry, LCA Documents, Vol. 2, Ecomed Publishers, Landsberg, Germany, 1997, and Frischknecht,
R. et al., Okoinventare von Energiesystemen — Grundlagen fiir den 6kologischen Vergleich von
Energiesystemen und den Einbezug von Energiesystemen in Okobilanzen fiir die Schweiz. 3rd ed.,
ETH Ziirich: Gruppe Energie-Stoffe-Umwelt, PSI Villigen: Sektion Ganzheitliche Systemanalysen,
1996.

CV = coefficient of variation.

For a better understanding of these estimates, Table 5.10 specifies which pol-
lutant emission corresponds to which class under study. In addition, an example of
the life-cycle data for the input flow of energy consumption in Spain is presented.
According to this scheme, CO, is the only environmental load that has been deter-
mined stochiometrically for all life-cycle data. As a result of using this relatively
certain assessment method, CO, received a CV of 2%. CO, NO, and SO, were
considered to be obtained by actual emission measurements or to be computed in
well-known process simulations depending on multiple parameters. Because of more
possibilities for errors, a CV of 10% was assumed for all of these compounds. For
well-defined substances or summed parameters such as HM, PCDD/Fs and HCl, a
CV of 20% was established. Finally, in the class for specific compounds with
elaborated analytical methods, the uncertainty level was considered the highest with
a CV of 30%. In the present case study, this CV was assumed for the life-cycle
database information on particulate matter.

5.8.1.2 Assessing Uncertainties and Variations in the
Calculation of LCI

Following the procedure related to uncertainty assessment for the proposed LCI, a
Monte Carlo simulation was run for each situation with the probability distribution
described previously. Its final result consisted of a set of histograms — one per
selected pollutant — corresponding to the two scenarios proposed in the study: 1)
Scenario 1: former situation and 2) Scenario 2: current situation.

Current situation (Scenario 2) refers to the incineration process carried out with
an advanced acid gas treatment system (AGTS). On the other hand, in Scenario 1
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the atmospheric emissions of the same unit without AGTS were evaluated. Each
simulation has been made in one separate run per scenario. Because of the inherent
variability of the MC model, it is not possible to affirm that the set of values relative
to the input variables used in the run of the current situation are going to be the
same as those in the former situation. The reason for this is that every run occurs
in different ways due to the generation of random numbers. In order to verify the
importance of this variability on the final outcome, both simulations were also carried
out in one run, and the results obtained showed negligible variations.

Figure 5.10 presents the results of the substances considered in this study in the
current situation with advanced AGTS. In the x-axis, it is possible to observe the
amount of pollutant emission per energy produced. The y-axis shows the probability
of each value of the life-cycle emissions. As mentioned before, 10,000 iterations
were carried out with the software Crystal Ball. The mean atmospheric emissions
of the heavy metals per 1 TJ of electricity produced by the incinerator were 7.50 X
10! kg with a normal standard deviation of 5.50 x 10! kg/TJ. Because the density
distribution of the results is best adjusted by log-normal density function, a geometric
mean of 6.10 x 10! kg for HMs/TJ and a geometric standard of 1.92 were calculated.
On this basis, a 68% confidence interval from 3.18 x 10~ kg/TJ to 1.17 kg/TJ was
obtained.

Because the other pollutants can be adjusted well by a log-normal distribution,
all the atmospheric emissions were treated in the same way, with their mean in the
68% confidence interval. In this framework, the calculated values of y, and o, for
As, Cd and CO were, respectively, 3.37 x 102 kg/TJ (2.30), 2.62 x 102 kg/TJ (1.67)
and 2.43 x 10% kg/TJ (1.37).

The CO, emissions of the incineration process were not determined by the
measurements assumed to have a log-normal distribution. In this case, the total
amount of waste treated was multiplied by the percentage fraction of plastics present
on it because this material is the only one in the mixture component that originally
comes from fossil fuels. Taking into account that 1 kg of plastic burned produces
approximately 2.0 kg of CO,, the total CO, produced by the waste incineration was
divided by the gas volume emitted to the atmosphere through the stack in order to
determine the CO, concentration released. Thus, for this pollutant a normal distri-
bution with a p, of 3.10 x 10° kg/TJ and a 6, of 1.13 was obtained.

The profile of the LCI results for SO, — 2.12 x 10> kg/TJ (1.29) — to the same
situation is similar to those for NO, and CO due to the same order of magnitude in
the o, for the incinerator’s emissions. In Figure 5.10, the LCI results obtained by
MC simulation for the particulate matter (particles) in the former situation (Scenario
1) are also illustrated (1, 1.50 X 10? kg/TJ, 0, 1.93). If the results of the former
situation and the current situation are compared, a clear change can be seen in the
probability distribution from a log-normal to a rather normal one after the installation
of the advanced AGTS.

The mean values with confidence intervals for the former situation and the
current situation related to all studied pollutants are presented in Figure 5.11. Heavy
metals were only considered as a summed parameter. For the PCDD/Fs, HMs, SO,
and HCI a clear reduction can be observed with the installation of the advanced
AGTS, especially for the first one. On the other hand, for CO,, CO, PM and NO,
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FIGURE 5.10 Monte Carlo simulation LCI results for the different substances. (Adapted
from Sonnemann, G.W., et al., J. Cleaner Prod., 11, 279-292, 2002.)
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FIGURE 5.11 LCI results with confidence interval of 68%. (Reprinted from J. Cleaner Prod.,
11, Sonnemann, G.W. et al., pp. 279-292, ©2002 with permission from Elsevier.)

no variation in the life-cycle emissions per TJ of electricity produced is found. For
these cases, changes were smaller than the given confidence intervals. Here, it is
evident that the detected uncertainty and variability interfere in the results and
influence their interpretation (Figure 5.11).

5.8.1.3 Determining the Most Relevant Parameters in LCI by
Sensitivity Analysis

In order to determine the most relevant parameters in the case of the MSWI of
Tarragona, a sensitivity analysis of the LCI results was carried out. The results of
the sensitivity analysis for the PCDD/Fs are presented for the former situation and
the current situation in Figure 5.12 and Figure 5.13, respectively. In both situations
the PCDD/Fs emitted by the incinerator process were the most important parameter,
with contributions to the variance of 99.9 and 99.6%, respectively. The same results
were obtained for the other pollutants: percentages over 95% with the exception of
the particulate matter. Thus, this contaminant will be discussed in more detail.

In Scenario 1, which is defined by the former situation, the major emission of
PM was due to the process of incineration. The effect of the other steps of the system
under study was practically negligible, as can be seen in Figure 5.14.

On the other hand, in the current situation (Scenario 1) the process of production
of the lime used in the advanced AGTS has been added to the life-cycle, especially
considering that this process generates a huge amount of dust. Thus, as shown in
Figure 5.15, it contributes with 83.6% to the variance of the PM from the global
system. Finally, the particles emitted during the incineration concur with only 15.6%
and all the other processes embraced by the boundaries sum less than 1%.

As a conclusion, the advanced AGTS reduces the concentration of heavy metals
and PCDD/Fs, PM, SO, and HCI in the gas flow emitted to the atmosphere from
the incinerator. The concentrations of other pollutants such as NO, and CO emissions
are kept constant by their turn. Consequently, from the point of view of environ-
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Prevision: PCDD/F emissions for former situation
Incineration 99.9 %
Ash treatment 0.0 %
Transport 0.0 %
Scrap Metal Recycling 0.0 %
Water Treatment 0.0 %
Diesel Production 0.0 %
Lubricant Oil 0.0 %
Production 0.0 %
Electricity Production 0.0 %
0% 25% 50% 75% 100%
Measured as contribution to variance

FIGURE 5.12 Sensitivity analysis of the LCI results for PCDD/Fs in the former situation.
(Reprinted from J. Cleaner Prod., 11, Sonnemann, G.W. et al., pp. 279-292, ©2002 with
permission from Elsevier.)

Prevision: PCDD/F Emissions for Current Situation

Incineration 99.6%_

Ash treatment 0.2%
Transport 0.1%
Scrap Metal Recycling 0.0%
Water Treatement 0.0%
Diesel Production 0.0%
Lubricant Oil 0.0%
Electricity Production 0.0%

0% 25% 50% 75% 100%
Measured as contribution to variance

FIGURE 5.13 Sensitivity analysis of the LCI results for PCDD/Fs in the current situation.
(Reprinted from J. Cleaner Prod., 11, Sonnemann, G.W. et al., pp. 279-292, ©2002 with
permission from Elsevier.)

mental risk assessment, the risk of causing hazardous effects to human health and
the environment in the area surrounding the incineration plant is clearly reduced.
Also, on the basis of an LCA it was possible to observe a reduction of atmospheric
emissions from the whole system per TJ of electricity produced and for the pollutant
heavy metals, PCDD/Fs, HCI and SO, The same cannot be observed in the case of
particulate matter. Moreover, the absolute values show a very slight, though not
significant, increase of life-cycle emissions per TJ of electricity produced for CO,,
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Prevision: Particle emissions for former situation
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FIGURE 5.14 Sensitivity analysis of the LCI results for particles in the former situation.
(Reprinted from J. Cleaner Prod., 11, Sonnemann, G.W. et al., pp. 279-292, ©2002 with

permission from Elsevier.)

Prevision: Particle emissions for current situation
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FIGURE 5.15 Sensitivity analysis of the LCI results for particles in the current situation.
(Reprinted from J. Cleaner Prod., 11, Sonnemann, G.W. et al., pp. 279-292, ©2002 with

permission from Elsevier.)

CO, and NO,. These emissions are higher in comparison with those measured in
Scenario 1 due to the lime production process added to the system, the longer
transportation distances resulting from higher inflows and outflows, and a lower
efficiency in production of electricity (former situation = 158.56 Tl/yr.; current

situation = 149.55 TJ/yr).
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5.8.2 AprpLICATION OF FRAMEWORK TO IPA oF WASTE
INCINERATOR EMISSIONS ON A LOCAL SCALE

Following the same procedure used for the LCI results, the framework for uncertainty
assessment in IPA was also applied to the case study of local human health impacts
due to the emissions of the MSWI in Tarragona. As in the approach used previously,
some goals were proposed:

* Assigning probability distributions to the parameters considered in the
study

* Assessing the uncertainties and the variation in application

e Determining the most relevant parameters in such an IPA by sensitivity
analysis

5.8.2.1 Assigning Probability Distributions to Considered
Parameters

As explained by Rabl and Spadaro (1999), the probability distributions mainly used
in environmental damage estimations are the normal distribution and the log-normal
probability distribution. As mentioned earlier, all normal distributions are symmetric
and have bell-shaped density curves with a single peak. The log-normal distribution,
in turn, is calculated assuming that the logarithm of the variable has a normal distri-
bution. As in the previous case of uncertainty assessment in LCI, the proper determi-
nation of the probability distribution is only possible if measured data are extensively
available, as in the case of atmospheric emissions, electricity production, working
hours and flow gas volume. If the parameters are based on little proper information,
literature values must be applied to determine the probability distribution. That is the
case of PCDD/Fs emissions, dispersion modeling results, dose-response and expo-
sure-response functions, population data and monetary valuation.

The necessary information for determining the probability distributions from
measured data was taken from the LCA study of the Servei de Tecnologia Quimica,
STQ (1998), and from information given by the director of Tarragona’s MSWI
(Nadal, 1999). Probability distributions published in the literature were available
from the ExternE project (EC, 1995; EC, 2000) and in particular from the publication
about uncertainty analysis of environmental damages and costs by Rabl and Spadaro
(1999). The estimation of the uncertainty for the dispersion model was taken from
McKone and Ryan (1989). Further local information was obtained from the Public
Health Plan of the Tarragona region (GenCat, 1997) and from a diagnosis on the
socioeconomic development of the Tarragona province by Soler (1999).

The probability distributions used in the study are summarized from Table 5.11
to Table 5.13. “Variable mean” stands for an enormous number of values that are
not constant but differ depending on the grid and pollutant considered.

In Table 5.11 the technology and modeling parameters are presented together
with their respective probability distributions and characteristics. The technology
parameters in Table 5.11 consist respectively of electricity production, working hours
and specific characteristics of the incinerator (stack dimensions, geographical situ-
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TABLE 5.11
Technology and Modeling Data (Emission Values for Former Situation 1)

Parameter Units Distribution Mean Dev. Reference

Electricity MW Normal 5.02 (0) 0.23 Nadal 1999
production

Working hours h Normal 8,280 CV 0.05 Nadal 1999
per year

Flue gas volume Nm3/h Normal 90,000 CV 0.05 Nadal 1999

SO, (emissions) mg/Nm? Log-normal 81.13 (o, 1.5 STQ 1998

NO, (emissions) mg/Nm? Log-normal 191 (o) 1.5 STQ 1998

PM (emissions) mgNm? Log-normal 28.57 (0, 2.1 STQ 1998

CO (emissions) mg/Nm? Log-normal 40 (o) 1.5 STQ 1998

As (emissions) ug/Nm? Log-normal 15.1 (0, 3.4 STQ 1998

Cd (emissions) ug/Nm? Log-normal 19.9 (o, 1.7 STQ 1998

Ni (emissions) ug/Nm? Log-normal 33.27 (0,) 22 STQ 1998

PCDD/F ng/Nm? Log-normal 2 (o,) 2 STQ 1998;
(emissions) Rabl and

Spadaro 1999

Flue gas K Point estimate 503 — Nadal 1999
temperature

Stack height m Point estimate 50 — Nadal 1999

Stack diameter m? Point estimate 1.98 — Nadal 1999

Anemometer m Point estimate 10 — Nadal 1999
height

Geographical ° Point estimate 41.19 — Nadal 1999
latitude

Geographical ° Point estimate 1.21 — Nadal 1999
longitude

Elevation at site m Point estimate 90 — Nadal 1999

Incremental mg/Nm? Log-normal variable (o,) 2 McKone and
emission Ryan 1989
concentration

CV = coefficient of variation; ¢ = normal standard deviation; 6, = geometric standard deviation;
dev. = deviation.

ation, etc.) and the parameters properly related to the emissions (concentration of
pollutants, total volume, temperature, etc.). The increment of the emission concen-
tration is considered a modeling parameter. According to the probability distributions
obtained using Crystal Ball, the variations of electricity production, working hours
and flow gas volume have a normal distribution and the emissions behave like
cadmium in a log-normal way. The electricity production has a normal standard
deviation of 0.23; working hours and flue gas volume have, respectively, a coefficient
of variation of 0.05. The variations of the emissions are characterized by geometric
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TABLE 5.12
Impact Human Health Data

Parameter Unit Distribution Mean Dev. Reference

Dose-response and exposure-response functions

Chronic YOLL Log-normal 0.00072 (o, 2.1 1ER 1998; Rabl
and Spadaro
1999

Acute YOLL Log-normal Variable (0,) 2.1 Rabl and
Spadaro 1999

Cancer Log-normal Variable (0, 3 Rabl and
Spadaro 1999

Others Log-normal Variable (c,) 2.1 Rabl and

Spadaro 1999

Damage factors

Chronic YOLL Log-normal 1 (o,) 1.5 Rabl and
Spadaro 1999
Acute YOLL Log-normal 1 (0, 4 Rabl and
Spadaro 1999
Cancer Log-normal 1 (0, 1.6 Rabl and
Spadaro 1999
Others Log-normal 1 (o, 1.2 Rabl and
Spadaro 1999
% pop. above % Point estimate 13 — IER 1998;
65 years GenCat 1997
% pop. adults % Point estimate 57 — IER 1998;
GenCat 1997
% pop. % Point estimate 24 — IER 1998;
children GenCat 1997
% pop. asthma % Normal 4 CVvV 0.1 IER 1998;
adults GenCat 1997
% pop. asthma % Normal 2 CV 0.1 IER 1998;
children GenCat 1997
% pop. % Normal 0.864 CV 0.1 IER 1998;
baseline GenCat 1997
mortality
Population # inhab Normal Variable CV 0.01 Soler 1999

CV = coefficient of variation; o, = geometric standard deviation; dev. = deviation.

standard deviations ranging from 1.5 to 3.4. The parameters corresponding to the
stack dimensions and the geographical situation are point estimates and were pro-
vided by the director of Tarragona’s MSWI (Nadal, 1999). The incremental emission
concentration has log-normal distribution with a geometric standard deviation of 2,
according to the uncertainty estimates for the dispersion model by McKone and
Ryan (1989).
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TABLE 5.13
Monetary Valuation Data

Parameter Units Distribution Mean Dev. Reference
Chronic YOLL Euro Log-normal 84,330 (c,) 2.1 Rabl and
Spadaro 1999
Acute YOLL Euro Log-normal 155,000 (0, 2.1 Rabl and
Spadaro 1999
Cancer Euro Log-normal 1,500,000 (Gg) 2.1 Rabl and
Spadaro 1999
Others Euro Log-normal Variable (c,) 1.2 Rabl and

Spadaro 1999

o, = geometric standard deviation; dev. = deviation.

Table 5.12 presents the human health parameters. As can be seen in Table 5.12,
uncertainty and variation are parts of the public health data (e.g., population, per-
centage of children, adults and elders, percentage of asthmatics or baseline mortal-
ity). The dose-response and exposure—response functions are characterized by the
log-normal probability distribution provided by Rabl and Spadaro (1999). The mean
value for chronic years of lost life (YOLL) due to particulate matter was provided
by IER (1998) and the other means vary in function of the respective pollutants.
The definition and calculation of the damage factors (e.g., chronic YOLL, acute
YOLL and cancer) involve another factor of uncertainty. The probability distributions
for these factors, which are used only for aggregation and further multiplication
(therefore equal to 1), have been taken from Rabl and Spadaro (1999), who supposed
them to have log-normal distribution with a geometric standard deviation between
1.2 and 4. The description of the population properties has been identified as a point
estimate or with normal distribution according to the values provided once more by
IER (1998) and by GenCat (1997). Finally, the possible variation of the number of
inhabitants in each grid can be described by a normal distribution based on the study
made by Soler (1999).

Table 5.7 shows the monetary valuation parameters. All probability distributions
are log-normal and were taken from Rabl and Spadaro (1999).

5.8.2.2 Assessing Uncertainties and Variation in the
Calculation of IPA

Following the IPA framework, a final result expressed in environmental damage costs
due to the air emissions per kWh of electricity produced has been calculated for both
situations considered (Table 5.14). By using the obtained probability distributions for
the essential parameters in an MC simulation, the result for environmental damage
costs has been transformed from a concrete value into a probability distribution around
a mean value. Because the distributions of most parameters in Table 5.11 to Table 5.13
are log-normal and not normal, the final distribution of each result has a log-normal
distribution too. In the same way as in the application to LCI, each simulation has
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TABLE 5.14
Statistical Parameter Describing Results of the Environmental Damage
Estimation in Scenarios 1 and 2 as External Costs?

Parameter Scenario 1° Scenario 2¢

Normal mean 3.73 0.87
Normal standard deviation 5.16 1.08
Geometric mean 2.19 0.55
Geometric standard deviation 2.81 2.62
Minimum 0.087 0.029
Maximum 221.7 74.4
Median 2.09 0.53

68% Confidence interval
Superior 6.15 1.44

Inferior 0.78 0.21

*mU.S.$ per kWh (1E-3 U.S.$/kWh).
"Without filters.
“With filters.

been made in one separate run per scenario. Because of the inherent variability of the
Monte Carlo model, it is not possible to affirm that the set of values for the input
variables used in the run of Scenario 2 (current situation) will be the same as those
used in Scenario 1 (former situation). The same was done with the calculation of LCI
uncertainties and, due to the generation of random numbers, every run occurs in a
different way. In order to verify the importance of this variability on the final outcome,
both simulations have also been made in one run; it could be checked that the results
are the same because the variations are negligible.

Figure 5.16 presents the first result, which is the case of the incineration process
supported by the advanced AGTS. In the x-axis, it is possible to observe the envi-
ronmental damage cost per energy output. The y-axis shows the probability of each
cost value. The mean of the environmental damage cost in Scenario 2 is 0.87 mU.S.$
per kWh (with m = 10-?). The total number of iterations carried out with the software
Crystal Ball is 10,000. A summary of all the results generated can be found in Table
5.14. The geometric standard deviation from them is 2.62.

The second case occurs in time before the first one, when the incinerator did
not have an advanced AGTS. The emissions of pollutants were more important and
consequently the environmental damage cost is much higher, with 3.73 mU.S.$ per
kWh. The probability distribution of this result can be found in Figure 5.17. This is
explained because the only important change corresponds to the mean values of 10
parameters, including pollutants and electricity production, which are lower with an
advanced AGTS installed.
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Prevision: External Environmental Costs
for Scenario 2 "With Filters"
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FIGURE 5.16 MC simulation results for IPA of MSWI emissions in the current situation.
(Reprinted from Environ. Int., 28, Sonnemann, G.W. et al., pp. 9-18, ©2002 with permission
from Elsevier.)

Prevision: External environmental costs
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FIGURE 5.17 MC simulation results for IPA of MSWI in the former situation. (Reprinted
from Environ. Int., 28, Sonnemann, G.W. et al., pp. 9-18, ©2002 with permission from
Elsevier.)

The results in Table 5.14 show that the uncertainty and variability calculated using
MC simulation are less than those calculated by analytical methods due to the dynamic
characteristics of this stochastic model. The presented results have a geometric standard
deviation of less than 3, whereas the geometric standard deviation obtained by ana-
lytical methods is higher than 4, according to Rabl and Spadaro (1999).

Figure 5.18 illustrates the differences between the means obtained in Scenarios
1 and 2, both with confidence intervals of 68%. It is possible to see a clear reduction
of the damage cost. As can also be seen in Table 5.8, the 68% confidence interval
for the scenario with advanced AGTS embraces a range from 0.21 to 1.44 mU.S.$
per kWh, while for the other the same confidence interval has a range between 0.78
and 6.15 mU.S.$ per kWh. The inferior bound of the confidence interval is the
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maximum range of possible errors; for the result of the former situation, the inferior
bound is in the same order of magnitude as the mean for the current situation. Thus,
according to the results, there are important uncertainties. However, a clear reduction
in terms of the damage cost can be foreseen within a confidence interval of 68%
when comparing the two different operation scenarios (Figure 5.18).

5.8.2.3 Determining the Most Relevant Parameters in IPA
by Sensitivity Analysis

The results of the sensitivity analysis for the pollutants are presented in Figure 5.19
for Scenario 1 without advanced AGTS. Some interesting results can be extracted.
The graph shows all the pollutants and their contribution to the final result. Obvi-
ously, the emission of particulate matter is the most important parameter, with 92.1%
of the total damage. The NO, seems to be the second important pollutant, while the
rest produce negligible damage. Figure 5.20 for Scenario 2, i.e., with advanced
AGTS, is very similar; the particulate emissions contribute more than 99.6% to the
total environmental damage cost. Because of the major emissions of particulate
matter, in the former situation (Scenario 1) the mentioned percentage of NO, is
practically negligible. Taking into account that the MSWI is the emission source
and the major public concern of producing dioxins, the result of the IPA for the case
study shows that little of the total human health damage is contributed by air
emissions. Figure 5.21 and Figure 5.22 present the results of the sensitivity analysis
on the sources of health impacts to total damage costs. Most damage is caused by
the loss of life expectancy, expressed as YOLL. If the damage appears in the near
term, it is called acute, and if it appears in the long term, it is called a chronic impact.
The chronic YOLL and the acute YOLL account together for more than 99% of the
total environmental damage costs. Other parameters like hospital admission or cancer

mU.S.$/
kWh 6

| —

|IScenari02 OScenario 1 |

FIGURE 5.18 Comparison of the MC simulation results for the former situation (Scenario
1) without advanced gas cleaning system and the current situation (Scenario 2) with such an
installation. (Reprinted from Environ. Int., 28, Sonnemann, G.W. et al., pp. 9-18, ©2002 with
permission from Elsevier.)
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Prevision: Total environmental cost due to human health damages
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FIGURE 5.19 Sensitivity analysis for pollutants of the current situation. (Reprinted from
Environ. Int., 28, Sonnemann, G.W. et al., pp. 9-18, ©2002 with permission from Elsevier.)

Prevision: Total environmental cost due to human health damages
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FIGURE 5.20 Sensitivity analysis for pollutants of the former situation. (Reprinted from
Environ. Int., 28, Sonnemann, G.W. et al., pp. 9-18, ©2002 with permission from Elsevier.)

are less important by far. Figure 5.22 (the results for Scenario 1, without advanced
AGTY) is a little bit different from Figure 5.21 because of the major concentration
of particulate matter. This pollutant matter has more influence on the chronic YOLL
and an increase in its concentration produces an increase in the importance of the

chronic YOLL.
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Prevision: Total Environment Cost Due to Human Health Damages

Chronic YOLL 55.8% =
Acute YOLL 43.9%

Others 0.1%
Hospital admission 0.0%
Cancer 0.0%

Emergency Room Visits 0.0%

0% 25%  50% 75%  100%
Measured as contribution to variance

FIGURE 5.21 Sensitivity analysis for health impacts of the current situation. (Reprinted from
Environ. Int., 28, Sonnemann, G.W. et al., pp. 9-18, ©2002 with permission from Elsevier.)

Prevision: Total Environment Cost Due to Human Health Damages

Chronic YOLL 91.2% P
Acute YOLL 8.2%

Others 0.6%
Hospital admission 0.0%
Cancer 0.0%

Emergency Room Visits 0.0%

0% 25% 50% 75% 100%
Measured as contribution to variance

FIGURE 5.22 Sensitivity analysis for health impacts of the former situation. (Reprinted from
Environ. Int., 28, Sonnemann, G.W. et al., pp. 9-18, ©2002 with permission from Elsevier.)

5.8.3 CoMmMPARISON OF UNCERTAINTIES IN LIFE-CYCLE INVENTORY
AND IPA

As a general conclusion, it can be said that the damage estimations carried out in
the TPA contain more uncertainties than the LCI due to the very important
uncertainties related to the dispersion models, dose—response and exposure-response
functions, and the weighting schemes. In detail, the results for the LCI show a
geometric standard deviation between G, 1.13 for CO,, 1.29 for SO,, and 1.92 for
heavy metals or 2.30 for As. That means that higher uncertainties are related to the
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variability in the waste input composition regarding trace elements. In comparison
with the LCI results, the uncertainties in the environmental damage estimations in
the form of external costs are higher and sum up to a geometric standard deviation
of 2.62 with filters and 2.81 without filters. These relatively high geometric standard
deviations are influenced less by the emissions (except for As with a 6, 3.4, for Ni
2.2 and for the PM 2.1) than by the impact of human health data, especially
dose-response functions for cancer (0, 3) and damage factor of acute YOLL (G, 4).
Moreover, monetary valuation for YOLL and cancer is an important source of
uncertainties with o, of 2.1 in the same way as the dispersion model with o, of 2.
To overcome incomparability related to the dispersion models, using an internation-
ally accepted reference model is proposed. Using homogeneous dose-response and
exposure—response functions approved by the World Health Organization (WHO)
could have the same effect in the future.

5.9 QUESTIONS AND EXERCISES

1. Explain the main differences between uncertainty and variability in envi-
ronmental systems analysis.

2. In which categories are the sources of uncertainty classified in tools?

3. Distinguish which of the following related situations would be sources of
uncertainties and which would be sources of variability in the tools pre-
sented in Chapter 5 of a coal power plant:

* Location of the factory

* Time of the study

* Data related to the prevalence of the winds

» Percentages of age, gender and diseases of population
» Extrapolation from animal studies to humans

* Sample sizes for animal and human studies

4. Associate the following situations in the same tool to the types of uncer-
tainties and variability listed in the column on the right side:

Use of data corresponding to emissions associated

with a former situation Uncertainty / choices
* Selection of kJ per kg of product as functional unit * Variability among sources and objects
» Use of data belonging to a system originally from a * Parameter uncertainty

geographical area different from that subject to study
* Human preferences involved in the system under study ¢ Model uncertainty
« Use of simplified models for the calculation of factors e« Spatial/temporal variability
* Presence of multiwaste processes ¢ Uncertainty choices

5. What are the main sources of parameter uncertainty and how are they
reflected in the outcomes of an LCA?

6. Which implications for an LCIA have the nonconsideration of the model
spatial and temporal characteristics?

7. Would the use of a parameter uncertainty analysis in an LCA be suitable
when large model uncertainties have been detected?
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11.

12.

13.
14.

What are the general strategies for the assessment of uncertainties in LCA
studies?

List the main steps of an MC simulation.

Explain the relative importance of the different parameters for the final
result when estimated by MC simulation.

In the framework of uncertainty assessment in IPA, a large amount of
damage function data is compiled. Why can’t all of them be considered?
Give an explanation.

In an assessment study by MC simulation, data uncertainties appear as a
percentage of the standard deviation, and a log-normal distribution is used.
Discuss the suitability of this choice.

Explain the main sources of uncertainties in IPA and LCI, respectively.
What is the importance of determining the probability distributions of
ERA data? Describe which kind of probability distribution can be asso-
ciated with the following events:

* The results of a weight study for a group of people: 155.6 1b; 141.7
Ib; 158.6 1b; 174.2 1b; 172.1 1b; 164 1b; 168.9 1b; 139.2 1b; 147 Ib;
156.2 1b; 171.7 Ib

* The concentrations in ppm of a toxin in samples taken at different
points of a river: 0.123; 0.095; 0.154; 0.298; 0.365; 0.612; 0.389;
0.474;0.299; 0.494;0.341; 0.612; 0.511; 0.744; 0.519; 0.654; 0.476;
0.437; 0.365; 0.26; 0.166; 0.198; 0.108; 0.165

* The results of a study about relative abundance (%) of endangered
species in an ecosystem: 43; 26; 12.1; 7.4; 3.6; 2.5; 1.4; 1.2; 1; 0.6;
0.3; 0.2; 0.1; 0.08; 0.07; 0.06; 0.05; 0.04

Do any of these distributions correspond to normal distribution and to log-

15.

normal?

Using the example of the LCA of a chair given in Chapter 2:

* Assuming experimental data related to inputs and wastes of a similar
process in Europe, discuss the probability distributions of the param-
eters considered in an eventual study in your country.

* Identify the possible uncertainties and variability if an MC simulation
is performed.
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6 Environmental Damage
Estimations for Industrial
Process Chains*

6.1 INTRODUCTION TO AN INTEGRATED APPROACH

Looking at the picture of life-cycle and risk assessment methods that has been
presented, it seems necessary to come to a spatial differentiation of life-cycles in
order to facilitate a more integrated way of calculating environmental damage esti-
mations in a chain perspective. In this way the poor accordance between impact
potentials and actual impacts can be overcome in life-cycle impact assessment
(LCTA) and the results can become more consistent with the risk assessment
approach. Thus, another approach is needed that differentiates life-cycles according
to the number of processes considered. This means using different levels of sophis-
tication for different applications that are defined by their chain length.

It seems to be unfeasible to estimate environmental damages for each process
of a full life-cycle assessment (LCA), i.e., of a complex product system with a huge
number of industrial processes (e.g., computers), because all the local or regional
information is not accessible and each process is contributing only marginally to
the total environmental impact. Such a life-cycle is illustrated in Figure 6.1.

However, if the LCA methodology is applied to industrial process chains, i.e.,
chains with a small number of industrial processes (e.g., <100 processes) — waste
treatment process chains, for example — the localization of the processes is often
known. Moreover, in general only a small number of processes is responsible for
the main part of the environmental impact, as can be seen in the example of Figure
6.2. Therefore, for such applications of LCA the main individual processes can be
assessed in their corresponding surroundings.

This differentiation of the life-cycle type according to chain length is crucial for
estimating environmental damages in the most accurate way possible. This work
will focus on the methodology development for damage estimations in industrial
process chains, defined here as life-cycles with a relatively small number of processes
involved, in contrast to product systems, i.e., process chains with a high number of
different sites to consider. This chapter presents a comprehensive methodology for
such life-cycle types. It is evident in these cases that different levels of detail in the
impact assessment can be used.

* Extracts of this chapter referring to the mathematical foundation and the Case Study are reprinted from
J. Hazardous Mater., 77, Sonnemann, G.W. et al., pp. 91-106. ©2000 with permission from Elsevier.
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Contribution to Total
Environmental Impact
N
B

10000 Industrial Processes
(only 3 processes > 1%)

FIGURE 6.1 Full LCA studies of complex products with a huge number of industrial pro-
cesses, e.g., a computer. In this example fewer than three processes contribute to more than
1% of the total environmental impact
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FIGURE 6.2 LCA methodology applied to industrial process chains with a small number of
industrial processes, e.g., waste treatment. In this example, 20 processes together contribute
to more than 90% of the total environmental impact.

Based on these considerations a methodology has been developed that allows
estimating environmental damages for industrial process chains. These chains are
understood here as chains of industrial processes with less than 100 processes. A
framework is needed that allows evaluating environmental damages as accurately
as possible because today’s damage assessment methods generate results different
from those of the evaluation of potential impacts. This is demonstrated, for instance,
in the study undertaken by Spirinckx and Nocker (1999) that compares both
approaches. This methodology is useful for certain life-cycle management (LCM)
applications such as end-of-life strategies and supply chain management. Possible
applications are further discussed in Section 6.6 of this chapter.
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6.2 CHALLENGES AND STRATEGY FOR A COMBINED
FRAMEWORK OF LIFE-CYCLE AND RISK ASSESSMENT

The bases of life-cycle inventories are the emissions of pollutants and the consump-
tion of resources. In this methodology, the focus is on pollutant emissions and the
damages that they may cause. After their emission, pollutants are transported through
the environment and cause a concentration increase. On the pathway they then can
affect sensible receptors, such as humans, and may produce damages. The receptor
density clearly depends on local or regional geographic characteristics for nonglobal
impact categories. These environmental damages can be evaluated and aggregated
according to socioeconomic evaluation patterns as indicators or as external costs.
The methodology makes a step out of the LCA framework and integrates other
environmental tools, according to the idea of CHAINET (1998). Such a methodology
is confronted with the following special challenges:

1. Consider each process or at least the main ones.

2. Find a compromise between accuracy and practicability.

3. Apply the damage functions as far as possible to the emissions in their
respective continent, region or location.

4. Aggregate the damages by economic evaluation or other forms of weight-
ing to a small number of indicators.

5. Show transparency; analyze uncertainties and sensitivity.

First, a general strategy is necessary with regard to the environmental damage
estimations for industrial processes. This strategy includes an approach to make the
methodology more practicable. Starting with a conventional life-cycle inventory
(LCI), such a strategy can be described as:

Creating an algorithm to consider site-specific aspects

Calculating the potential impact score

Estimating global damages by the best available midpoint indicators

Determining main media, pollutants and processes

Using fate models to obtain the concentration increment in the respective

regions

6. Relating increments with dose— and exposure-response functions and
receptors

7. Disposing of methods for aggregation by accepted weighting schemes

8. Relating to other environmental management tools

Nk L=

6.3 COMPARISON OF ENVIRONMENTAL RISK
ASSESSMENT AND LIFE-CYCLE ASSESSMENT

Before presenting the methodology, in this section a comparison of LCA and envi-
ronmental risk assessment (ERA), the two environmental tools that are further
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TABLE 6.1

Comparison of Environmental Risk Assessment and Life-Cycle Assessment

Criteria

Object
Spatial scale

Temporal scale
Objective

Principle

Input data

Dimension
Reference
Result

Environmental risk assessment

Industrial process or activity

Site specific

Dependent on activity

Environmental optimization by
risk minimization

Comparison of intensity of
disturbance with sensitivity of
environment

Specific emission data and
environmental properties

Concentration and dose

Exposure potential to threshold

Probability of hazard

Life-cycle assessment

Functional unit, i.e., product or service,
with its life-cycle

Global/site generic

Product life

Environmental optimization by
reduction of potential emissions and
resource use

Environmental impact potential of
substances

General input and output of industrial
processes

Quantity of emissions

Characterization factor

Environmental effect score

integrated, is outlined in Table 6.1. The comparison is illustrated by the example of
electricity generated from coal and produced in the same way but in two different
regions, in which the combustion of coal is obviously an important part of the life-
cycle:

e C(Case 1: in a very populated and acidification-sensitive area next to the
mining site

e (Case 2: in a purely populated and no acidification-sensitive area far from
the mining site

According to Sonnemann et al. (1999), the LCA will probably state the minimal
total emissions and energy demand for Case 1 due to the importance of the additional
transport and the negligence of the specific region. By contrast, the ERA will state
the minimal risk to the environment for Case 2 because the focus is put only on the
main process within the life-cycle, but the extra transport is not considered. This
example shows in a simple way the significance of the difference highlighted in
Table 6.1. It also clearly demonstrates the need for a more integrated approach that
does not so easily allow two environmental impact analysis tools to provide such
contradictory and inconsistent results.

Olsen et al. (2001) emphasize the feature of LCA as a relative assessment due
to the use of a functional unit, while ERA is an absolute assessment that requires
very detailed information, e.g., on exposure conditions. It is concluded that the
conceptual background and the purpose of the tools are different, but that overlaps
in which they may benefit from each other occur.
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6.4 MATHEMATICAL FOUNDATION

Because LCA and ERA belong to the environmental system analysis and are based
on models of the real world, it is evident that the first step is to base the general
strategy described so far on a mathematical framework that enables carrying out
further steps. It includes, in particular, a procedure that allows knowing the quantity,
situation and moment of the generation of the specific environmental interventions
in the LCI. As introduced in Chapter 2, Castells et al. (1995) have presented an
algorithm that uses an eco-vector. The different types of environmental loads, like
chemical substances, can be classified in categories according to their environmental
impacts; then different impact potentials can be calculated by the characterization
factors presented in Heijungs et al. (1992). For example, CO,, CH,, CFC-11 and
others can be aggregated in the global warming potential (GWP) and be expressed
as CO, equivalents. The different chemicals are characterized by a specific weighting
factor, i.e., the eco-vector e, is converted into a weighted eco-vector €, as shown
in Expression 6.1, where e} is the specific [EL (environmental load)/kg] of the ELi,
&} is the specific weighted [EL,/kg] of the EL;, and Al is the specific weighting
factor of the EL,.

e, =¢ =e, A (6.1)

According to the goal of the general strategy, the eco-vector algorithm must be
changed in order to make possible the assessment of the actual impacts caused by
a specific process in a particular environment. Considering the example of a process
chain with three processes, each process (PR) consumes raw material (RM) or an
intermediate product (IP) and generates emissions and/or waste (SO,, PM,,, Cd,
etc.) per functional unit to obtain the functional unit, the product. When the LCI
analysis is applied to the three processes, an eco-vector with the environmental
interventions for all three processes is obtained, as illustrated in Figure 6.3. It is
evident that the following LCIA generates only potential impacts because all site-
specific information is lost when the LCIA is carried out.

P P
RM=—>» PR1 »| PR2 »| PR3 > Product
1 1 1
-~ v N r v N v ~N
» Classification
S0, SO, SO, SO, * Characterization
PM10 | + PM10 | + | PM10 | = PM10 « Weighting
Cd Cd Cd Cd
- ./ - / ~
Process specific eco-vectors Life-cycle eco-vector

FIGURE 6.3 Life-cycle inventory analysis according to the eco-vector principle (IP = inter-
mediate product, PR = process, RM = raw material). (Reprinted from J. Hazardous Mater.,
77, Sonnemann, G.W. et al., pp. 91-106, ©2000 with permission from Elsevier.)
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IP IP
RM—>»| PR1 >»| PR2 »| PR3 > Product
| 1 1
e v N 4 v N v ~N
SO, SO, S0, * Fate Analysis
PM10 PM10 PM10 | *Impact Factors
Cd Cd Cd * Final Weighting
- v g / v
1 1 1
1 1 1
1 1 1
A4 A\ 4 A\ 4
Costs or Costs or Costs or

Indicator * Indicator * Indicator = 1otal (Damage Profile)

FIGURE 6.4 Determination of damage estimations by site-specific assessment (IP = inter-
mediate product, PR = process, RM = raw material). (Reprinted from J. Hazardous Mater.,
77, Sonnemann, G.W. et al., pp. 91-106, ©2000 with permission from Elsevier.)

Another approach to performing the environmental assessment of a functional unit
consists in analyzing the actual impacts of each process according to a site-specific
damage estimation concept (Figure 6.4). Consequently, the environmental loads of
each process are also accounted for, but the evaluation is carried out for each process
in its specific region. Each assessment contains the three consecutive procedures of
fate analysis, application of impact factors, and weighting across the impact categories.
The results of each process assessment can be summed up if they are expressed in
monetary units or by the same indicators. A damage profile is provided.

In order to express this different method in an algorithm based on the same
principles as introduced before, the eco-vector must be transformed into an eco-
technology matrix Ey;. In this matrix, which is similar to the technology matrix
mentioned by Heijungs (1998), there are M columns for M linear processes, and N
rows for the N environmental loads as those for the eco-vector. The example has
three columns for the three processes and three rows for the three environmental
loads, SO,, PM,; and Cd. (See Expression 6.2 for an illustration.) It is evident that

Process 1 Process 2 Process 3 Process ... Process m
(s02 S02 S02 S02 S02
PM10 PM10 PM10 PM10 PM10
ey = cd en=| Cd eys= Cd ey .= Cd em=| Cd
X.. X.. X.. X.. X..
Xn Xn Xn Xn Xn
~
[}
g U U 4 43
/8021 S02, S02; SO2 . SO2, 2
PM104 PM10, PM103 PM10_. PM10, 'E
Em= Cd, Cd, Cds Cd.. Cdm g
X1 X 2 X_a X Xm || §
XnJ Xn,z Xn,3 Xn,,,, Xn,m E
Q
» z

M processes
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the environmental loads must be in the same order for all the processes and that a
certain environmental intervention must be expressed always in the same unit.

By analogy to the multiplication of the eco-vector by a weighting vector, the
eco-matrix can be multiplied by another matrix, the weighting or damage-assigning
matrix Wy, which contains the fate analysis, impact factors and final weighting.
This matrix assigns the damage cost or another damage indicator caused by one
specific EL; to each process. In W, there are N columns for the N environmental
loads and M rows for the M linear processes. In this way an M X M matrix is
obtained, the weighted eco-technology matrix WE,, as shown in the following
expression:

Wy Ey = WE,, (6.3)

The main magnitude will be the trace D of WE; (Expression 6.4), where E,,’
is the specific [EL/kg] of the EL, in the process j, W i is the specific damage factor
for the EL,; in the process j, and Di is the environmental cost or another indicator of
the process j. D expresses the total environmental damage cost of the life-cycle, if
W, represents a weighting by costs, or the damage indicator for the life-cycle, if
W, represents a weighting by an indicator.

M N

D = tr (WE,,) =z (Wi By = z [z Wi Eyi)]
Ji j i
M

J
= 2 Dii ) zM: Di (6.4)
J

J

The algorithm is illustrated in Expression 6.5 for the example of three processes
and two environmental loads SO, and Cd.

M
N M
EEE——
> >

1 R12 (13
1,802 1,Cd - oD b*D

M Wy W g, S021 [, 8022 p 8023
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The values of the weighted eco-matrix WE, in the diagonals D!, D? and D3
represent the environmental damage cost or damage indicator of processes 1, 2 and
3. If the values of WE,, are not in the diagonal, such as D'2, and given the assumption
of linearity, they represent the environmental damage cost or damage indicator of
the corresponding process, but in a different region, e.g., the damage cost or damage
indicator that the process 2 would cause in the region 1. Consequently, it is possible
to compare the effects of a certain process in different regions. Each component DX
of the weighted eco-matrix is obtained by Expression 6.3 and in Expression 6.6 is
given the abbreviated mathematical way of expressing the contents, where k stands
for the region k and j for the process j:

N
Dk = z (Wyk. By,) (6.6)

The weighting matrix components for the EL; corresponding to the different
processes j and k are equal if the processes are situated in the same region. Indeed,
that is the case for global impacts such as for the GWP, where this simplification
allows working with one eco-vector for all the processes and one weighting vector
for all regions, as shown in Expression 6.7. In the case of global weighting factors,
the weighting matrix has the same components for all processes.

W/ = WM < == > region (j) = region (k) (6.7)

A special topic that must be considered is the question of mobile processes. If
the process is a moving one, different regions may be involved so that Expression
6.8 holds true. By choosing the size of the region, the number of regions to consider
for the corresponding mobile process is determined. If there is a mobile process
with sufficient transport kilometers,

==>existsatleast | ;DN DV Vk #1i (6.8)

This mathematical framework delivers a tool for introducing site-specific aspects
in the life-cycle approach. The matrix algebra provides an elegant and powerful
technique for the derivation and formulation of different tools in a life-cycle per-
spective.

6.5 OUTLINE OF THE COMBINED FRAMEWORK
6.5.1 OVERVIEW OF THE METHODOLOGY

With the mathematical framework at our disposal, the next task is to find a way to
determine the eco-technology matrix and the weighting or damage-assigning matrix.
It is proposed to base the environmental damage estimations of industrial process
chains on the results of a conventional LCI analysis and one or more LCIA methods
to answer the environmental management problem of interest.
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In this way one or more impact scores are calculated and this information can
be used for a selection process in the form of a three-fold dominance analysis. In
the three phases of the dominance analysis, the main media, processes and pollutants
must be identified in a combination of quantitative and qualitative evaluation. In
principle, such an evaluation should be carried out for each of the selected impact
scores because each considers one particular type of environmental impact or weight-
ing scheme. Then the relevant processes and pollutants obtained are spatially dif-
ferentiated according to the site or region that should be taken into account for the
environmental impact assessment. Finally the eco-technology matrix is elaborated
for the predominant processes and pollutants in the assigned sites and regions.

In a next step, the fate and exposure and consequence analysis are carried out
with different levels of detail for each process identified as relevant. The results of
the fate and exposure and consequence analysis are the input for the damage-
assigning matrices. In the case of global indicators like GWP, it is not necessary to
perform a fate and exposure and consequence analysis with different levels of detail.
Thus, these indicators can be used directly in the damage-assigning matrix. In
particular, the GWP and the ozone depletion potential (ODP) are considered global
indicators. According to Bare et al. (2000) and Udo de Haes and Lindeijer (2001),
these potentials are important for the subarea of protection life support systems,
which belong to the area of protection (AoP) of the natural environment and might
be seen as having intrinsic value in their own right. The life support functions concern
the major regulating functions that enable life on Earth (human and nonhuman) —
particularly, regulation of the Earth’s climate, hydrological cycles, soil fertility and
bio—geo—chemical cycles. In the same way, depletion of the sub-AoP natural
resources (abiotic, biotic and land) can be taken into account if the decision-maker
considers these potentials important.

The flowchart in Figure 6.5 gives an overview of the procedure to generate the
eco-technology and the damage-assigning matrices. The multiplication of the matri-
ces yields the damage profile of each considered alternative, as well as interesting
information for the optimization of process settings. In the case of using different
impact scores, the same damage endpoints considered in the fate and exposure and
consequence analysis related to these scores must be summed up.

The damage profile can be divided into damages to human health (mortality,
cancer and morbidity), manmade environment, natural environment and global indi-
cators (GWP and others). The application of a weighting and aggregation scheme,
determined in the goal and scope definition, avoids a multicriteria analysis for a
huge amount of impact parameters, for instance, emergency room visit, asthma
attack, maintenance surface for paint, and yield loss of wheat, which are results of
site-specific environmental evaluations. Next, each of the steps developed in Figure
6.5 will be explained in more detail to provide the user with a better understanding.

6.5.2 GoAL AND ScopPe DEFINITION

In the goal and scope definition (Figure 6.6) the decision-maker determines the
cornerstones of the environmental damage estimations for industrial process chains
that, in his opinion, are best fit to answer the environmental management problem
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FIGURE 6.5 Overview of the procedure to generate the eco-technology and damage-assign-
ing matrices.
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of interest. Of course he must do this while taking into account budget restrictions.
In the goal definition it must be decided which situations or scenarios will be assessed
and compared. Here situations refer to existing process chains while scenarios mean
process chain options for the future (Pesonen et al., 2000).

In the scope definition, the decision-maker must select the functional unit (e.g.,
1 TJ electricity or 1 kg treated waste), the initial system boundaries (e.g., 1% con-
tribution to functional unit), the LCIA characterization potentials (e.g., GWP, AP,
NP, etc.) and/or single index methods or endpoint-orientated methods (e.g., eco-
indicator 95 or 99, EPS, etc.). These requirements correspond to those for LCA
according to the ISO 14040 series. However, in the methodology of environmental
damage estimations for industrial process chains, more information is necessary to
outline the study. These decision points are obligatorily the initial cut-off criteria
(e.g., site-specific 5% and literature values 1%) and the weighting and aggregation
scheme. Deciding if an uncertainty analysis should be included, if accidents should
be considered and if the eco-efficiency of the process chain should be calculated is
optional.

Initial cut-off criteria must be defined for the dominance analysis. These cut-off
criteria serve to determine which media, processes and pollutants must be further
studied in the fate and exposure and consequence analysis and in which way, e.g.,
site specific or by literature values.

The methodology is based on the principle of transparency in the way the results
are obtained. The format in which the results are desired, such as monetary values
or physical impacts (e.g., cases of cancer), determines this. Therefore, the subjective
elements, in particular the different parts of the weighting step, are assembled in the
goal and scope definition before carrying out any analysis. For the weighting,
decision-makers can follow the general decision tree presented in Figure 6.7. There
are different options to evaluate the ELs, whose choice depends on the worldview
of the decision-maker. Thus, the methodology avoids implicit decision-making com-
mon in endpoint-orientated LCIA methods.

For environmental loads that cause a GWP with global impact, ODP and other
global indicators can be calculated. In such a case these potentials have environ-
mental relevance in the form of life-support functions and depletion of natural
resources. First, decision-makers must select the environmental impacts they con-
sider relevant for the environmental management problem under study; then they
must decide, according to available knowledge, if the damages related to these
potentials may be estimated. If they think that these damages cannot be estimated
with acceptable reliability, then, for each global indicator, they must decide if they
prefer to monetize the potential impact using abatement costs or to express it directly
as a physical impact potential, e.g., CO, equivalent. These can be assessed in
conjunction with the other environmental loads if they believe the damages to be
estimable (see Figure 6.7).

Other environmental loads may cause local and regional damages, which can
be divided into the AoPs published by Udo de Haes et al. (1999): manmade envi-
ronment, natural environment and human health. In the cases of manmade environ-
ment and natural environment, the questions on which to decide are the same. Due
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Weighting: general decision tree
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FIGURE 6.7 General decision tree for weighting.

to the complexity of the weighting options for the human health AoP, another
decision tree has been drawn and is presented in Figure 6.8.

For the manmade environment and natural environment AoPs, the first question
is whether the damage should be monetized in the form of environmental external
costs, e.g., according to the ExternE approach (EC 1995). If decision-makers do not
like this type of weighting, they must decide if they prefer to monetize the impacts
using abatement costs or to express them directly as a physical impact parameter
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Weighting: decision tree for human health
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FIGURE 6.8 Decision tree for weighting for the AoP of human health.

— in the case of manmade environment, for example, in maintenance surface for
paint (m?) and yield loss of wheat (t) or for the natural environment in the REW in

(km?) as described in a previous chapter.

For all the damages to human health, the first questions concern the same
decisions as for the other AoPs: whether to choose monetization and, if so, mone-
tization by damage or external environmental costs, abatement costs or internal
environmental costs. In the case of fatal effects, it must also be decided if the
monetization of the damages should be done based on years of lost life (YOLL) or
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directly on value of statistical life (VSL). Additionally, due to the existence of
internationally accepted damage indicators by the World Health Organization
(WHO) in the form of disability adjusted life years (DALY) (Murray and Lopez,
1996; Hofstetter, 1998) and YOLL (Meyerhofer et al., 1998), other types of weight-
ing across the different damage endpoints are available.

Thus, in the case of damages that cause morbidity, the decision-maker must
select among the assessment by DALY or physical impact parameters, for
instance, emergency room visits, asthma attacks, restrictive activity days, etc. For
cancer, a selection must be made among DALY, YOLL and the physical impact
parameter cases of cancer. In the case of morbidity, the choice is among DALY,
YOLL and the physical impact parameter cases of death. Finally, in the case of
site-specific assessment, individual risk can be evaluated. These different weight-
ing options are summarized for the decision-maker in the first table which forms
part of Figure 6.9, named weighting of impacts, in which all together four decision
tables relevant for weighting and aggregation are presented. Two other tables
concern the discount rate for monetization and the cultural theory for DALY, and
the last one concerns decisions related to the aggregation of damages. In this
figure, default selections are presented as an illustration of a typical case for
study of environmental damage estimations in industrial process chains.

In the table for the weighting of impacts, one entry must be made for each
damage class. These damage classes are the manmade environment, natural envi-
ronment and human health AoPs, as well as all the so-called global indicators such
as GWP and ODP that could be related to the life support functions and resources
sub-AoPs if resource depletion is considered an environmental problem (see Figure
6.9).

Human health is divided into morbidity, cancer and mortality. In principle, the
monetization can be done for all the damage classes, either by damages or abatement
costs. DALY can only be used for the damages to human health. Although no more
than the preferred option must be selected for monetization and DALY, in the case
of using physical impact parameters the selected parameters should be mentioned
here. For the monetization a discount rate must be defined. Although in principle
any rate can be chosen, here 0, 3 and 10% are proposed according to the standard
values used in the ExternE project (EC 1995). In the case of using DALY, one
cultural perspective must be selected. According to Hofstetter (1998), three arche-
types represent human socioeconomic perceptions quite well: hierarchist, egalitarian
and individualist.

Finally, it must be decided in which way the damage classes are aggregated. Of
course this is only possible if the classes have the same weighting unit, e.g., monetary
values or DALYs. In principle, two options for aggregation exist. One option is to
aggregate directly in the damage matrix, called intermediate aggregation, which is
less laborious due to fewer matrix operations. The other option is to undertake a
final aggregation reducing the number of components in the damage profile, which
makes the steps more transparent but risks confusion. In any case, the final result
will be the same. Also, according to certain criteria, groups (for instance, AoPs),
can be created to show unity.
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FIGURE 6.9 Decision tables for weighting and aggregation.
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It is generally accepted that damages to the manmade environment can be best
evaluated by external environmental costs; however, in the default selections, it has
been decided that this can also be done for damages to the AoP human health. The
natural environment will be assessed by REW (relative exceedance weighted) and
as a global indicator only the GWP is chosen. The default discount rate is 3%. An
intermediate aggregation is selected for damages to the manmade environment and
to human health.

Apart from the described selection of clear weighting schemes in order to obtain
meaningful indicators, it must be acknowledged that, in principle, determining which
dose-response and/or exposure—response functions to use and even which dispersion
model to apply implies indirect value choices that (especially in the case of the
dose— and exposure-response functions) can have very important influences on the
final result. Thus transparency on this point is recommended as well as checking
the preferences of the decision-maker; for instance, it can be said that, in general,
internationally accepted standard values have a high level of reliability. All the
presented criteria will be exemplified later in this chapter through a case study that
has demonstrating the functionality of the weighting and aggregation scheme as one
of its primary interests.

6.5.3 Lire-CyCLE INVENTORY ANALYSIS

After the goal and scope definition, the life-cycle inventory analysis follows in the
same way as in an LCA according to ISO 14040. An overview of the LCI analysis
with its options is given in Figure 6.10.

If a situation of an existing process chain is assessed, the measured data (ELs)
from the core processes and those obtained from up- and downstream processes,
e.g., by questionnaires, can be used to feed the LCI spreadsheet model or software
tool that contains a more or less elaborated database with information for the
background processes. If a future scenario for process chain options will be assessed,
data can be generated by a model of core processes and linear adaptations of current
data obtained from up- and downstream processes. The model can be a modular
model, as described in Chapter 1, or a process simulator.

If the consideration of accidents was chosen in the goal and scope definition,
potential environmental loads through the accidents must be generated by simula-
tions with the corresponding analysis of the undesired events or accidents (AICHE,
1985; Aelion et al., 1995), as mentioned in Chapter 1. The proper LCI can be created
by a spreadsheet model, e.g., Castells et al. (1995), or by a commercial software
tool, e.g., TEAM, as presented in Chapter 2 and applied in Chapter 3. The incorpo-
rated database is important in the LCI model or software, especially for background
processes like electricity production (e.g., Frischknecht et al. 1996). Another optional
element is the uncertainty analysis, which can be carried out, for instance, by Monte
Carlo (MC) simulation, as described in Chapter 5. By using probability distributions
for the essential factors in an MC simulation (LaGrega, 1994), the inventory result
can be transformed from a concrete value into a probability distribution around a
mean value.
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In principle, the proposed methodology does not need a complete LCI analysis
with ISO 14041 as a basis. What it really needs is life-cycle inventory data about
the process chain under study. These data can also be obtained by streamlined LCAs
or simplified LCI approaches (Curran and Young, 1996). An important part of such
methods is an iterative screening procedure (Fleischer and Schmidt 1997), which
includes elements similar to those used in the methodology presented in this study
by way of an iterative dominance analysis in order to identify the priorities. Evi-
dently, a dominance analysis can also be applied directly in the LCI analysis during
data collection (see Figure 6.10).

6.5.4 LiFe-CycLE IMPACT ASSESSMENT METHODS

In the step following the ISO 14040 framework for LCA, one or more life-cycle
impact assessment methods are applied to the LCI results. In the goal and scope
definitions, the LCIA methods were selected. In Figure 6.11, an overview of the
usage of life-cycle impact assessment methods is given; the main options are shown
schematically:

* Midpoint potentials (e.g., GWP and HTP)

* Midpoint-based weighting methods (e.g., eco-indicator 95 and EDIP)
* Direct weighting methods (e.g., Tellus and EcoScarity)

* Endpoint-orientated methods (e.g., eco-indicator 99 and EPS)

More details about these methods can be found in Chapter 3.

The global indicators selected in the weighting scheme are considered separately.
They are obtained in the characterization step in both options in which midpoints
are calculated. Each global indicator feeds directly into the damage profile. If
required, they are first monetized by abatement costs.

The midpoint-related LCIA methods allow calculating the environmental poten-
tial of the respective impact category in the characterization step. All presented LCIA
methods except the midpoint potentials permit obtaining a single index to measure
the environmental impact performance. The midpoint-based weighting methods
require carrying out normalization and then a weighting step. Direct weighting
methods omit the characterization and the normalization step. As endpoint-orientated
method, eco-indicator 99 (see Chapter 3 for further details) does not contain explic-
itly midpoint results.

The results of the LCIA methods are called impact scores in Figure 6.11. These
scores allow comparing the situations or scenarios on a midpoint level or endpoint-
orientated level, but not in the most accurate way that is still feasible with regard
to actual impacts and the consideration of spatial differentiation. Therefore one or
more selected impact scores are used in a dominance analysis in order to estimate
in more detail the environmental damages of the main processes and pollutants in
the studied process chain.
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6.5.5 DOMINANCE ANALYSIS AND SPATIAL DIFFERENTIATION

Before determining the predominant processes and pollutants of the studied process
chain for each selected impact score, it must be determined which media are pri-
marily affected by the emissions of the process chain. Afterwards, the environmental
loads and processes must be spatially differentiated. Therefore, in Figure 6.12, the
dominance analysis for media and the spatial differentiation is presented together

with a general overview of this selection procedure.
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FIGURE 6.12 Dominance analysis for media and spatial differentiation.

In the dominance analysis for media (i.e., air, water and soil), all emissions
considered in the selected impact score are assigned to their media. Then the
contribution of each medium to the total impact score is presented graphically.
Finally, a decision must be made about which of the media emitted to will be
considered for further assessment. In this decision qualitative arguments can also be
used.

The dominance analysis for processes and pollutants is applied to the predom-
inant media and is structured in a similar way for processes and environmental loads
(Figure 6.13). First, the percentage of the total of the selected impact score is
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calculated for each process and pollutant, then the defined initial cut-off criteria are
applied. For processes and pollutant, respectively, the percentages and cut-off criteria
are represented graphically to visualize the data. The graphical presentations may
suggest redefining the respective cut-off criteria in order to obtain a manageable
number of processes that can be assessed in detail. In principle, this is an iterative
procedure to find the optimum. The decision-maker decides whether one or more
impact scores are to be considered and in which relation to each other. This means
also that dominance could be carried out with different cut-off criteria for different
impact scores, for instance, 5% for the human toxicity potential and 10% for the
acidification potential.

In the case of selection of processes, the processes to be assessed by site-specific
and site-dependent factors (generally obtained by project-related impact assessment
studies) and those to be assessed in a process-specific and/or region-dependent way
(generally by values published in the literature) must be determined.

In a next step, the most relevant pollutants and industrial processes (differentiated
in site-specific and site-dependent as well as in process-specific and/or region-
dependent ways) are determined. Qualitative arguments can also be used in this
decision and, in a sustainable perspective, social and economic aspects are important.
Therefore, it seems evident that, for instance, PCDD/Fs must be considered in a
case study on waste incineration due to their relevance for discussion in society,
although their percentage of the total impact score is less than the lowest selected
cut-off criterion (See Figure 6.13).

Finally, the identified predominant pollutants and regions must be assigned to
sites or regions. How far this is possible depends particularly on the information
available about the location of a specific process. Thus, it must be taken into account
that the site might be unknown; in this case, only the approximate global region can
be assigned, but not the specific site. The spatial scale of the pollutants depends on
their residence time in the respective medium. Many background processes whose
LCI data are normally taken from databases are broadly spatially distributed. Here
the question is to determine the most adequate size for a region; for example, in the
case of electricity production, the LCI data for the electricity mix of a country
generally are taken.

A problem that occurs in the assignment of sites is that often it is not the site
that most influences the environmental damages, but the emission height. This can
be concluded from the results for the site-dependent impact factors obtained in
Chapter 7. Therefore, instead of regions, a differentiation is made essentially accord-
ing to classes that have similar characteristics with regard to the emission situation
(determined by the geographic site and the stack height). However, in this method-
ology they are called regions because this term illustrates the idea behind spatial
differentiation much better.

Consistent with Expression 6.7, the world is the corresponding region for pol-
lutants that cause a global environmental impact like CO,. In agreement with Expres-
sion 6.8, in the case of mobile processes, i.e., transports, it must be decided if the
environmental loads can really be assigned to one region only or must be differen-
tiated among two or more regions if the distance is long enough. The determined
processes assigned to sites and regions are the M processes and the chosen pollutants
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are the N pollutants of the eco-technology matrix. The eco-matrix may always
contain a part of potential environmental loads if accidents have been considered.

6.5.6 FATE AND EXPOSURE ASSESSMENT AND CONSEQUENCE
ANALYSIS

The level of detail in the fate and exposure assessment depends on the determined
importance of the respective process. The few processes that contribute most to the
overall environmental impact should be assessed on a site-specific basis, if possible;
other important processes can be evaluated by corresponding region-dependent or
technology-dependent impact assessment factors published in the literature (e.g.,
Krewitt et al., 2001). For airborne pollutants due to transport processes, an evaluation
based on site-dependent impact assessment by statistically determined factors for
generic classes seems to be most adequate. Nigge (2000) has proposed such a
method; in this study it was further developed and applied to the case study explained
in Chapter 7. However, it still must be considered as an approach in development.

Figure 6.14 gives an overview of the fate and exposure and consequence analysis
with the different levels of detail. The results of this analysis are the basis for the
damage-assigning matrices.

For the processes identified as most important, a site-specific or site-dependent
assessment is carried out if the site is known. If this is not the case, the corresponding
process must be treated as those processes are that have been determined to be
evaluated process- and/or region specified by literature values. If the site is known,
the data about the emissions in the LCI must be divided into upstream-related data,
which must be evaluated by literature values, and the foreground process-related
data or local emissions.

Only the obtained local emission data can be further assessed. If potential
emissions due to accidents are taken into account in the LCI and the eco-technology
matrix, in each case the kind of emission (continuous or one time) for a site-specific
assessment must be checked. An example of a site-specific assessment of continuous
emissions (the ERA and the IPA) carried out for Tarragona’s MSWI as described in
Chapters 4 and 5. An example of a one-time emission is that from an explosion.
Once a site-specific impact assessment has been carried out in a region and in this
way site-specific factors have been estimated, the results can be transferred to another
process in the same region, using a transfer factor, if necessary, for the stack height,
as proposed by Rabl et al. (1998) in the VWM (see Chapter 3). Such a transfer is
the use of results of the site-specific impact assessment of Tarragona’s MSWI for
another process within the region, e.g., for the ash treatment operation situated in
Constanti, a few kilometers away from the municipality of Tarragona.

If site-dependent impact assessment factors according to the approach outlined
in Chapter 7 are available, then these factors allow estimating the environmental
damages due to airborne emissions in the way of an adequate trade-off between
accuracy and practicability. This holds true especially for transport (tkm) because it
can be considered to be a number of industrial processes that take place (at one time
after the other) in different regions. Through site-specific and site-dependent impact
assessments, physical impact parameters are obtained that can be converted into
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FIGURE 6.14 Fate and exposure assessment and consequence analysis.

indicators or environmental costs by applying the selected weighting scheme. More-
over, if laid out in the goal and scope definition, the intermediate aggregation can

take place.

For processes in which literature values should be used, the first action is to
check if the desired data are available in the literature. If this is not the case, the
weighting options of the scope definition and/or the size of the region must be
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redefined. Because the assessment of site- and region-dependent damage endpoints
is an issue that more or less started in the mid-1990s, not much data have been
published. Therefore, it is quite possible that determined indicators or cost types are
not available in the literature for the processes and pollutants of certain regions.

If data are available, then whether a classification is possible according to
technology and/or region must be determined for each process. If one or both options
are possible, then technology- and/or region-dependent factors from the literature
are used to estimate the corresponding damage. For instance, data on external costs
are available for electricity production (kWh) in regions of Spain. Another example
is the mentioned region-dependent impact factors, e.g., in YOLL, published by
Krewitt et al. (2001) for different European countries and some world regions. If a
classification according to technology and/or region is not possible, then uniform
world factors must be applied. For instance, Rabl et al. (1998) have published a
uniform world model for air emissions. Diesel production and the related process
chain that takes place all over the world is an example of a process difficult to classify.

Depending on the selected weighting scheme and the available data in the
literature, physical impact parameters, damage indicators or environmental costs are
obtained. The physical impact parameters can be summed up directly with those
obtained in the site-specific and site-dependent assessment. Damage indicators and
environmental costs can be gathered together according to the selected intermediate
aggregation scheme. Options for site-specific impact assessment are explained in
Figure 6.15 for the medium of air; in principle, these can also be applied to other
media. For example, Schulze (2001) presents site-orientated impact assessments for
the medium of water in relation to LCAs for detergents, using the integrated assess-
ment model GREA-TER in an adapted version valid for products instead of chemical
substances.

Based on the data of local air emissions, site-specific factors are calculated for
the predominant pollutants. These factors can be expressed in the form of physical
impact parameters before being weighted and aggregated according to the scheme
chosen in the goal and scope definition. The fate and exposure analysis can be carried
out in a generic or detailed way. The generic way uses an integrated impact assess-
ment model, e.g., EcoSense (described in Chapter 4). Such an integrated impact
assessment model consists of a Gaussian dispersion model for the pollutant transport
near the emission point (i.e., approximately <100 km) and another transport model
for the long-range pollutant transport (i.e., approximately >100 km). In the case of
EcoSense 2.0, the models included are ISCST-2 and WTM. The integrated impact
assessment model EcoSense also includes an elevated number of dose—response and
exposure—response functions that can be used for the consequence analysis. The
level of detail in the database of an integrated impact assessment model is limited,
e.g., the resolution of population densities is not as detailed as it could be when
using a geographic information system.

In the case of a more detailed assessment, only the long-range transport model
of the integrated impact assessment model is used (e.g., WIM in EcoSense). An
independent Gaussian dispersion model (see Chapter 4) is applied (e.g., ISCST-3 in
BEEST) for the transport near the emission point and more detailed geographic data
like those in ERA provided by a geographic information system are employed.

© 2004 CRC Press LLC



data of local air emissions
(predominant pollutants)

Site-specific (air): calculation of factors

Fate and exposure analysis /
generic_~generic or

A 4

detailed?

detailed

¥

T optional

Integrated Impact

Assessment model
(e.g., EcoSense 2.0)

Dispersion and long-

fange transport model
(e.g., ISCST-2 and WTM)

Integrated Impact

Assessment model
(e.g., EcoSense 2.0)

Long-range transport
model (e.g., WTMm)

Local/ Gaussian

Local/ Gaussian

Dispersion model
(e.g., BEEST/ISCST-3)

Dispersion model
(e.g., BEEST/ISCST-3)

Multimedia fate model
(e.9., UNIRISK)
EUSES, CalTOX

1 1 1 1 *
1 1 1 1
1 consequence 1 : consequence ! consequence consequence
1 : 1 f 1 H .
. analysis ' ' analysis ' analysis analysis
1 1 1 1 .
1 1 1 1 optional
1 1 1 1
[ uncertainty
analysis
(e.g., by
Monte Carlo
Simulation
v
individual
(cancer) risk
A4 *
Sum of physical impact multiplication
parameter like cancer cases with exposed
population
(cancer) cases
v
compare
(cancer) cases
A4

impact factors for fate and exposure and
consequence analysis

FIGURE 6.15 Site-specific impact assessment for air emissions.

Figure 6.15 proposes carrying out the consequence analysis for the damages due to
long-range transport within the integrated impact assessment model and doing so
separately, e.g., on a spreadsheet, for the damages generated by the emissions near
the emission point. Then the physical impact parameter of both assessments can be
summed up. This is a practical proposal and, in principle the consequence analysis
can also be carried out with this.

When calculating the site-specific impact factors a lot of work is done to com-
plete an ERA at the same time, as described in Chapter 4. The only additional step
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is the application of the multimedia fate model (e.g., UniRisk, EUSES, CalTOX,
etc.,). Another way of stating this is to say that if an ERA has been carried out (as
described in Chapter 4) for one of the identified predominant processes of an indus-
trial process chain, then it is quite easy to compute the impact factors necessary for
a quite accurate environmental damage estimation of industrial process chains. The
realization of an ERA is seen in Figure 6.15 as an optional element; this approach
is further explored in Chapter 8.

Also, in the case of environmental risk assessment, a consequence analysis must
be carried out. Due to the high level of detail in this type of study, thresholds can
also be considered; thus, in the case of human health assessment, the consequence
analysis is not restricted to carcinogenic effects and respiratory diseases (see
Chapter 4 for further explanations) and other types of toxic effects can also be
considered.

When carrying out an ERA, the individual risk must be calculated, e.g., devel-
oping cancer due to the increment of a certain pollutant in the atmosphere. Multi-
plication by the absolute number of population exposed would then allow obtaining
an estimate of the damage in the form of physical impact parameters, e.g., cancer
cases. These calculated impact parameters, like cancer cases, could also be compared
with those provided by the application of the IPA on a local scale. Such a comparison
can provide correction factors.

Another optional element is the uncertainty analysis that can be carried out, e.g.,
by MC simulation according to the framework proposed in Chapter 5. In the same
way as for the LCI results, the outcomes of the fate and exposure analysis can be
transformed from a concrete value into a probability distribution around a mean
value.

Apart from site-specific impact assessments in this work, the focus for the fate
and exposure and consequence analysis has been on site-dependent impact assess-
ment as an adequate trade-off between accuracy and practicability. The entire method
is largely explained in Chapter 7. The other options of the fate and exposure and
consequence analysis (Figure 6.14) do not need further explanations because they
are similar to the site-specific impact assessment or consist only in the application
of published values for impact indicators.

6.5.7 DAMAGE PROFILE

Figure 6.16 presents the last part of the obligatory steps for the methodology of
environmental damage estimations for industrial process chains. In principle, this
flowchart consists of an illustration of the developed mathematical framework. For
each selected impact score, the eco-technology matrix is multiplied with the damage-
assigning matrices. The result can be another matrix or a vector for each damage-
assigning matrix, or a vector for the case of global impacts. In that case, the elements
of the vector need only be summed up. In the case of the matrix, a sum must be
made of the elements of the main diagonal, the trace. The matrix allows checking
in which location a process would have caused less damage.

The sum obtained by each matrix calculation provides a damage-endpoint-per-
impact score that then forms the damage profile. If the same damage endpoints
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have been estimated in different impact scores, they must be summed up. The
damage profile might contain potential damages in case accidents have been sim-
ulated. In principle, depending on the selected intermediate aggregation scheme,
the damage profile can be broken up into damages to the human health (morbidity,
cancer, mortality), manmade environment and natural environment AoPs, as well
as the so-called global damage indicators, which could be related to the life support
functions and resources sub-AoPs if resource depletion is considered an environ-
mental problem.

If the damage profile consists of different damage endpoints, their number can
be further reduced by applying the selected aggregation scheme. In this way a
reduced damage profile or an estimation of the total environmental cost of the process
chain under study is finally obtained.

6.5.8 Eco-ErriciENCY

A further optional element is the calculation of the eco-efficiency of the industrial
process chain for which environmental damages have been estimated. The concept
of eco-efficiency has been proposed as an expression of sustainability for economic
activities (see Chapter 1). Eco-efficiency has been defined as the delivery of com-
petitively priced goods and services while progressively reducing environmental
impacts.

Thus, measuring eco-efficiency, 1,.,, by the coefficient of the difference between
production costs, C,,,;, and external environmental costs, C,,,, to the production
costs, C,,,q has been suggested. Although production costs are easy to obtain, the
environmental costs are not so visible. Nevertheless, they can be estimated by the
presented methodology of environmental damage estimations for industrial process
chains.

The expression of Figure 6.17 is applicable to the final result of the environ-
mental damage estimations for industrial process chains if this is expressed in a
monetary unit. This figure illustrates the procedure to calculate eco-efficiency
according to this expression. Instead of production costs (operation and investment
costs), the expected utility or net value could be used for determining eco-efficiency.

Environmental Cost

Production Cost

(operation and Eco-efficiency
investment costs)

OR MNeco = (cprod'cenv)l cprod
Expected Utility

(net value)

neco

FIGURE 6.17 Eco-efficiency of an industrial process chain.
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6.6 POSSIBLE ROLE OF THE FRAMEWORK IN
ENVIRONMENTAL MANAGEMENT

Application patterns of LCA have been studied by Frankl and Rubik (1999). This
section provides suggestions for possible applications of the presented methodology.
The developed framework can be of interest for the following stakeholders:

* Public administration (to justify taxes and to optimize waste management
strategies)

» Financial entities (to ascertain possible risks of payments)

e Companies (to contribute to a system of continuous environmental
improvement, to choose between sites of a process chain from an envi-
ronmental perspective, and to demonstrate reduction of environmental
damages by the inversion in abatement technologies from a life-cycle
viewpoint)

* Consumers and general community (to have the possibility of obtaining
products and services of minor pollution and to learn about the environ-
mental damages behind industrial process chains)

6.6.1 PuBLIC ADMINISTRATION

Table 6.2 shows in detail the possible applications for public administration, among
which are the mentioned green tax by using external environmental costs, technology
assessment in general, public policy planning and, in particular, environmental
justice and end-of-life management. The idea behind the application of end-of-life
management is to develop a second generation of integrated waste management
software, like Wisard (Ecobilan, 1999), that considers the problem setting also; this
is quite related to environmental justice. By combining site-specific aspects with
life-cycle considerations, new plans for waste management can assess transport
processes and their routes in relation to waste treatment facilities and their sites and
the respective environmental damages in an integrated manner.

TABLE 6.2
Applications for Public Administration
Application Example Optional element
Technology assessment  Energy production, waste treatment, transport None
Green tax Electricity, transport or all other types of products Using external
and/or services environmental
costs
Public policy planning Future scenario assessment of energy production,  Possible eco-
waste treatment, transport efficiency
Environmental justice Waste incineration, land fill, cracker None
End-of-life Waste incineration, land fill, integrated waste Possible eco-
management management planning (similar to Wizard by efficiency

Ecobilan, 1999), but on a more detailed level with
regard to spatial aspects (second generation)
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TABLE 6.3
Applications for Financial Entities (Banks and Insurance Companies)

Application Example Optional element
Planning of new plants or Waste incineration, land fill, cracker Possible accidents
changes
New insurance of existing plant Waste incineration, land fill, cracker Possible accidents
Business strategic planning Future scenario assessment Possible eco-
efficiency

6.6.2 FINANCIAL ENTITIES

The possible applications for financial entities (banks and insurance companies) are
presented in Table 6.3. Main applications are the assessment of risk from new plants
or changes in existing ones, and the respective insurance for plants as well as the
evaluation of strategic business plans. Important optional elements are accident
simulations and questions of eco-efficiency.

6.6.3 ProbpuUCTION AND OTHER SERVICE COMPANIES

Table 6.4 represents the many possible applications for production and other
service companies. Many of the applications proposed in this table could interest
companies using the developed methodological framework. Especially important
are the integrated end-of-life management and parallel optimization of the life-
cycle and problem setting from an environmental point of view. Furthermore, all
the questions related to chain responsibility with the assessment of supplier and
waste treatment companies and their technologies are important. The latter
includes the evaluation of accident risks with regard to processes like overseas
petroleum transport, for which several big companies were declared responsible
in recent years.

In addition to these companies, the methodological framework is certainly rel-
evant for the waste treatment sector that wants to document improvement of the
environmental profile to the public. Moreover, these companies would probably be
interested in gaining the confidence of the public concerning new plants or changes
in the overall waste management plan. The developed methodology can assist greatly
in this task by generating an important amount of quite objective, relevant informa-
tion that should allow all interested parties to find a convincing solution.

6.6.4 CONSUMERS AND SOCIETY IN GENERAL

The possible applications for consumers and society in general are shown in Table
6.5. The main application consists in education and communication as potential
common ground for discussion about environmental damage estimations due to
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TABLE 6.4

Applications for Production and Other Service Companies

Application

Planning of new plants

EMAS: to show that the best solution
is chosen (improvement of
performance and liability by
extension of EMAS)

Documentation of environmental
profile’s improvement toward the
public

Process improvement

Determination of most problematic
processes

Chain responsibility (assessment of
supplier and waste treatment
companies and their technology)

Determination of most problematic
emission and medium emitted to

Claim for subventions

Marketing strategies by
communication of environmental
profile to consumers

Business strategic planning

End of life management

Optimization of setting (new plant)

Example

Waste incineration, landfill,
cracker

Change of process in chemical
industry

Advanced gas treatment system in
waste incineration plant

Change of process in chemical
industry, additional flue gas
cleaning in waste incineration

Production with a huge number of
complex steps

Supply chain management,
avoiding use of undesired
substances and occurrence of
accidents

Identification of points for
environmental improvement: e.g.,
waste reduction in chemical
industry plant

Trade association of waste
management industry

Waste incineration, chemical
industry plant

Future scenario assessment

Waste incineration, landfill,
integrated waste management
planning (similar to Wizard by
Ecobilan, 1999), but on a more
detailed level with regard to
spatial aspects (second
generation)

Waste incineration, landfill,
chemical industry

Optional
element

Possible accidents

Possible eco-
efficiency

None

Possible eco-
efficiency

Special dominance
analysis, possible
accidents

Especially
dominance
analysis, possibly
accidents

Especially
dominance
analysis

Possible
uncertainty
analysis

None

Possible eco-
efficiency

Possible eco-
efficiency

Possible ERA
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TABLE 6.5
Applications for Consumers and Society in General

Optional
Application Example element
Education and Increased information available by all considered Possibly all
communication as applications optional
potential common elements
ground for
discussion
Eco-labeling and/or The system would be a quite accurate way to obtain Possibly
environmental relevant results about the environmental damages uncertainty
product caused by product systems, but at the moment it seems analysis
declarations not to be very practicable for this purpose.

Nevertheless, in the future this information might be
available due to advances in information technologies.

certain problematic industrial process chains such as the waste incineration that has
been part of the public discussion on environmental aspects for the last decade.

Another potential application could be in future eco-labeling and environmental
product declarations because the developed methodology would be a quite accurate
way of obtaining relevant results about the environmental damages caused by product
systems. At the moment, however, it seems to be not very practicable for this purpose.
Nevertheless, in the future this information might be available due to advances in
the information technologies.

6.7 EXAMPLE: NECESSARY TECHNICAL ELEMENTS

The methodology permits various linkages with other environmental management
tools and concepts as well as technical elements. In the previous chapters we have
seen several of them.

Since, the entire methodology is a combination of different analytical tools that,
in general, have been developed for other applications, the reader is asked to identify
those concepts, tools, and technical elements behind the presented framework.

In principle, the LCA methodology has been developed for the environmental
assessment of product systems. LCA is an important element for the LCI analysis
and LCIA methods and for providing region technology-dependent impact factors.
The next tool is the impact pathway analysis (IPA) that is the fruit of a project to
assess the externalities of electricity production. IPA is crucial for the fate and
exposure and consequence analysis, including the weighting and aggregation
schemes. Furthermore, ERA has its origin in assessment of the behavior of chemical
substances in the environment. It is, of course, relevant in the fate and exposure and
consequence analysis and has influenced not only IPA, but also the LCIA methods.
Other methods that are indirectly involved are cost-benefit analysis (CBA), accident
investigation and process simulation.

© 2004 CRC Press LLC



Finally, several technical elements are behind the methodology and its flowchart;
here only the main technical elements are outlined. The terminology is based on
Dale and English (1999). Due to the LCA part, a functional unit must be defined
and allocation models must be used in the LCI analysis. In the fate and exposure
analysis, fate and transport models (Gaussian, long-range transport, multimedia) are
applied. In the consequence analysis, dose—response and exposure-response func-
tions are employed. Laboratory exposure and animal tests are often the basis for
dose-response functions and epidemiological studies are the basis for expo-
sure—response functions. In order to make the weighting transparent, decision trees
have been established. Socioeconomic impact assessment is conducted with the
presented different methods to evaluate external costs. ERA uses individual risk- or
population risk based on the lifetime average dose. Accident simulation needs the
help of event and fault trees. Process simulation is, in principle, an engineering
model. Eco-efficiency could be calculated with the net present value of an expected
utility and the uncertainty analysis carried out with MC simulation.

6.8 CASE STUDY: ENVIRONMENTAL DAMAGE
ESTIMATIONS FOR THE WASTE INCINERATION
PROCESS CHAIN

The methodology has successfully been applied to the case study on the process
chain related to waste incineration, with interesting results. The information obtained
by the developed methodology might be crucial in the future for decisions on further
improvement of existing and new waste management systems. The presented algo-
rithm is applied to the life-cycle inventory of the electricity produced by the MSWI
of Tarragona, Spain.

6.8.1 GoAL AND ScoPe DEFINITION

Two operating situations of the MSWI are compared: the situation in 1996 and the
current situation after the installation of an advanced gas removal system (AGRS).
More data on the MSWTI are presented in Chapter 1.

The function of the MSWI is to treat the household waste of the surroundings
of Tarragona. However, produced TJ of electricity is chosen as the functional unit,
as was done in the existing LCA study (see Chapter 2). The study comprises in its
system boundaries all the processes from municipal waste disposal in containers to
the landfill of the final waste (Figure 6.18). The midpoint-based weighting method
with single index, eco-indicator 95 (Goedkoop 1995) is used as LCIA method . The
method is based on the characterization factors presented by Heijungs et al. (1992)
and uses equal scores of distances to political targets (for more information see
Chapter 3).

For reasons of resource economy, in the dominance analysis only all processes
with a contribution greater than 10% will be selected for site-specific impact assess-
ment by a particular study. However, the remaining processes with more than 1%
should be evaluated by the transfer of available site-specific damage data or the use

© 2004 CRC Press LLC



Municipal solid waste
in municipalities

O i Il SRR ,
1

1 Transports '
1

: v :
1 Incineration| Transports Waste '

| TGP

, process treatment '
' :
! 1
: 1

Landfill

FIGURE 6.18 Boundaries of the studied system. (Reprinted from J. Hazardous Mater., 77,
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of values published in the literature to estimate environmental damages. The selected
weighting and aggregation scheme corresponds to the one presented as an example in
Figure 6.9, which means that three indicators have been selected for the weighting of
impacts. For the human health and manmade environment AoPs, external environmen-
tal costs (EEC) according to the European Commission (EC 1995) have been used.

A lot of criticism exists concerning monetary evaluation of environmental dam-
ages. For this reason, special attention is paid to arguments to monetize these
damages. The impossibility of summing up the noneconomic impact endpoints
necessarily implies a value judgment. Because most decisions must confront the
reality of the market place, the most useful measure is the cost of the damages. This
information allows society to decide how much should be done for the protection
of the environment by public institutions and how much of the damage cost should
be internalized so that a functional unit is consistent with the market. Further
information on this topic can be found in Chapter 3 and in the huge externality
studies for electricity production carried out in parallel in the EU (EC, 1995) and
U.S. (ORNL/REF 1995).

No acceptable economic method exists for damage evaluation of the natural
environment AoP (biodiversity and landscape). Therefore, the evaluation must be
carried out through an ecological damage parameter. In the present study, the param-
eter applied is the REW ecosystem area in which the critical load of a pollutant is
exceeded (UN-ECE, 1991); see also Chapter 3 for details.

The global damages that might occur in the future due to the emission of
greenhouse gases are highly uncertain for forecasting and monetization. Therefore,
the climate change has been expressed in the form of the GWP as in the LCIA
(Albritton and Derwent, 1995).

The potential occurrence of accidents is not considered in this case study.
Uncertainty analysis for the LCI and the site-specific environmental impact assess-
ment of the MSWI emissions are described in Chapter 5. An environmental risk
assessment for the same plant has been carried out and the results are presented in
Chapters 4 and 5. Based on the results of the environmental damage estimations of
the waste incineration process chain, the eco-efficiency will also be calculated.
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6.8.2 Lire-CyCLE INVENTORY ANALYSIS

The LCI analysis is described in Chapter 2. Here, the existing results are used for
creating the eco-technology matrix of the environmental damage estimation for
industrial process chains.

6.8.3 LiFe-CycLE IMPACT ASSESSMENT METHOD

The detailed results of the application of the LCIA method, eco-indicator 95, can
be found in Chapter 3, in which a comparison of the results for the two situations
based on the eco-indicator 95 is conducted. In the presented methodology, the impact
score is further applied for the dominance analysis.

6.8.4 DOMINANCE ANALYSIS AND SPATIAL DIFFERENTIATION

In the current case study, the predominant medium to which the emissions are emitted
is clearly air. The predominant pollutants are those that have been selected by
dominance analysis for the uncertainty analysis in Chapter 5. Figure 6.19 presents
the contribution of the considered processes in the LCI analysis to the total envi-
ronmental impact potential measured as eco-indicator 95. It is evident that, in this
case study, only the incineration process contributes with more than 10% to the total
environmental impact potential. Therefore, it is the only process that will be assessed
in a site-specific way by a particular study. The corresponding site is Tarragona.

The other industrial processes with more than 1% contribution will be considered
in two ways: 1) the data obtained from an IPA study of the incineration process in
Tarragona are considered valid for all processes in the Tarragona region and 2) the
remaining processes must be evaluated using damage information of similar situa-
tions obtained from the literature. The processes that contribute with more than 1%
and less than 10% to the total environmental impact are spatially differentiated in
the following way. The “production of CaO” and “treatment of ashes” processes
take place in the Tarragona region. In the LCI analysis, data for the “electricity
generation” are used from the so-called Spanish mix. The environmental impacts of
“transport” and “scrap-metal recycling” also depend on the Spanish region (see
Figure 6.19).

The results of the inventory analysis of the current situation for the relevant
processes and the selected environmental loads are presented in Table 6.6. This table
includes the eco-technology matrix with submatrices: the ELs from kWh to NO,
correspond to the first matrix for the economic damage parameter; the second matrix
for the ecological damage parameter consists only of SO, and NO,, and the third
matrix for the global damage parameter includes the other loads from CO, to
trichloromethane (see Table 6.6).

6.8.5 FATE AND ExPOSURE AND CONSEQUENCE ANALYSIS

In the next step, the corresponding three damage-assigning matrices for the selected
three indicators are established. An attempt is made to give a particular value to
each environmental load for a specific region or site because the respective indicator

© 2004 CRC Press LLC



Contribution to

. . (impact measured by eco-indicator) Particular
environmental impact study
100%
v
75% _|Bibliographical Bibliographical | | |
_| ,data data |
509% Data from |
o
Tarragona |
~ region N -
Cut-off |[T10% ¥ X :
criteria || 0% . EEE— S .
Q Qe A 0 F A Sy PN
Process ‘&0{\ (@Qo 4@6‘0\0‘9 o (p S,;,@ zg& @\«9 .@*\ 06&‘ &@0 ‘&o
s o S0 IO
) RGN S&\ vg}‘ & &

Energy Raw Materials Services Combustion

FIGURE 6.19 Dominance analysis for the relevant processes for site-specific damage assess-
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with permission from Elsevier.)

depends on the characteristics of the respective region or site for each environmental
load. If no region-dependent or process-specific damage estimates are available for
a pollutant, a general model, the uniform world model (UWM; Rabl et al., 1998;
see Chapter 3) is used in the case of environmental external costs.

The largest damage-assigning matrix is elaborated for the environmental
damage cost; the matrix for the current situation is presented in Table 6.7. For
the electricity process, the corresponding region is Spain; the evaluation is done
for the environmental load kWh (technology dependent) through the project data
published by CIEMAT (1997). The transport is assessed by literature sources for
truck metric ton km (tkm) in South Europe (Friedrich et al., 1998) because data
for Spain are not available. The CaO supply, ash treatment and incineration
processes are located in the Tarragona region. For the incineration process
described in Chapter 5, the IPA obtains the weighting factors of the Tarragona
region for all environmental loads that accept VOC (volatile organic carbon). The
VOC values as well as the evaluation of the scrap-metal recycling are taken from
the UWM (Rabl et al., 1998).

Due to lack of literature data, the matrix of the REW ecological damage indicator
is not yet fully established; information is only available for the processes in the
Tarragona region. Nevertheless, the matrix for the current situation is presented in
Table 6.8 to illustrate the complete framework. However, in the case of the global
damage indicator, the situation is different. The GWP is independent of the site
where the substances like CO, or CH, are emitted; therefore a vector rather than a
weighting matrix is obtained. See Table 6.9 for the current situation.
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TABLE 6.6

Eco-Matrix with Life-Cycle Inventory Data for Selected Environmental Loads,
Divided into Those Assessable by Environmental Costs and Those Responsible
for Ecosystem Damages and Global Warming (Current Situation)

Scrap-

Relevant Ash metal

Process Electricity ~ Transport CaO treatment  recycling  Incineration
Region Spain Tarragona/  Tarragona/ Tarragona Madrid/ Tarragona

Catalonia Catalonia Spain

kWh 296 x 10> 0.00 0.00 0.00 0.00 0.00
tkm 0.00 2.64 x 10*  0.00 0.00 0.00 0.00
kg PM,, 2.08 8.45 1.11 x 102 4.73 6.03 2.82 x 10!
kg As 3.12x10%  293x103  3.74 x 10+ 8.66 x 10 2.09x 103 3.29 x 102
kg Cd 6.97 x 104 4.28x10% 4.74 x 10-° 141 x10*  3.06x10*  3.87 x 102
kg Ni 1.29 x10*  556x103  1.31 x 1073 242 x10°%  398x10° 493 x 102
kg VOC 474 %1077 1.68x 10"  5.84 x 10! 4.86 1.21 x 10" 0.00

ng Dioxins 8.05 x 10! 7.32 x 102 3.83 x 10? 757 x 102 522x 10> 1.17 x 10*
TEQ

kg CO 336 x 100 292 x 10" 246 1.16 x 10" 2.09 x 10" 2.35 x 10?
kg SO, 1.86 x 10! 1.93 x 10" 1.16 x 10! 1.17 x 10! 1.38 x 10! 1.77 x 102
kg NO, 3.30 9.31x 10"  5.76 3.17x 10" 6.65 x 10! 1.12 x 103
kg CO, 1.48 x 10> 9.13x 10>  8.02 x 10° 576 x 103 6.53x 100 225 x 10°

kg dichloro- 9.90x 107  3.17x10° 5.64 x 107 111 x10°% 226x10° 0.00
methane

kg Halon- 227x10°  1.09x103 3.61x10° 321x10*  7.80x10* 0.00
1301
kg methane 4.51 1.41 x 10! 7.57 8.19 1.01 x 10! 0.00
kg N,O 1.27x 102 1.00 3.55 x 102 275%x 10" 7.16x 10" 0.00
kg 3.03x 107  1.03x10° 6.41x10° 378 x10°  7.36x10° 0.00
tetrachloro-
methane

kg trichloro- 1.55x10®% 1.10x10°¢  7.06 x 1077 4.03x 107 7.83x107 0.00
methane

6.8.6 DAMAGE PROFILE

The multiplication of the damage-assigning matrices with the eco-technology matrix
(the respective parts of the inventory table) yields the damage profile (see Table 6.10
for the current situation), i.e., the ensemble of the three damage parameters, per
functional unit. In the weighted eco-technology matrix or damage matrix for the
current situation, the external environmental cost per functional unit is estimated as
28,200 U.S.$/TJ electricity, which is in the range of other externality studies for
waste incineration (Rabl et al., 1998; CIEMAT, 1997). That is the sum of the diagonal
corresponding to the sum of the regions considered in the life-cycle study, here
called life-cycle region. It becomes clear that the damage generated by the functional
unit would be higher if all the processes were in the UWM and less if they were all
in the Tarragona region (situated on the Mediterranean coast). In the case of the
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TABLE 6.7
Damage-Assigning Matrix for External Environmental Cost (EEC) in U.S.$

PCD
kg D/Fs kg
Relevant Region and PM kg kg kg kg ng kg kg NO
process source kWh tkm 10 As Cd Ni VvVOC TEQ CO SO, ,
Electricity Spain® 0.040 000 0 00 O 0.0 0.00 000 000 O 0
Transport South Europe® 0.00 031 0 00 0 00 000 000 0.00 0 0
CaO Tarragona, 0.00 000 23 30 27 61 073 26x 1.03 13 11
site-specific 108
transfer
Ash treatment  Tarragona, 0.00 0.00 23 3.0 27 6l 073 26x 1.03 13 11
site-specific 108
transfer
Scrap-metal UWM ¢ 0.00 0.00 14 156 19 26 073 17x 000 13 19
recycling 105 2
Incineration Tarragona, 0.00 0.00 23 3.0 27 6l 073 26x 103 13 11
site-specific 108

2CIEMAT, ExternE national implementation Spain — final report, Contract JOS3-CT95-0010, Madrid,
1997.

"Friedrich, R. et al., External Costs of Transport, Forschungsbericht Band 46, IER, Universitit Stuttgart,
Germany, 1998.

‘Rabl, A. et al., Waste Manage. Res., 16(4), 368-388, 1998

TABLE 6.8
Damage-Assigning Matrix for Relative Exceedance Weighted (REW) Area
in km?

Relevant process Region and source kg NO, kg SO,
Electricity — — —
Transport — — —
CaO Tarragona, site-specific factor 1.31 x 10~ 1.36 x 106
Ash treatment — — —
Scrap-metal Tarragona, site-specific factor 1.31 x 10 1.36 x 10°¢

recycling
Incineration Tarragona, site-specific 1.31 x 107 1.36 x 107

ecological damage parameter, only a few accurate values in the weighted eco-matrix
are known. For the REW ecosystem area, the diagonal elements sum up to
0.0155 km? per TJ electricity — a relative small value because the studied region is
not sensitive to acidification. For the GWP, a weighted eco-vector is obtained. The
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TABLE 6.9
Damage-Assigning Matrix for Global Warming Potential (GWP) in kg CO,
Equivalents

Region kg kg kg kg
Relevant and kg dichlo- Halon- kg kg  tetrachloro- trichloro-
process source CO, rometh. 1301 meth. N,O meth. meth.
All processes  World? 1 15 4900 11 270 1300 25

4PData from Albritton, D. and Derwent, R., IPCC, Climate Change, Cambridge University Press, Cambridge,
1995.

sum of the vector components yields to 2.57.10° kg CO, equivalents per
TJ electricity. This result is similar for electricity generation by fossil fuels
(CIEMAT, 1997; Frischknecht et al., 1996).

The damage profile of the current situation, Scenario 2, can now be compared
to the situation of the MSWI in 1996 without AGRS as a different process design
option, Scenario 1. The damage profile for the former situation in 1996 is presented
in Table 6.11. Although the eco-indicator 95 shows a reduction of 60% in the total
score between the former and the current situations (Chapter 3), the environmental
damage estimations show less reduction. The external environmental costs decrease
10%, but the REW increases 3% and the GWP increases 10%. These damage
indicators do not show reduction due to the increased transport and the reduced
energy efficiency in the MSWI process chain after the installation of the advanced
gas treatment system (as explained in Chapter 2) that affects the emissions of NO,
and CO,, which are crucial for these damage factors.

Figure 6.20 offers a comparison of the external environmental costs with the
eco-indicator 95 for the plant before and after installation of the advanced gas
removal system. It can be seen that the environmental external cost estimations give
much more weight to the transport processes. The transport contributes approxi-
mately 25% to the external environmental costs before installation of the advanced
gas treatment system and 30% afterwards. According to the eco-indicator 95, the
transport adds less than 10% in the current situation and less than 5% in the former
situation. In contrast, the incineration process is much more predominant in accor-
dance with the eco-indicator 95 methodology. More than 90% of the eco-indicator 95
is attributed to the incineration in the former situation and it still accounts for 80%
in the current situation. The external environmental cost estimations only assign
70% to the incineration process for the situation in 1996 and even less in the current
situation, namely, a little more than 50%. This different relation between the transport
and incineration processes also explains why the external environmental costs have
decreased less than the eco-indicator 95 score. Another important process in the
current situation is CaO production. Moreover, the selected relevant processes make
up nearly 100% of the total impact (Figure 6.20).
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TABLE 6.10

Damage Profile for the Current Situation (with Advanced Acid Gas Treatment System Scenario 2)

Scrap-
Ash metal
Regions Electricity Transport CaO treatment recycling Incineration T) Electricity
EEC in U.S.$
Spain 119 0 0 0 0 0 —
South Europe 0 8.184 0 0 0 0 —
Tarragona 322 1.470 2.765 610 1.050 15.020 21.237
Tarragona 322 1.470 2.765 610 1.050 15.020 21.237
Uniform world model 328 2.130 1.827 816 1.522 23.740 30.363
Tarragona 322 1.470 2.765 610 1.050 15.020 21.237
Life-cycle region 119 8.184 2.765 610 1.522 15.020 28.220
REW in km?
Spain — — 0 0 — 0 —
South Europe — — 0 0 — 0 —
Tarragona — — 9.12 x 10° 431 x 10 — 1.50 x 102 1.55 x 10?2
Tarragona — — 9.12 x 10 431 x 10+ — 1.50 x 102 1.55 x 102
Uniform world model — — 0 0 — 0 1.55 x 102
Tarragona — — 9.12 x 10° 431 x 10+ — 1.50 x 102 1.55 x 102
Life-cycle region — — 9.12 x 10° 431 x 10+ — 1.50 x 102 1.55 x 102
GWP in kg CO, equivalents
World 1.54E+03 9.56 x 10 8.11 x 10 5.93 x 103 6.83 x 103 2.25 x 10° 2.57 x 10°
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TABLE 6.11
Damage Profile for the Former Situation in 1996 (without Advanced Acid Gas Treatment System Scenario 1)

Scrap metal
Regions Electricity Transport CaO Ash treatment recycling Incineration T) Electricity
EEC in U.S.$
Spain 114 0 0 0 0 0 114
(South) Europe 0 7.812 0 0 0 0 7.812
Tarragona 308 1.400 0 100 1.001 20.890 23.699
Tarragona 308 1.400 0 100 1.001 20.890 23.699
Uniform world model 313 2.030 0 133 1.450 28.260 32.187
Tarragona 308 1.400 0 100 1.001 20.890 23.699
Life-cycle region 114 7.812 0 100 1.450 20.890 30.365
REW in km?
Spain — — 0 0 — 0 0.0000
(South) Europe — — 0 0 — 0 0.0000
Tarragona — — 0 7.03 x 103 — 0.0150 0.0151
Tarragona — — 0 7.03 x 10 — 0.0150 0.0151
Uniform world model — — 0 — 0 0.0000
Tarragona — — 0 7.03 x 10 — 0.0150 0.0151
Life-cycle region — — 0 7.03 x 10° — 0.0150 0.0151
GWP in CO, equivalents
World 1.47 x 103 9.11 x 103 0 9.69 x 102 6.51 x 103 2.14 x 10° 2.32 x 10°
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FIGURE 6.20 Comparison of external environmental cost with eco-indicator 95 for a plant
before and after installation of an advanced acid gas removal system.

6.8.7 Eco-ErriciENCY

Based on the environmental cost estimations obtained in the previous sections, the
eco-efficiency of the process chain can be calculated. According to the expression
in Figure 6.17, production costs are needed as an additional element. According to
information from SIRUSA (Nadal, 1999), the production costs are:

e Former situation: 32,000 U.S.$/TJ
e Current situation: 37,000 u.S>$/TJ

These costs are based on the yearly total operation costs of the MSWI, including
the financial costs for the investments made. The production costs are higher than
the market price of 0.07 U.S.$/kWh; the deficit is paid by the price for the waste
treatment, which can be considered a service the MSWI is providing to society. By
applying the presented formula, the following eco-efficiency for the process chain
is obtained:

e Former situation: 1 = 5%
e Current situation: N = 25%

The production of electricity by waste incineration is not very eco-efficient if
avoided environmental charges for the waste treatment are not considered, as is done
in the existing LCA of the MSWI process chain in Tarragona (see Chapter 2 for
further explanations). Nevertheless, installation of an advanced acid gas removal
system increases eco-efficiency significantly.
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6.9 QUESTIONS AND EXERCISES

1.

2.

10.

11.

12.

Sum up the challenges and key points of a strategy for a methodology
that integrates life-cycle and risk assessment.

Which types of impacts are global and which regional? When is spatial
differentiation important?

. What are the steps to obtain the eco-technology and damage-assigning

matrices?
Explain which decisions must be made in the weighting and aggregations
phase.
Give examples of LCIA methods with impact score for
* Midpoint based
* Direct weighting
* Endpoint weighting
Describe the fate and exposure and consequence analysis procedure.
Which technical elements are used in the different steps of the method-
ology?
For which reasons do you think the external cost approach gives less
importance to the incineration process and more to the transports than the
eco-indicator method?
Mention possible applications of an integrated life-cycle and risk assess-
ment methodology.
The provided data correspond to the emissions of three different pollutants
emitted in three different processes. By means of the correct eco-vector,
express the environmental loads associated with each pollutant and pro-
cess:
1. Pretreatment process: 51.10 kg/kg feed of CO, ; 2.7 kg/kg feed of SO,
lkg/kg feed of NO,
2. Steam generation: 196 kg/kg feed of CO2; 1.2 kg/kg feed of SO2;
0.099 kg/kg feed of NO,
3. Electricity production: 293 kg/kg feed of CO2; 1.8 kg/kg feed of SO2;
2.3 kg/kg feed of NO,
The data in Table 6.12 to Table 6.14 correspond to three different scenarios
of a real process. Discuss which scenario corresponds to the minimum
environmental damage for the pollutants under consideration.
Using the following fictive data for the eco-technology matrix and the
damage-assigning matrix, calculate the corresponding damage profile:
SO, emission of process 1: 100 g SO,/kg product .
SO, emission of process 2: 10 g SO,/kg product ..o
SO, emission of process 3: 30 g SO,/kg product ...
Cd emission of process 1: 0.15 g Cd/kg product e
Cd emission of process 2: 0.10 g Cd/kg product ;e
Cd emission of process 3: 0.02 g Cd/kg product . c.3
Ni emission of process 1: 0.25 g Ni/kg product ...
Ni emission of process 2: 0.15 g Ni/kg product e
Ni emission of process 3: 0.08 g Ni/kg product ..
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TABLE 6.12
Scenario 1: Steam Production with Refining and Electricity Production

(Spanish Mix, 1995)

Mixture (kg emission/t C;Hy) Separation (kg emission/t C;Hy)

Steam Electricity Venting
CO, 504.49 619.94 151.59 —
SO, 2.14 5.67 0.87 —
COD 0.055 0.0041 0.00046 —
voC 2.73 8.51 0.77 0.00422
TABLE 6.13

Scenario 2: Steam Production with Refining and Electricity Production
(Norwegian Matrix, 1995)

Mixture (kg emission/t C;Hy) Separation (kg emission/t C;H,)
Steam Electricity Venting
Co, 504.49 619.94 110.23 —
SO, 2.14 5.67 0.00108 —
COD 0.055 0.0041 0.00000173 —
vOoC 2.73 8.51 0.00084 0.00422
TABLE 6.14

Scenario 3: Steam Production with Refining and Electricity Production
(Natural Gas Combustion)

Mixture (kg emission/t C;Hy) Separation (kg emission/t C;Hy)
Steam Electricity Venting
CO, 504.49 619.94 573.29 —
SO, 2.14 5.67 0.0137 —
COD 0.055 0.0041 0.00035 —
vOoC 2.73 8.51 0.185 0.00422
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Damage due to SO, in region 1: 0.01 U.S.$/kg SO, e4ion|

Damage due to SO, in region 2: 0.006 U.S.$/kg SO, .4ion2

Damage due to SO, in region 3: 0.008 U.S.$/kg SO, eion3

Damage due to Cd in region 1: 0.005 U.S.$/kg Cd ogion;

Damage due to Cd in region 2: 0.004 U.S.$/kg Cd o4ion:

Damage due to Cd in region 3: 0.009 U.S.$/kg Cd oyion3

Damage due to Ni in region 1: 0.003 U.S.$/kg Ni ..o

Damage due to Ni in region 2: 0.002 U.S.$/kg Ni .ogion

Damage due to Ni in region 3: 0.008 U.S.$/kg Ni ,o4ion3

13. Knowing the impact scores given in Figure 6.21 for different processes

of a product life-cycle, discuss for this case which cut-off criteria and
which further treatment method (no consideration, site specific, site depen-
dent or technology region dependent) would be most appropriate for each
of the given processes.

Impact Score

60

m Impact Score

Impact Score
w
o

Ll o .

Extraction Manufacture Transport Waste Treatment

FIGURE 6.21 Impact scores for different processes of a product life-cycle.
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7 Site-Dependent Impact
Analysis*

Guido Sonnemann, Ralph O. Harthan,
Karl-Michael Nigge, Marta Schuhmacher,
and Francesc Castells

7.1 INTRODUCTION

In this chapter we present a provisional approach to overcoming the disadvantages
of site-generic and site-specific methods. This approach is one of the recently
developed site-dependent impact assessment methods that can be considered a trade-
off between exactness and feasibility. As with site-specific approaches, fate, exposure
and effect information are taken into account, but indicators applicable for classes
of emission sites rather than for specific sites are calculated. That is the trade-off
between the accurate assessment of the impacts and the practicability of spatial
disaggregation for impact assessments in a life-cycle perspective. We note the devel-
oping nature of these methods, but regard them as the most promising alternative
for future estimations of environmental damages in industrial process chains. The
approach is adapted so that it fits perfectly into the methodology presented in the
previous chapter. A flowchart for site-dependent impact assessment is proposed and
the algorithm of the methodology is applied using the calculated site-dependent
impact indicators.

The consideration of spatial differentiation in LCIA was proposed first by Potting
and Blok (1994). However, it took time until developments for site-dependent impact
assessment such as those by Potting (2000) and Huijbregts and Seppild (2000) were
made in an operational way, especially for acidification and eutrophication. More-
over, several approaches have been presented for human health effects due to airborne
emissions. Exemplary damage factors for a number of European countries are pro-
vided by Spadaro and Rabl (1999). Potting (2000) establishes impact indicators that
take into account different release heights, population density, and substance char-
acteristics such as atmospheric residence time and dispersion conditions. The release
height is statistically linked to several industrial branches. Typical meteorological
data for four zones within Europe are used, but the issue of local dispersion condi-
tions is not addressed and no operational guidance for the determination of popula-
tion densities based on sufficiently detailed data is provided.

* Selected text in Sections 7.2, 7.3, and 7.4 has been reprinted with permission from Nigge, K.M., Life-
Cycle Assessment of Naturlal Gas Vehicles: Development and Application of Site-Dependent Impact
Indicators, ©2000 by Springer-Verlag, Berlin.
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Moriguchi and Terazono (2000) present an approach for Japan in which mete-
orological conditions are set to be equal for all examples. Nigge (2000) offers a
method for statistically determined population exposures per mass of pollutant that
considers short-range and long-range exposure separately and allows taking into
account dispersion conditions and population distributions using sufficiently detailed
data in a systematic way. Impact indicators are derived that depend on the settlement
structure class and the stack height. However, a general framework that is also valid
for other receptors is not proposed; the dispersion conditions are considered to be
equal for all classes in the case study and a quite simple dispersion model is used.

In this study a general applicable framework for site-dependent impact assess-
ment by statistically determined receptor exposures per mass of pollutant is proposed
that addresses some of the mentioned shortages. Receptor density and dispersion
conditions are related to form a limited number of representative generic spatial
classes, as suggested by Potting and Hauschild (1997) and recommended by Udo
de Haes et al. (1999). The basis for the classification is statistical reasoning, assuming
no threshold (Potting 2000). For each class and receptor, incremental receptor expo-
sures per mass of pollutant can be calculated. Finally, the incremental exposures are
transformed into damage estimations.

The general framework was applied to the case of population exposures due to
airborne emissions in the Mediterranean region of Catalonia, Spain. A differentiation
was made with regard to dispersion conditions, stack height and atmospheric resi-
dence time; a sophisticated dispersion model was applied and a geographic infor-
mation system (GIS) was used.

7.2 GENERAL FRAMEWORK FOR SITE-DEPENDENT
IMPACT ANALYSIS

Udo de Haes (1996) distinguished the following dimensions of impact information
that are relevant for life-cycle impact assessment (LCIA): information concerning
(1) effect, (2) fate and exposure, (3) background level, and (4) space. The first two
dimensions directly refer to the cause—effect chain. The last two can be interpreted
as additional conditions related to the processes in the considered chain.

Based on Udo de Haes’ (1996) proposal, Wenzel et al. (1997) suggested the
relation of dimensions of impact information and levels of sophistication presented
in Figure 7.1. The first dimension in this figure is in accordance with the proposal
of Udo de Haes (1996); only the exposure information has been removed. In this
way, the second dimension covers all information connected to the source (emission,
distribution/dispersion, and concentration increase). The third dimension comprises
the third dimension from Udo de Haes (1996) and, additionally, all other types of
information about the receiving environment and/or target system (background con-
centration, exposure increase, sensitivity of the target system, etc.).

With each of the three dimensions, the characterization modeling addresses
different levels of sophistication. In the effect analysis, the sophistication increases
from the use of legal threshold standards via the application of NOEC (no observable
effect concentration) to the integration of slope in the impact factors. These factors
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Dimensions of impact information Levels of sophistication

1. Information on the effect of a pollutant standard—> NOEC —slope
2. Pollutant fate information none —> some —> full
3. Target information none —> some —>full

FIGURE 7.1 Dimensions of impact information and levels of sophistication in life-cycle
impact assessment. (From Wenzel, H. et al., Environmental Assessment of Products. Volume 1
— Methodology, Tools and Case Studies in Product Development, Chapman & Hall, London,
1997. With permission.)

may include no, some or comprehensive fate information. The same holds true for
the information on the target system.

Category indicators for toxicity, but also for other endpoint-oriented impacts, are
generally calculated by multiplying the emitted mass M of a certain pollutant p with
a fate and exposure factor F and an effect factor E, i.e., the slope of the dose—response
and exposure-response functions (Nigge, 2000). In the general case in which the
transfer of the pollutant across different environmental media or compartments (e.g.,
air, water, soil) needs to be considered, Expression 7.1 gives the category indicator
of incremental damage, AD;"" (damage such as cases of cancer, a for YOLLs and
DALYs or U.S.$ for external environmental costs), characterizing the effect in the
compartment m of the pollutant p emitted in the initial compartment n:

AD™ =E" -F™ - M" (7.1)
P P P P

where

M;l is the mass of pollutant p (kg) emitted into the initial medium n (air, water
or soil).

F)™ is the fate and exposure factor for the emission of substance p into the initial
medium n and transfer into medium m in the form of (m2.yr/m?) or
(m? yr/m?), depending on the compartments considered and taking into
account the propagation, degradation, deposition, transfer among
media and food chain or bioconcentration routes.

E} s the effect factor (damage/m’ (1g/m?) yr)) representing the severity of the
impact due to the substance p in medium m (air, water, soil or food chain).

The ratio AD)™/ M is called the damage factor (damage/kg; Hofstetter 1998).

The release and target compartments are linked by the different fate and exposure
routes. For example, an emission to the air compartment can have impacts in the
air (inhalation), soil (via deposition) and water (absorption) target compartments.
The pollutants can be transported farther to other target compartments by other
routes (soil-plant etc.). A large variety of possible routes is between the release and
target compartments.

Expression 7.1 does not explicitly consider the distribution and number of
receptors affected by the pollutants. Depending on the impact category, the receptor
may be, among others, human population, material surface, crop yield and sensitive
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ecosystem area, or fish population. The effective receptor density p;} . is introduced
into the expression in order to relate the distribution of receptors r to the distribution
of the respective pollutant in the environment. Expression 7.1 then reads as follows:

AD,. =E,, Py, F," M, 7.2)

where

AD;"Z is the incremental damage caused (damage) due to the emission of pol-
lutant p into the initial medium n (air, water or soil) on the receptor
r in the target compartment m (air, water, soil or food chain).

pg},r is the effective density of receptor r (receptors/m?) in target medium m

(air, water, soil or food chain), that is, for the receptor human popu-
lation (persons/m?) and for material surface (m?> maintenance sur-
face/m?), while this means for the fish population in the compartment
water (fishes/m?), i.e., we do not need to consider a density, but a
concentration.

E;’fr is the effect factor (damage/receptors.(Lg/m?).yr) representing the severity
of the impact due to the substance p in medium m (air, water, soil or
food chain) on receptor r.

In the context of this framework the incremental receptor exposure (ARE) is
then defined as the product of the number of receptors exposed to a certain concen-
tration during a certain period of time, as shown in the following expression:

ARE] =AD" | E' =p,. -F"-M] (7.3)
where
ARE]" is the incremental receptor exposure during a certain period of time
(receptors.(Lg/m?).yr) due to the emission of pollutant p into the initial
medium n (air, water or soil) on the receptor r in the target compart-
ment m (air, water, soil or food chain) — for example, for airborne
emissions with the receptor human population (persons.pg/m? air.yr)
and for the receptor material surface (maintenance surface.
Lg/m? air.yr) and for water with the receptor fish population
(fishes.mg/m? water.yr).

If the dose—response or exposure—response function is linear or the emission
source contributes only marginally to the background concentration, the incremental
damage becomes independent of the time pattern of the emission and only depends
on the total mass emitted. For a detailed mathematical derivation, see Nigge (2000)
and for the general idea of marginality and linearity see Potting (2000). For the
purpose of this study, it is assumed that the incremental damage AD)"’ is independent
of the time pattern of the emission. The incremental damage can then be calculated
by Expression 7.4, using an incremental receptor exposure per mass of pollutant
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emitted I}, = ARE]" . / M . The index i refers to an emission situation rather than
to an emission site only. The emission situation is determined by the emission site
and by the source type such as the stack height for emissions to air or the release
depth into the lake or river for emissions to water.

where

AD™ =E" M I (7.4)

s porsi

AD"" . is the incremental damage caused (damage) due to the emission of pol-
lutant p into the initial medium n (air, water or soil), at the emission
situation i, on the receptor r in the target compartment m (air, water,
soil or food chain).

M, is the mass of pollutant p (kg) emitted into the initial medium n (air, water
or soil) at the emission situation i.

I . is the incremental receptor exposure per mass of pollutant emitted (recep-
tors.(lg/m?).yr/kg) due to the amount of pollutant p emitted into the
initial medium n (air, water or soil) at the emission situation i on the
receptor r in the target compartment m (air, water, soil or food chain).

piri

p.ri

The mass of pollutant emitted, M, the fate and exposure factor, F, the effect
factor, E, and the effective receptor density, p.q, used in the presented framework
are directly related to the causality chain illustrated in Figure 7.2. Such a compre-
hensive framework is the basis for using high levels of sophistication in the different
dimensions of impact information corresponding to the scheme described in Figure

7.1.

Causality chain

Pollutant emission

Fate and Exposure

A 4

Target system

A 4

Impact and Damage

Descriptors

M"p,,-= mass of pollutant p being emitted into the initial medium n
(air, water, or soil) at the emission situation i (location, source type)

F"’",,: fate and exposure factor for substance p emitted into the initial
medium n and transferred into medium m, partitioning between
compartments, dilution, immobilisation, removal/ degradation,
environmental concentration increase (without consideration of
background level)

p"er = effective density of receptor rin target medium m (air, water,
soil, or food chain); that is the sensitivity of the system

E™, . = effect factor representing the severity of the impact due to

the substance p in medium m (air, water, soil, or food chain) on receptor r,
including concentration- effect curves (the dose- and exposure-response
functions) as well as weighting schemes (e.g., monetization and DALY)

to express different types of impacts in the same way as damage

FIGURE 7.2 Relation of the factors used in the presented framework with the general
cause—effect chain for the environmental impact of an emitted compound.
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This impact information should be based on a certain spatial differentiation with
regard to the processes in the chain and include a minimal amount of additional data
on the corresponding geographic situation. The site-dependent impact assessment
can be carried out for various compartments using a multimedia fate and exposure
model (see Chapter 4) or for only one release compartment n and one target com-
partment m by the application of a spatially explicit medium-specific model. In
accordance with Potting (2000), we believe that the relevance of LCIA can be
enhanced by the inclusion of a few general site parameters in the assessment pro-
cedure; we would call this site-dependent impact assessment.

For the effect analysis we propose to use the dose—response and expo-
sure-response functions described in Chapter 4. The fate information should be
obtained by using pollutant dispersion and long-range transport models and/or mul-
timedia fate models. The target information needed corresponds to the receptor
density that describes the sensitivity of the target, but we do not consider that
background information is necessary, assuming that residual risk is what we want
to address in LCIA and that linear dose-response and exposure—response functions
exist, at least for priority pollutants. For a further discussion of this issue, see Crettaz
et al. (2002), Nigge (2000) and Potting (2000).

7.3 STATISTICALLY DETERMINED GENERIC CLASSES
OF AIRBORNE EMISSIONS

Considering only one pollutant, p, and one receptor, r, as well as one release
compartment, n, and one target compartment, m, then "', =1, ( = ARE/M), the
incremental receptor exposure per mass of pollutant emitted (recep-
tors.(ug/m?).yr/kg), which represents the concentration increment multiplied by the
receptors during a certain time period divided through the mass of pollutant. In two-
dimensional polar coordinates (r,) around the emission situation, i, within a suitable
cartographic projection of the Earth’s surface, this can be written as (Nigge 2000):

- QlLR , J:n Ac,(r.9) p,(r.@) do dr (1.5)

where

Q = M/T is the constant emission rate (kg/yr) with M, as mass of one pollutant
(kg) emitted at the emission situation i and T as the duration of the
emission (yr).

r is the radius (m).

R is the outer boundary of the modeling area (m).

Aci(r,0) is the concentration increment at a receptor point with the polar coordi-
nates (r, @) for the emission situation i (lLg/m?3).

pi(r, @) is the receptor density at a receptor point with the polar coordinates
(r, @) for the emission situation i (receptors/m?).
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Generally speaking, the integration of Expression 7.5 should be carried out over
the entire planet. Because most of the pollutants (even in the air compartment) do
not disperse over the entire planet due to their residence time and dispersion char-
acteristics in the environment, and because the calculation effort should be kept
appropriate, R is chosen so that most of I, is covered by the area. Another limitation
is the spatial range of the models chosen, which often does not allow the calculations
to be extended over a certain limit. The source characteristics influence the choice
of R as well. The higher the stack in the case of emissions to air, the further the
pollutant is transported and therefore the greater R must be chosen.

The idea of the methodology further developed and applied in this study is to
define classes of emission situations i statistically, the impact of which differs
significantly from class to class but for which the deviation of impact between the
emission situations covered by each class is small. The overall number of classes
should be kept small to enable easy handling.

On the one hand, neglect of the spatial distribution around the emission point,
I, of the receptor density, p(r,¢), is the main reason for the discordance between the
potential impact results and the actual impacts. To be precise, this means, for
example, that in conventional LCIA potentials the impact is the same for an air
pollutant over the ocean as for one in a big city. On the other hand, the corresponding
dispersion conditions in the respective medium and the resulting concentration
increment, Ac,(r,¢), are relevant for the occurrence of damages. In order to relate
these main factors for the estimation of environmental damages in a process-chain
perspective, the present method proposes to form representative classes of receptor
density and dispersion conditions. This classification must be based on statistical
reasoning. For each class, receptor incremental exposures per mass of pollutant,
ARE, must be calculated.

In a next step, the receptor incremental exposures per mass of pollutant ARE
can be converted into damage estimates through an effect analysis based on
dose-response and exposure-response functions and, if desired by the decision-
maker, by the application of a weighting scheme to express different types of impacts
in the way of an aggregated damage.

7.4 GENERIC CLASSES FOR HUMAN HEALTH EFFECTS

For the case of human toxicity impacts of airborne emissions, the receptors are the
persons of a population and the release, as the target compartment is air. Thus, pj. .
corresponds to the population density and the receptor incremental expo-
sures, ARET" ., are then called population incremental exposures to airborne pollut-
ants APE, expressed in units of (persons pg/m3-yr). PE is also called pressure on
human health (Nigge 2000).

Many laws and regulations with respect to emission limitation and pollution
prevention exist for pollutants emitted into and solely transported by the air, so this
study is confined to air as the only release and target compartment. Considering
only human beings as receptors, for one pollutant Expression 7.4 can then be
simplified to:
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AD, =E M, -1, (1.6)

where

AD,; is the incremental damage caused (damage) due to the exposure to one
pollutant being emitted at the emission situation 1i.

E is the effect factor (damage/persons.(lLg/m?) yr) representing the severity of the
impact due to one pollutant.

M is the mass of one pollutant (kg) being emitted at the emission situation i.

I; is the incremental population exposure per mass of one pollutant emitted at the
emission situation i (persons.(ug/m?).yr/kg).

Expression 7.5 can be divided into two integrals accounting for the short-range
dispersion and the long-range transport to the outer boundary of the modeling area R:
I; seor 18 the short-range contribution to the incremental receptor exposure per
mass of one pollutant emitted at the emission situation i (per-
sons.(ug/m3).yr/kg).
irr 19 the long-range contribution to the incremental receptor exposure per
mass of one pollutant emitted at the emission situation i (per-
sons.(ug/m3).yr/kg).

I

The reason for this procedure is that the concentration increment is usually
highest within the first kilometers around the stack. Therefore, the impact indicator
is very sensitive to the receptor density close to the stack. The population density
can vary strongly within only a few kilometers. Consider, for example, that the
population density often rapidly decreases from a big city to the countryside; there-
fore, the population exposure is subject to drastic changes within a few kilometers
as well. The long-range contribution, however, only depends on the average receptor
density of the region to which the pollutants are transported and is not particularly
subject to changes on a local scale; the concentration increment is small due to
dilution on transport and the concentration does not change very much with the
distance. Long-range contributions are known and have been well studied for pol-
lutants like SO, and NO, (due to their importance for acidification in regions far
away from the emission source). Strong differences for the long-range exposure are
likely to appear between densely inhabited areas such as western and middle Europe
and scarcely inhabited regions such as Scandinavia or, in the U.S., the East Coast
and the less populated Rocky Mountains. Therefore, as a good approximation,
country averages for I;;, seem to be appropriate.

A major problem with deriving I ... is the fact that Ac,(r,) depends very much
on the meteorological conditions, especially the wind direction, which can vary
significantly within a few kilometers for the different emission sites. It is therefore
desirable to eliminate ¢ in order to simplify Expression 7.5. Nigge (2000) assumes
that Ac,(r, @) and p,(r, @) are not correlated and that the population density is
independent of the angle ¢ if the emission sites considered in each class are spread
over a large area. In this way, no direction is preferable for the spatial variation of
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the population density. Moreover, a simplification (Expression 7.7) can be introduced
into Expression 7.5 (Nigge 2000):

27T
Ac,(r)= %TCJ‘ Aci(r, (p) do (7.7)
0
According to Nigge (2000), Expression 7.5 then reads:

1 100km 2T
IC,near = aj r J. Acc(r) pC(r) 2 ndr (78)
0 0

In Expression 7.8, 100 km is a value for orientation; it is proposed as the limit
between the short- and long-range contribution to I, the incremental receptor expo-
sure per mass of one pollutant emitted. The index C indicates that Expression 7.8
does not refer to a single emission situation, i, but to a generic class of emission
situations, statistically correlated with respect to dispersion conditions and popula-
tion density and with the same source characteristics. A further mathematical analysis
is given in Nigge (2000). Remembering that I; ;,, is calculated as a country or regional
average, the overall impact indicator for each class then reads:

ICE IC,near+Ifar (7 . 9)

where

I is the incremental population exposure per mass of one pollutant emitted
(persons.(ug/m3).yr/kg) at the generic class of emission situations that
are statistically correlated with respect to dispersion conditions and
receptor density and have the same source characteristics.

In order to compute the impact indicator for each class, the following elements of
Expression 7.8 must be calculated:

pc(r) is the radial receptor density (receptors/m?) for each class (in our case
population density; persons/m?).
Ac(r) is the radial concentration increment profile for each class (ug/m?).

The definition of classes of meteorological conditions and the derivation of
generic meteorological data files to calculate the radial concentration increment
profile, Ac(r), are questions of fate analysis. The definition of classes of population
densities and the calculation of the radial population density, p.(r), belong to the
exposure analysis.

7.4.1 FATE ANALYSIS TO CHARACTERIZE DISPERSION CONDITIONS

This section discusses the transport of airborne pollutants from the emission source
to the receptors. For the purpose of short-range dispersion modeling (dispersion up
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to the radius of 100 km around the stack), the program ISCST-3 (US EPA 1995),
incorporated in the software BEEST (Beeline, 1998), can be used. The calculations
for the long-range transport can be carried out using the program EcoSense (IER,
1998). Both programs are mentioned in Chapter 4 and will be applied to more cases
in Chapter 8.

For modeling the short-range exposure, only primary pollutants are considered
due to the long formation time of secondary pollutants. In order to calculate the
radial concentration, Ac.(r), to derive I, a statistical set of meteorological data
must be used. Because emissions occurring in a life-cycle usually cannot be assigned
to the calendar time when they happen, only mean average pollutant concentrations
on an annual basis are calculated. The BEEST program requires input data as
presented in Table 7.1, where the data used in the example of this chapter are also
indicated. Test runs have shown that the concentration increment results are not

TABLE 7.1
Values Required by BEEST and Respective Data Used in This Study

Values required by BEEST Data used in this study

Hourly values

Wind speed Weibull parameters, average annual wind speed to generate hourly
wind speed values

Wind direction Random values in intervals of 15°

Ambient air temperature Annual average: 287 K

Stability class Derived from a combined frequency distribution of wind speed

and stability class, using hourly wind speed data
Rural and urban mixing height  Set to be equal for rural and urban areas

Friction velocity Function of wind speed
Monin-Obukhov length Function of the stability class
Surface roughness Rural character of Catalonia: 0.3 m
Precipitation Not taken into account: 0 mm
Fixed values
Elevation of modeling area Entirely flat
Release heights 5, 100, and 200 m
Exit temperature of stack 423.15 K
Stack diameter Sm
Volume flow V =26862-10%" et (Nmm) (7.10)
Exit velocity Function of volume flow and stack diameter
Emission mass flow MI’ =V C'h"t’sh(’ld»I’ (ke/h) (7.1

where Cyyeqol, p 18 legal threshold concentration of pollutant p
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sensitive to the ambient air temperature. The mixing height is calculated as a function
of the stability class (VDI, 1992). An equal distribution of wind directions is
assumed. Therefore, as derived by Nigge (2000), the combined frequency distribu-
tion of wind speed and stability class is independent of the wind direction.

The remaining task is to determine a statistical distribution of wind speed, u,
and stability class, s, for each class of meteorological conditions in the region under
study. If the distribution parameters of the Weibull distribution are known, an hourly
wind speed file can be generated from the average annual wind speed. Manier (1972)
states that the distribution of stability class and that of wind speed classes are
correlated. As a consequence, the only parameter required as additional input for
using the impact indicator is the mean annual wind speed of the considered district.

Mass flow, volume flow and exit velocity determine the outcome of the concen-
tration calculations of ISCST-3. However, unlike in EcoSense, the concentration
increment calculated by BEEST does not change linearly by changing certain param-
eters of source characteristics. Therefore, statistical values for these parameters
(volume flow and mass flow) must be defined.

A set of nine different industrial processes with stack heights ranging from 10
to 250 m were evaluated for the example with respect to their volume flows. The
correlation between volume flow and stack height has a trend line that can be
described with the potential approach in Expression 7.10, where V is the volume
flow in (Nm%h) and h,, the stack height in (m), and the regression coefficient r?
equals 0.799. Expression 7.10 is only a rough approximation to calculate the volume
flow. Nine processes is not at all a representative statistical number that allows
making general conclusions.

The mass flow of each pollutant is obtained from the volume flow and the
respective threshold of each pollutant according to Expression 7.11, where M, is
the mass flow of pollutant, p, and Cyenoa,, 18 the legal threshold concentration of
pollutant p in flue gas. The threshold values for municipal waste incinerators are
taken from the regulations valid for the region under study (in the example, the
Catalan District 323/1994 that includes the European Guideline 89/369/EEC). In
order to apply the correct threshold for the organic substances considered, the share
of total organic carbon (TOC) of every pollutant is calculated and in this way the
threshold of TOC is adapted to each single organic substance considered.

The use of a threshold at this stage is probably not the best solution; in further
works, basing the mass flow also on statistical reasoning according to industry types
should be attempted. An alternative would be to use the mean average emission
value of the respective industry.

As a matter of fact, for dispersion, the decisive parameter relating to the release
height is not the stack height, but the effective stack height, h , which also takes
into account the momentum rise and the buoyancy rise of the plume and is auto-
matically calculated by BEEST. In order to make the results of this work comparable
to other studies that relate the impact indicators to the h g (e.g., Nigge [2000]), the
effective stack height is calculated for the indicators derived in this study (Table
7.2). The calculation of h, is carried out according to Israel (1994). The comparison
of the results from different studies must be done with care, thoroughly checking
the congruence of the applied algorithms for h g
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TABLE 7.2
Effective Stack Heights Depending on Wind Speed and Actual
Stack Height

hstack (a) thf (m)
0 to 2 m/s 2 to 3 m/s 3to4 m/s
5 133 60 43

100 297 195 167
200 676 435 379

E

g 20—
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FIGURE 7.3 Concentration curve for PM,;, 100 km around the stack of 5 m height (average
annual wind speed of 2.5 m/s).

Figure 7.3 shows an example of a concentration curve for PM,, and the wind
speed class 2 to 3 m/s, 100 km around the stack of 5 m height. The resolution of
the grid is higher close to the stack in order to represent the sharp decrease of
concentration there.

7.4.2 ExpoSURE ANALYSIS TO DETERMINE THE POPULATION
DENSITY AROUND THE EMISSION SOURCE

In order to make results comparable, the basic classification of regions and districts
according to population density is taken from Nigge (2000), who calls the combi-
nation of region and districts settlement structure classes.

For the calculation of the radial population density, the radius of 100 km around
each municipality in the region under study is considered, which corresponds to the
modeling area of the short-range transport covered by the Gaussian dispersion model
used. Annuli are formed in intervals of 10 km that lead to 10 annuli around each
municipality. Each municipality will be counted to the respective annulus if its center
lies within the considered annulus. The interval of 10 km is chosen assuming that
the linear extension of the municipalities in the region under study is in the range
of up to 10 km of both sides of the center of the municipality. Assuming that every
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municipality in the region under study has the shape of a circle, the maximum area
allowed for one municipality lying in the center of all annuli (origin) is 314 km?. If
the biggest municipality in the region comprises less than 314 km?, this assumption
is valid.

The calculation of the radial population density has two problems: 1) the radial
population density in districts close to the sea is not independent of the direction in
which one looks (the population density at the coast falls down abruptly to p =0
persons/km?) and 2) no data might be available for the municipalities lying 100 km
outside the regional borders of the region under study.

The first problem implies that the total population of all municipalities lying in
the considered annulus is divided by the area of the annulus. Thus, the fact that a
considerable area around the municipality has p = 0 persons/km? (municipalities
close to the sea) is respected. Due to the absence of population living in the sea, the
overall population density of the annulus is reduced. In order to solve the second
problem for the calculation of the population density in the municipalities of the
area adjacent to the area of study for population, data on a district level are used
rather than the population data for the municipalities.

Because most districts are bigger than municipalities, uncertainties are intro-
duced. As discussed earlier, the area of every municipality is assumed not to exceed
a circle with a radius of 10 km if the municipality lies in the center of the circle.
The average area of districts definitely exceeds this value. This means that the
population density of the annuli is often determined by the entire population of one
district, even though this district extends over more than one annulus and therefore
should “assign” its population to more than one annulus. It is assumed, however,
that the uncertainties introduced are not too big because the average exceeding the
center circle is within a tolerable range. Moreover, this procedure is assumed to be
valid because it is only chosen to include the area adjacent to the region under study,
while the region is dealt with using a higher resolution, so the overall uncertainties
related to the radial population density are considered to be quite low.

7.4.3 Errect ANALYSIS TO TRANSFORM INCREMENTAL EXPOSURES
INTO DAMAGE ESTIMATIONS

The effect analysis links the results of the fate and exposure analysis to the damage
due to the emitted pollutant. This analysis is independent of the fate and exposure
analysis and based on epidemiological and toxicological studies as well as on
socioeconomic evaluation. See Chapter 3 and Chapter 4 for further details.

The effect factor represents the number of health incidences (like asthma or
cancer cases or restricted activity days) per person — exposure time concentration.
The dose-response and exposure-response functions used in this study are taken
from IER (1998) and Hofstetter (1998). In this study only carcinogenesis and
respiratory health effects are taken into account because they are considered to be
the main contributors to the overall human health effects due to environmental
pollution (Krewitt et al., 1998).

In order to aggregate different health effects into a single indicator, the disability
adjusted life years (DALY) concept developed by Murray and Lopez (1996) is
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implemented. However, an economic valuation by external costs could also be applied
easily, for example, the scheme used by the European Commission (1995). The DALY
value not only depends on the pollutant and the type of disease, but also on the
socioeconomic perspective of each person. Thompson et al. (1990) introduced the
concept of the cultural theory for different perspectives; Hofstetter (1998) distinguished
individualist, egalitarian and hierarchist cultural perspectives to represent the arche-
types of socioeconomic behavior and related this to the DALY concept. Corresponding
to age weighting for the different cultural perspectives, the economic evaluation dis-
count rates of 0 and 3% can be chosen. An example of different factors for the
conversion of population exposure values into damage estimates is given in Table 7.3.

7.5 SITE-DEPENDENT IMPACT ASSESSMENT IN THE
METHODOLOGY OF ENVIRONMENTAL DAMAGE
ESTIMATIONS FOR INDUSTRIAL PROCESS CHAINS

On the basis of the calculation of site-dependent impact assessment factors described
beforehand, in this section the site-dependent method is introduced as a further
element into the methodology of environmental damage estimations for industrial
process chains outlined in the previous chapter. Site-dependent impact factors can

TABLE 7.3
Example of Conversion Factors between Impact Indicators and DALY and
External Costs

Pollutant DALY I DALY E DALY H Costs? Costs”
Acetaldehyde 2.7 x 107 4.1 x 107 4.1 x 107 0.05 0.05
As 22 x 10# 35x%x 10+ 3.5x10* 43.1 31.5
BaP 1.3 x 102 2.0 x 102 2.0 x 1072 2,497 1,825
1,3-Butadiene 3.4 x 107 52 x 107 52 x 107 6.6 6.6
Cd 2.7 x 10+ 4.1 x 10+ 4.1 x 10 51.7 37.8
Ni 5.0 x 107 7.8 x 107 7.8 x 107 10.3 7.3
NO, — 2.5 x 10 — 0.27 0.43
SO, — 5.4 %10 54 %10 0.57 0.89
PM, 2.8 x 10+ 29 x 10+ 29 x 10+ 136.5 135.6
PM,, L7x104  18x10%  1.8x 10 79.7 79.1
Nitrate 9.0 x 10 1.8 x 10+ 1.8 x 10+ 79.7 79.1
Sulfate 2.8 x 10+ 2.9 x 10+ 2.9 x 10+ 132.7 131.8

Notes: DALY: a/(persons-ig/m?); external costs: U.S.$/(persons-pg/m?). I: individualist (age-weight-
ing (0,1)); E: egalitarian (no age-weighting (0,0)); H: hierarchist (no age-weighting (0,0)).
“Discount rate 0%

"Discount rate 3%
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be perfectly used in the mathematical framework developed and are particularly
recommended for transport processes. The main task remaining is to establish a
flowchart of the site-dependent impact assessment by statistically determined generic
classes that can be included in the overall methodology. Figure 7.4 gives such an
overview of the different working steps for this site-dependent method.

For the calculation of the impact factors, first the considered region must be
divided into classes. In this chapter this has been done for the receptor human
population. However, in principle, this can be done also for other receptors, as
proposed in the general framework described in Section 7.2 of this chapter.

In the fate and exposure analysis, each class is divided into the near (<100 km)
and the far (>100 km) contribution. For the near contribution, the radial concentration
increment for each pollutant and the radial receptor density are calculated. The
Gaussian dispersion model ISCST-3, as incorporated in BEEST, has been used in
the application to Catalonia as transport model on the local scale. The multiplication
of both results obtained yields the receptor exposure per class and pollutant
I car, poltutan, class- 101 @ similar way for the far contribution, first the average concentra-
tion increment on a continental grid is calculated for each pollutant. Then this result
is multiplied by the average receptor density in each grid. Finally, the receptor
exposure per class and pollutant I ¢, oy, region 18 Obtained for the region under study.
In a next step, I, and I.,. are added and so finally the overall receptor exposure per
pollutant for each class and specific region I pornuant, classgregion 18 determined.

By carrying out the consequence analysis factors of physical impact, parameters
are obtained. Additionally, when the selected weighting and aggregation scheme is
applied, the factors can also be expressed directly in the form of environmental costs
or damage endpoint indicators. These two steps have been summed up as effect
analysis in Section 7.4.3 of this chapter.

7.6 EXAMPLE: CALCULATION OF SITE-DEPENDENT
IMPACT FACTORS FOR CATALONIA, SPAIN

In this study, the fate and exposure analysis is carried out for the Mediterranean
region of Catalonia next to the sea, which significantly influences how to apply the
presented method.

7.6.1 WIND SpPeep CLASSES

Harthan (2001) shows the derivation of the Weibull parameters for Catalonia required
to generate hourly wind speed data from a mean annual wind speed value and
describes the analysis of the combined frequency distribution of wind speed and
stability class. The variance coefficient of the average annual wind speed data for
Catalonia is high (47.4%; Cunillera, 2000), with an average for 1996 to 1999 for
all 14 stations considered. Thus, taking into account only the mean annual average
value to represent all average annual wind speed data considered for Catalonia does
not suffice to describe the area’s situation as a whole. The formation of wind speed
classes on the district level is required (see the overview of districts in Catalonia in
Figure 7.5). The districts are assigned the following codes for the classes of wind
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FIGURE 7.4 Site-dependent impact assessment for air emission.

speed: A: 0 to 2 m/s, B: 2 to 3 m/s, and C: 3 to 4 m/s. Because only wind speed
data from 14 stations were provided in a detailed manner, average annual wind speed
data for 48 stations in 1997 and 1998 are taken from http://www.gencat.es/servmet.
The overall distribution of wind speed classes among the districts in Catalonia can
be seen in Figure 7.5 and the portions of districts belonging to each class of

meteorological conditions are shown in Table 7.4.
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FIGURE 7.5 Classes of average wind speed for all districts in Catalonia (data of 1997 and
1998).

TABLE 7.4
Number and Share of Districts Belonging to Each Class of Wind Speed
Average wind speed class (m/s) Districts Share (%)
0to2 20 48.8
2t03 14 34.1
3to4 7 17.1
0to4 31 100

7.6.2 SETTLEMENT STRUCTURE CLASSES

As a region in the context of the example, the province level in Catalonia is con-
sidered. Furthermore, the districts are taken into account. In this way, four settlement
structure classes have been identified to represent statistically the Catalonian situa-
tion sufficiently (Figure 7.6); this is characterized by the rapid decrease of the
population from the city boundaries toward the countryside. For the purpose of this
study, population data for Catalonia are taken from the MiraMon GIS (Pons and
Maso 2000).
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FIGURE 7.6 Settlement classes in Catalonia.

To calculate the radial population density for every municipality, the distance
between each municipality must be calculated to assign the municipalities to the
respective annuli. These data are also taken from MiraMon, which provides the
coordinates in UTM (universal transverse mercator grid system) units expressed in
meters, as well as the respective population of each municipality. The coordinates
describe the outer limits of each municipality. Assuming circular areas, the coordi-
nates of the center of the municipalities are calculated forming the average of all
coordinates describing the outer limits. The latitudes and longitudes of the centers
for the district outside Catalonia are converted into UTM coordinates using one of
the converters available from the Internet.

After the distances between the municipalities are calculated, it is known which
municipality lies in which annulus around a considered municipality. When data
about the population of each municipality are used, the population of each annulus
around a certain municipality and the population density for each annulus and each
municipality can be calculated. The radial population density is then calculated for
every generic class subsuming the population density for each annulus of each
municipality belonging to the respective class and dividing the sum by the number
of municipalities considered in this class. Figure 7.7 shows the radial population
density for each class graphically. Each generic class is assigned a number from I
to IV: I = agglomerated — urban; II = agglomerated — rural; III = rural — central
city; and IV = rural — rural.
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FIGURE 7.7 Radial population density distributions for the settlement structure classes in
Catalonia.

The radial population density for the agglomerated region was calculated for
the province of Barcelona, Catalonia. For the urban districts of the province, to
which the city center of Barcelona belongs, the radial population density is decreas-
ing rapidly from the center toward the outer radius of 100 km. The main reason for
this behavior is the concentration of population within greater Barcelona, whereas
outside the province the districts are scarcely populated.

The curve of the rural districts within the province of Barcelona shows the typical
behavior of a rural region close to a big city. Within the first kilometers the population
density is rather low. A peak of population density occurs between 30 and 40 km
from a fictive stack in this district. This can be explained by the proximity of
Barcelona city, which influences the radial population density for rural districts in
the province of Barcelona also.

Within the rural regions of Girona, Lleida and Tarragona are districts classified
as “central city” and “rural.” For central cities to which the districts of Tarragones,
Baix Camp, Segria and Girones belong, the population density also decreases from
the center toward the countryside. However, the population density is not as high in
the center as for the respective districts in the agglomerated region. In the particular
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situation of Catalonia, after a minimum of between 40 and 50 ko, the population
density reaches a local maximum between 80 and 90 km. A look at Figure 7.6
explains this behavior: all rural regions are located around the agglomerated region
— especially the central cities in the rural regions, which are within a distance of
100 km of the agglomerated region.

For the rural districts of the rural regions, the population density is much below
the average of Catalonia (p = 190 persons/km? at the radius r = 0), which is self-
explanatory in rural districts. Toward r = 100 km, the population density increases;
this explains the settlement structure of Catalonia. Statistically, a big city (central
city) is within a distance of 100 km of each rural district in a rural area. Another
look at Figure 7.6 underlines this reasoning.

From the curve for each class, it can be seen that the population density reaches
a similar value for all classes at a radius of 100 km. Therefore, it is statistically
justified to treat the long-range transport in an averaged manner (regional average)
for all considered districts and regions and to set the limit between short-range and
long-range modeling at this distance.

7.6.3 SHORT- AND LONG-RANGE EXPOSURE

The classes derived in the fate and exposure analysis are given combined class codes
in order to enable easy discovery of the desired impact indicator for the combined
classes. For example, the impact indicator for class III B describes the impact for a
central city in a rural region with annual wind speed conditions between 2 and 3
m/s. Moreover, the stack height is mentioned and the effect analysis method chosen.

For the short-range exposure, calculations are carried out for every combination
of pollutant, stack height and generic meteorological file. Concentration curves such
as those in Figure 7.7 are overlapped with the curves of radial population density
(Figure 7.7) for each generic class of population density and integrated over the
modeling area (see Expression 7.8). The integration over the modeling area is done
by summing up the products of concentration increment, population density and
area for all values lying in the chosen grid.

For the long-range exposure, the concentration increment is calculated for eight
grid cells of fictitious emission sites covering Catalonia, using the EcoSense software
(IER 1998). The runs are carried out for stack heights of 5, 100 and 200 m. As a
first step, the background population exposure is calculated (zero emission run). For
this purpose a “no emission” run is carried out for each of the eight grid cells. The
concentrations obtained are the background values for the respective grid cells.
Multiplying the background concentration and the population of each grid cell leads
to the background population exposure per grid cell. The results are then summed
up over all grid cells, which leads to the overall background population exposure
for each emission cell considered.

The next step is to carry out the calculations for all considered emission cells
and for all stack heights. The population exposure is calculated in the same way as
for the background population exposure. In order to obtain the long-range contribu-
tion due to an incremental emission of a pollutant, first the background population
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exposure must be subtracted from the calculated population exposure. Because the
short-range population exposure is calculated using the BEEST software, the pop-
ulation exposure within the radius of 100 km from the stack must be subtracted as
well. For this purpose, the population exposure of the emission cell as well as the
population exposure of part of the adjacent cells is subtracted.

After summing up the population exposure of each grid cell and subtracting the
background and the short-range exposure, the sum is divided by the emitted mass.
The result is the population exposure per mass of emitted pollutant for the long-
range transport I for each pollutant, emission cell and stack height considered.
Because the modeling area is comparatively small (which explains the existence of
only eight emission cells), the long-range exposure per mass of emitted pollutant
does not differ very much for the considered emission cells. The variation coefficient
for the different emission cells lies between 7.75 and 23.49%. Therefore, an average
Catalonian value is calculated for every pollutant and every stack height and applied
as I, for the whole of Catalonia.

I,,. for pollutants such as acetaldehyde and 1,3-butadiene that are not included
in the EcoSense software is approximated by their atmospheric residence time. For
that purpose I, is calculated for a set of particles with different diameters and
atmospheric residence times (Table 7.5). A linear regression is carried out and an
approximation formula is calculated:

I, = exp (-0.2043 ¢ In 7)> + 2.3916 * In (- 7.3174) (7.12)

far

where
I,,, is the long-range contribution to the population exposure per mass of emitted

pollutant (persons.pg/m? yr/kg).
T is the atmospheric residence time (h).

TABLE 7.5
Diameter and Atmospheric Residence Time 7 of Several
Particles
Pollutant (diameter) T (h)
PM, 135
PM,, 22
PM (d =4 to 10 mm) 15
PM (d = 10 to 20 mm) 11
PM (d > 20 mm) 3

Source: Nigge, K.M., Life-Cycle Assessment of Natural Gas Vehicles, Develop-
ment and Application of Site-Dependent Impact Indicators, Springer-Verlag,
Berlin.
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7.6.4 OvVErRALL IMPACT INDICATORS

The overall impact indicator, I, is the sum of I, and I;. Table 7.6 shows the
results for several pollutants, including the values for I, in order to show the long-
range contribution to I.,;. The impact indicators for the secondary pollutants nitrate
and sulfate refer to the mass of primary pollutant emitted, i.e., to NO, and SO,,
respectively, and are represented by the results for the long-range exposure that show
only very slight variations for different stack heights. The average values for all
stack heights are 0.25 persons.ug/m?.yr/kg for nitrate and 0.13 persons.ug/m?.yr/kg
for sulfate, respectively.

Generally speaking, it can be said that the population exposure is smaller the
lower the population density is. Another general correlation is that an increasing
stack height leads to a decreasing impact indicator. Because Catalonia is quite
populated in comparison with other regions in Spain, because every pollutant depos-
ited on the Mediterranean does not lead to a human health effect via inhalation, and
because the modeling area of EcoSense is limited to Europe (therefore neglecting
harmful effects of Spanish emissions to North Africa, for instance), every molecule
or particle going into the long-range transport favors the decrease of the overall
population exposure.

Another obvious effect is that I, decreases with higher wind speeds. Moreover,
the influence of atmospheric residence time and decay can be derived. If one com-
pares the impact indicators for PM,,, PM, s, NO, and SO,, it can be seen that the
values decrease from PM, ; over SO, and PM,, to NO, according to their atmospheric
residence time and decay rate. The span between the highest and the lowest value
of I, for each pollutant ranges from a factor of 10 for PM, 5 to a factor of 70 for
PM,,. This can be explained with the fact that PM, 5 accounts for a much greater
long-range contribution to the population exposure than PM,, due to its long atmo-
spheric residence time. Therefore, the lowest value of PM, 5 is determined by the
comparatively high long-range contribution, which leads to the comparatively small
span between highest and lowest value.

Using the dose-response and exposure-response functions, physical impacts
(e.g., cases of chronic bronchitis) per mass of pollutant can be calculated. Applying
these functions and the respective unit values, it is possible to convert the impact
indicators into DALY and external costs per kilogram of pollutant using the conver-
sion factors in Table 7.3.

7.6.5 ESTIMATES FOR ADJACENT REGIONS AND OTHER STACK
HEIGHTS

Process chains often comprise processes outside Catalonia, so an approximation
formula for other regions in Spain is presented in the following expression. It is
supposed that the long-range exposure for other regions in Spain does not vary
significantly from the values in Catalonia. Therefore, it holds that:

I

=1 (7.11)

far,other regions Catalonia*®
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TABLE 7.6
Site-Dependent Human Health Impact Indicators for Several Pollutants and Stack Heights?

Pollutant
Stack height
Class Acetal-dehyde 1,3-Butadiene NO, SO, PM 2.5 PM 10

District Wind 5m 100m 200m 5m 100m 200m S5Sm 100m 200m 5Sm 100m 200m 5m 100m 200m 5m 100m 200m
I;,, = long range contribution to the incremental receptor exposure per mass of pollutant
Cat AB,C 0.05 0.05 0.05 0.06 0.06 006 006 006 006 0.17 018 018 060 0.60 0.60 006 006 0.06

Iy = total incremental receptor exposure per mass of pollutant

I A 3.29 0.18  0.06 3.67 0.22 007 472 026 008 593 043 019 652 091 061 561 043 0.09
I B 2.47 029  0.09 2.69 0.32 0.10 327 036 011 397 051 023 444 095 065 364 042 0.11
I C 2.14 030  0.09 2.31 0.33 011 276 036 0.2 330 051 024 372 093 065 297 040 0.11
I A 1.24 0.16  0.05 1.50 0.19 007 232 024 007 342 042 019 387 092 0.61 306 041 0.09
I B 0.96 020  0.08 1.13 0.23 0.09 159 027 010 222 043 022 264 087 064 193 034 0.10
11 C 0.84 020 0.08 0.97 0.23 0.10 132 026 011 182 041 023 222 084 064 154 031 0.10
1 A 0.71 0.10  0.05 0.83 0.12 007 123 015 007 18 031 019 229 079 061 167 024 0.08
1 B 0.57 0.12  0.06 0.65 0.15 008 088 017 008 128 031 020 169 075 062 108 021 0.08
1 C 0.50 0.12  0.06 0.57 0.15 008 075 0.17 0.08 107 030 0.21 148 073 062 088 0.19 0.08
v A 0.45 0.09  0.05 0.56 0.12 007 090 0.15 007 149 030 0.19 1.90 076 060 127 022 0.08
v B 0.37 0.11  0.06 0.44 0.13 0.08 064 015 008 101 029 020 142 073 062 082 0.18 0.08
1A% C 0.33 0.11  0.06 0.39 0.13 008 055 015 008 084 028 020 125 071 062 066 0.17 0.08
Cat A 1.22 0.12  0.05 1.41 0.15 007 197 018 007 276 034 019 322 082 061 251 029 0.08
Cat B 0.94 0.16  0.07 1.06 0.19 008 138 021 009 18 036 021 228 080 063 162 026 0.09
Cat C 0.82 0.17  0.07 0.92 0.19 0.09 1.16 0.21 0.09 154 035 021 195 078 063 131 024 0.09

“Persons . pg/m? . year/kg
Notes: District population densities: I: agglomerated — urban; II: agglomerated — rural; III: rural — central city; IV: rural — rural; Cat: Catalonian average.
Wind speeds: A: 0 to 2 m/s; B: 2 to 3 m/s; C: 3 to 4 m/s
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With respect to the short-range exposure, it is supposed that significant variations
are due to the population density. Nigge (2000) presents an approach to approximate
indicators according to meteorological conditions as well. Due to a lack of data and
time, only the population density is considered here. For this purpose, the population
density for all other provinces (the administrational level between region and district)
is calculated. The impact indicators are calculated using the average impact indicator
for Catalonia according to Expression 7.12. Because no distinction is made with
respect to meteorological conditions, the respective values of I ... cuaionia fOT the
different classes of meteorological conditions are weighted with the share of occur-
rence in the districts of Catalonia (Table 7.4).

I =1

near, other province near,Catalonia* (polher province/ p Calalonia) (7 1 2)

Finally, it should be mentioned also that an interpolation can be carried out for
emission heights different from the given ones.

7.7 CASE STUDY: SITE-DEPENDENT IMPACT INDICATORS
USED FOR THE WASTE INCINERATION PROCESS CHAIN

In this section the impact indicators derived in Section 7.6.4 are applied to the
industrial process chain of the case study, the municipal waste incineration (MSWI)
plant of Tarragona (SIRUSA), and the related transport processes. Chapter 1
describes the data of the MSWI as well as the related transport processes. A com-
parison between the results for the applied impact indicators and the results for a
midpoint indicator is provided and discussed. Figure 7.8 shows a regional map of
Catalonia together with a physical map of Europe so that the localization of the
study can be better visualized.

7.7.1 GoAL AND ScoPE DEFINITION

Two situations and one scenario of the MSWI process chain are compared to estimate
avoided environmental damages on human health.

Scenario 1 is the basis for all comparisons. It describes the SIRUSA incinerator
in 1996, including the treatment of scrap in Madrid, ash treatment at the company
TRISA in Constanti, and the disposal of the treated ash and the slag in Pierola and
Reus, respectively. In the ash treatment plant, cement is mixed with the ash. The
cement is transported from S* Margarida i els Monjos.

Scenario 2 is the situation after the installation of an advanced acid gas removal
system (AGRS) in 1997. In addition to the features in Scenario 1, there is an additional
transport of CaO for the acid gas treatment. CaO is transported from S* Margarida
i els Monjos to the waste incinerator in Tarragona. The data for Scenarios 1 and 2
are taken from the existing LCA study (STQ, 1998) (see Chapter 2).

As a third alternative, a future scenario has been created based on the modular
model for the waste incineration process described briefly in Chapter 1. In addition
to the features in Scenario 2, a fictitious DeNox system is installed to eliminate NO,
emissions. Ammonia for this purpose is transported from the industrial area of
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FIGURE 7.8 Physical map of Europe and regional map of Catalonia.

Tarragona to the waste incinerator. It should be stressed that, although this is a
scenario with a nonvalidated MSWI model, it is introduced into this case study in
order to discuss possible results of further improvement in the flue gas treatment.
This alternative is called Scenario 3.

The function of the MSWI is its service of treating the municipal solid waste
of the Tarragona region. In this particular case study, the functional unit presented
here is 1 year of treated waste (which equals 153,467 t). However, 1 t of treated
waste as well as 1 TJ and 1 kWh of produced electricity could also be chosen.

According to the lessons learned in the application of the methodology of
environmental damage estimations for industrial process chains in Chapter 6, the
focus in this study was restricted to the transport and incineration processes. There-
fore, it is not necessary to carry out a dominance analysis and no cut-off criteria
need to be defined. However, to compare the results with midpoint indicators, the
two LCIA methods with the human toxicity potential (HTP) explained in Chapter
3 are used: CML (Heijungs et al., 1992) and EDIP (Hausschild and Wenzel, 1998).

For the weighting of the human health impacts, the physical impact parameter
“population exposure” and the DALY concept with the egalitarian perspective are
applied. Because only the AoP (area of protection) of human health is taken into
account here, no further aggregation needs to be carried out. The options of uncer-
tainty analysis, environmental risk assessment, accidents and eco-efficiency are not
considered.
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7.7.2 LCI ANALYSIS

In order to obtain the LCI data of this abbreviated waste incinerator process chain,
the volume flow (Nm3a) of the waste incineration plant is multiplied by the unit
emission files for the waste incinerator in the different cases, and the overall transport
(tkm) is multiplied with the unit emission files for the transport. These unit emission
files provide the emission of different air pollutants per Nm? and per tkm, respec-
tively. The previously mentioned data and the unit emission files for SIRUSA can
be found in the case study sections of previous chapters; the unit emission files for
the transport processes are presented in Table 7.7. The table only lists the pollutants
for which impact indicators are available that are considered crucial for environ-
mental problems related to transport. The unit emission data for the MSWI for
Scenarios 1 and 2 stem from the existing LCA study (STQ, 1998; see Chapter 2)
and, for Scenario 3, from Hagelueken (2001; see Chapter 1).

The most obvious result is that the overall tkm increases significantly from
Scenario 1 over Scenarios 2 and 3. Thus, the additional transport processes somehow
compensate for the decrease of emissions due to the improvement of flue gas treatment.
To what extent transport compensates for the damages avoided through more powerful
gas treatment needs to be shown by environmental damage estimations.

7.7.3 LCIA MEeTHOD

The HTP is calculated according to the CML method (Heijungs et al., 1992) and
the EDIP method (Hauschild and Wenzel, 1998; the nomenclature of the latter is
changed). Further explanations of the HTP can be found in Chapter 3. Table 7.8
presents the HTP results for the three alternatives.

7.7.4 DOMINANCE ANALYSIS AND SPATIAL DIFFERENTIATION

No dominance analysis is necessary for this application. The medium is air because
the impact factors have been calculated for that medium. The pollutants are those
for which site-dependent impact factors have been determined in Section 7.6.4. They
correspond largely to the pollutants identified as predominant in Chapter 5. The

TABLE 7.7
Unit Emissions for Transport Processes
Pollutant Emission (kg/tkm)

Benzo[a]pyrene 4.00 x 1010
cd 2.10 x 10°
NMVOC 4.40 x 10
NO, 3.12 x 103
PM,, 2.00 x 104
SO, 2.08 x 104

Source: Kern, 2000
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TABLE 7.8
HTP Results for the Three Alternatives

Process CML (-/a) % EDIP (m>/a) %
Scenario 1
MSWI 912,885 97.9 2.85x 10'2 98.3
Transport 19,365 2.1 4.88 x 10 1.7
Total 932,251 100.0 2.90 x 10'2 100.0
Scenario 2
MSWI 160,492 88.0 8.95 x 10" 94.2
Transport 21,885 12.0 5.51 x 100 5.8
Total 182,378 100.0 9.50 x 10" 100.0
Scenario 3
MSWI 43,361 64.5 2.31 x 10 79.3
Transport 23912 35.5 6.02 x 100 20.7
Total 67,272 100.0 291 x 10" 100.0

processes studied are those that have resulted as the most important in Chapter 6:
the incineration and transport processes.

In addition to assigning the corresponding region to each process, in this appli-
cation the transport process must be differentiated with respect to the districts
crossed. This is an example of what is meant by the expression on mobile processes
in the mathematical foundation of the methodology in Chapter 6. The size of the
region (here the district level) determines the number of regions by which a mobile
process, i.e., transport, is represented in the eco-technology matrix.

Table 7.9 describes the transport routes for every process and the districts
crossed. Table 7.10 summarizes the transport related to each process taking place
in each class of population density and meteorology class as well as the distance in
the provinces outside Catalonia. (For the abbreviation of classes, see Section 7.6.)
The emission height for the municipal waste incinerator is 50 m and for the transport
processes is 5 m. Using the transport distances in each class from Table 7.11 and
the tkm presented in Chapter 1, it can be calculated how many tkm refer to each
class of population density and meteorological conditions. Multiplication by the unit
emission file of transport leads to the spatially differentiated LCI, the eco-technology
matrix.

7.7.5 FATE AND ExPOSURE AND CONSEQUENCE ANALYSIS

Table 7.12 shows the damage-assigning matrix for DALY (egalitarian). It should be
noted that this matrix only represents an example of the many possibilities according
to the decision table described in Chapter 6. The matrix is based on the results for
the site-dependent impact indicator, expressed as population exposure per mass of
emitted pollutant, calculated in Section 7.6. Another damage-assigning matrix has
also been established with the values of the impact indicator expressed with the unit
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TABLE 7.9
Transport Routes and Districts Crossed for the Considered Processes

Purpose Route Districts crossed (class)
Municipal waste Tarragones—Constanti Tarragones (IIT A)
Slag Constanti-Reus Tarragones (IIT A), Baix Camp (III A)
CaO Els Monjos—Constanti Alt Penedes (I A), Baix Penedes (IV A),
Tarragones (II1A)
Ammonia Tarragona—Constant{ Tarragones (IIT A)
Scrap treatment Constanti-Madrid Tarragones (IIT A), Alt Camp (IV A),

Conca de Barbera (IV B), Garrigues (IV B),
Segria (IIT A), Huesca (HU), Zaragoza (ZZ), Soria
(SO), Guadalajara (GU), Madrid (M)
Ash treatment Constanti Tarragones (11T A)
Ash disposal Constanti—Pierola Tarragones (III A), Baix Penedes (IV A),
Alt Penedes (I A), Baix Llobregat (I B),
Anoia (IT B)
Cement Els Monjos—Constanti Alt Penedes (IT A), Baix Penedes (IV A),
Tarragones (IIT A)

Notes: District population densities: I: agglomerated — urban; II: agglomerated — rural; III: rural —
central city; IV: rural — rural; Cat: Catalonian average.
Wind speeds: A: 0 to 2 m/s; B: 2 to 3 m/s; C: 3 to 4 m/s

TABLE 7.10
Transport Distances in Each Class

Distance in combined wind speed and population density class (km)

Purpose IB IIA IIB IIIA IVA IVB HU ZZ SO GU M Sum

Municipal — — — 9 — — — — - 9
waste

Slag - - - 16 - - - - — — — 16

CaO — 9 — 24 17 — — — — — - 50

Ammonia — — ] 5 — — — — — [ 5

Scrap — — — 41 12 53 49 206 36 97 40 534
treatment

Ash — — — 4 — — — — — - 4
treatment

Ash disposal 21 32 11 24 17 — — - — — — 105

Cement — 9 ¢ 24 17 — — — — — _ 50

Note: See Table 7.9 for abbreviations of classes.
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TABLE 7.11

Eco-Technology Matrix for the Former Situation 12b

MSWI
Pollutant 1A

As 15
BaP 0
Cd 15
PM,, 20,411
Ni 22
NO, 142,333
SO, 602,643
(X 0
(X 142,333
Nitrate® 142,333
Sulphatef 602,643
akg/a
"hpyree = 5 M
cas NMVOC
das NO,
cas NO,
fas SO,
2h, = 50 m.

1A
0
2x107°
1x10*
10
0
158
11
22
158
158
11

11B
0
7x10°
4x107
3
0
53
4
7
53
53
4

1A
0
2x 103
9x 1073
877
0
13,677
912
1,929
13,677
13,677
912

Transport®

IVA
0
4 x 1073
2x10*
19
0
296
20
42
296
296
20

IVB
0

1x10*
6x10*

58
0
906
60
128
906
906
60

HU
0

1x10*
6x 10+

54
0
838
56
118
838
838
56

77
0
5x10*
2x 103
226
0
3522
235
497
3522
3522
235

SO

0
8x 107
4x10*

39

0

616

41

87

616

616

41

GU
0
2 x 10+
1x 1073
106
0
1658
111
234
1658
1658
111

9% 107
5x 10+
44

684
46
96

684

684
46
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(persons.pg/m?.yr/kg). It should be mentioned that the impact indicators for the
heavy metals As, Cd and Ni, as well as for benzo[a]pyrene (BaP), are supposed to
be the same as for PM, ;. It is assumed that these substances are adsorbed on particles
of PM, 5 and therefore behave in the same terms of fate and exposure. However, the
DALY value is specific for each substance because the dose—response and expo-
sure-response functions are substance specific as well.

The ozone value is taken as country average from Krewitt et al., (2001). The
values for nitrate and sulfate do not differ because these are secondary pollutants
for which country averages have been calculated. Only the value for the sulfate
in the first row differs slightly, due to the stack height of the MSWI (50 m), which
differs from the one of the transport processes (5 m stack height). The highest
values for the primary pollutants appear in Madrid and the lowest in the small
town of Huesca. These values are calculated according to the expression described
in Section 7.6.5 for the transfer of impact factors to other regions. In comparison
to Catalonia, Madrid is densely populated and Huesca is scarcely populated, so
these results are obvious.

7.7.6 DAMAGE PROFILE

Table 7.13 shows the damage matrix for Scenario 1 (former situation) resulting from
the multiplication of the eco-technology matrix (Table 7.11) and the damage-assign-
ing matrix (Table 7.12). If the first column is considered, the first box (the first
element of the diagonal) represents the damage for the MSWI. The second element
in the second column represents the damage for the transport in district class I B
and so on. If one leaves the diagonal, the impact of the processes at (fictitious) other
locations is shown. For example, the last element of the first column shows the
damage of the waste incinerator if it were to be located in Madrid. Of course, it
must be admitted that the impact indicator applied to this cell refers to a stack height
of 5 m (transport) rather than to 50 m (MSWI), in which the damage would be twice
as high as it is currently. Nevertheless, this provides an impressive demonstration
of the importance of spatial differentiation.

Next, the diagonal elements of the damage matrix are added to obtain the damage
profile, then the part corresponding to transport is compared with the value of the
waste incinerator. In this way the damages due to the waste incinerator and the
transport can be compared.

The most obvious result of this environmental damage estimation study for
industrial process chains is that the contribution of transport to the overall damage
increases significantly from Scenario 1 over Scenarios 2 and 3. On the one hand,
this is due to the sharp decrease of the overall damage and, on the other, the decrease
of damage due to the improvement of flue gas treatment is partly compensated for
by the additional transport processes.

From the results of all scenarios it can be seen that the ratio between the damage
due to transport and the overall damage is in the same magnitude for all chosen
indicators in this study (PE and DALY). Whether the contribution of transport to
the overall result is more significant for the population exposure or DALY in the
case of each pollutant depends on the relationship between the toxicity and the mass
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TABLE 7.12
Damage-Assigning Matrix for DALY (Egalitarian)?

Class

IIT As
1B®
I A®
I B®
III A®
IV A®
IV B®
HUY
z77°
Soe
GUb
Mb

dyear.year/kg
*hyguee = 5 M
cas NMVOC
das NO,
cas NO,
fas SO,
#hye = 50m

Pollutant

As BaP Cd PM 10 Ni NO, SO, (O (oX Nitrate® Sulfatef
54x10%  32x102% 65x10* 1.7x10* 12x10* 1.8x10° 6.1 x10° 1.0 x 10¢ 41x107  45x10° 3.7 x 1073
1.5x103 89x102 18x10* 64x10% 34x10* 83x10° 2.1x103 1.0 x 10¢ 41x107  45x10° 3.6 x 10
1.3x103 77x10% 1.6x10* 54x10% 30x10* 59x10° 1.8x103 1.0 x 10¢ 41x107  45x10° 3.6 x 10
91x10% 53x102% 11x10* 34x10* 21x10% 40x10° 12x107° 1.0 x 10¢ 41x107  45x10° 3.6 x 10
79 %104  46x102% 95x10* 29x10* 1.8x10*% 3.1x10° 1.0x107 1.0 x 10¢ 41x107  45x10° 3.6 x 10
6.6x10% 38x102% 79x10* 22x10* 15x10* 23x10° 8.0x10° 1.0 x 10¢ 41x107  45x10° 3.6 x 10
49 %104 28x102% 59x10* 14x10* 11x10* 1.6x10° 54x10° 1.0 x 10¢ 41x107  45x10° 3.6 x 10
26x 104 15x102%  3.1x10* 34x105 58x10* 44x107 1.7x10° 1.0 x 10¢ 41x107  45x10° 3.6 x 10
39x10%  22x102  46x10* 9.6x10° 87x10* 12x10° 3.7x10° 1.0 x 10¢ 41x107  45x10° 3.6 x 10
24x10%  14x102% 29x10* 27x105 55x10* 3.6x107 1.5x10° 1.0 x 10¢ 41x107  45x10° 3.6 x 10
26x 104 15x102%  3.1x10* 34x105 58x10* 44x107 1.7x10° 1.0 x 106 41x107  45x10° 3.6 x 10
26x103 15x10!0  3.1x103 11x103 58x10% 13x10° 3.8x107° 1.0 x 106 41x107  45x10° 3.6 x 10
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TABLE 7.13

Damage Matrix with DALY (Egalitarian) for Scenario 1

MSWI
III A¢ 36.12
I B® 55.17
II A® 50.97
II B 42.73
III A® 40.54
IV A® 37.77
IV B® 34.46
HUY 29.81
77° 32.38
Soe 29.53
GU 29.81
MP 76.05
ayear/(kg/year)
Phy e =5 M
¢ hyuq = 50 m.

0.01

0.01
0.01
0.00
0.96
0.02
0.05
0.04
0.19
0.03
0.08
0.09

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.01

0.01
0.02

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02

0.00
0.01
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01

0.83
1.34
1.22
1.01

0.88
0.80
0.69
0.75
0.68
0.69
1.87

0.02
0.03
0.03
0.02
0.02

0.02
0.01
0.02
0.01
0.01
0.04

Transport

0.06
0.09
0.08
0.07
0.06
0.06

0.05
0.05
0.05
0.05
0.12

0.05
0.08
0.07
0.06
0.06
0.05
0.05

0.05
0.04
0.04
0.11

0.21
0.35
0.31
0.26
0.25
0.23
0.21
0.18

0.18
0.18
0.48

0.04
0.06
0.05
0.05
0.04
0.04
0.04
0.03
0.03

0.03
0.08

0.10
0.16
0.15
0.12
0.12
0.11
0.10
0.08
0.09
0.08

0.23

0.04
0.07
0.06
0.05
0.05
0.04
0.04
0.03
0.04
0.03
0.03
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of pollutants emitted. The more toxic a substance is, the higher is the increase in
DALY.

From the results using the endpoint indicators derived in this study on the one
hand, and the HTP on the other hand, it seems that the HTP concept underestimates
the environmental importance of transport. Although the share of transport in Sce-
nario 1 is 2.1/1.7% for HTP (CML/EDIP), it is between 3.2 and 4.2% for the endpoint
indicators derived in this study. Although the share of transport for the endpoint
indicators reaches between 17.1 and 19.6% in Scenario 2, the share for HTP is still
quite small (12.0/5.8%). However, the CML approach is closer to the results obtained
by the endpoint approach than the EDIP approach. The gap widens even more in
Scenario 3: (35.5/20.7%) for HTP and 44.1 to 49.2% for the endpoint indicators,
respectively.

The reason for the differences between the results for the HTP and the endpoint
indicators is clear. The studied HTP methods consider the fate of the substances,
but do not include exposure information. The environmental impact of transport is
highly dependent on the location where it takes place, so the deviation from the
HTP results is obvious. The results using the impact indicators of this study, however,
show the limits of the ecological benefits of a further technical improvement of the
flue gas cleaning. Scenario 3 indicates a clear overall reduction; however, it shows
also that nearly half of the overall environmental impact is due to transport. There-
fore, further technical improvement at the waste incinerator should only be carried
out if transport does not increase significantly, which would worsen the overall
environmental efficiency of the process chain.

It has been found that the chosen HTP methods underestimate transport in this
case study and, therefore, does not identify very well the differences in the environ-
mental impact for the two different processes considered. Figure 7.9 shows the
results for all three cases — differentiated in waste incinerator and transport — for
the population exposure, DALY (egalitarian) and HTP (EDIP).

The HTP indicators may be misleading in the comparison of the absolute envi-
ronmental burden as well. For instance, if significant reductions only happen in
regions with a low population density and high wind speeds (the factors that account
for a low population exposure), the reduction for the endpoint indicators derived in
this study will be rather small, while the HTP indicators will identify significant
reductions. It can therefore be concluded that the use of endpoint indicators as
derived in this study is beneficial with respect to a gain of information for both
purposes: the comparison of different scenarios and the comparison of different
processes within one scenario.

7.7.7 UNCERTAINTIES IN THE APPLIED FRAMEWORK

Essential for the validity of the presented application of site-dependent impact
assessment is the question of whether the uncertainties introduced are justified by
the gain of information in comparison to the traditional impact potential used in
LCIA. In this context, it must be highlighted that the methodology described in this
chapter should be seen as a balance between the uncertainties introduced on the one
hand and the handiness and feasibility of the applied method on the other. In general,
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FIGURE 7.9 Results of the case study for all three scenarios for the population exposure —
PE, DALY (egalitarian) and HTP (EDIP), where SIRUSA stands for the MSWI process.
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it can be said that the larger the amount of data available, the lower the uncertainty
behind the damage estimates is.

7.7.7.1 Goal and Scope Definition and Inventory Analysis

In the goal and scope definition, subjective elements exist in the form of the selection
of the functional unit, which implies whether benefits are (or are not) given for
avoided environmental loads. Moreover, the selection of the cut-off criteria for the
system boundaries and the dominance analysis can influence the outcome. It is only
possible to address these uncertainties and influences by sensitivity analysis and the
use of scenarios for the different options.

In the inventory analysis, the main types of uncertainties and variability analyzed
by Monte Carlo simulation in Chapter 5 are those referring to parameters, including
frequency of sampling, method of measurement (continuous on-line, or from time
to time by more or less sophisticated analytical methods) and homogeneity of fuels.
For the exactness of the modular process model, as for all process simulations, the
adequate estimation of physical properties that are not well established is crucial.
The estimations are taken from the publication of Kremer et al. (1998), so the quality
depends on the values proposed by these authors.

7.7.7.2 Dominance Analysis and Spatial Differentiation

The dominance analysis adds a level of uncertainty by reducing the media, environ-
mental loads and processes considered. However, it improves the relevance of the
remaining information for further assessment.

With respect to the spatial differentiation, it should be said that the area under
study, Catalonia, is rather small (compared to other administration units like Spain,
European Union, or the U.S.). Therefore, a statistical reasoning is per se limited due
to the restricted area. Therefore, the determination of class limits with respect to the
administrational units and settlement structure, and according to meteorological
conditions, must be done with special care.

The problem with choosing the outer boundaries of the classes (in this case
provinces and districts) is that information on dispersion conditions (wind speed)
as well as on the settlement structure (population density) is not always bound to
administrational units. Meteorological conditions are particularly subject to geo-
graphic situations such as topography or latitude, while administrational units are
generally linked to settlement structures. For instance, the district of Barcelones
comprises the city of Barcelona with a few other municipalities and represents an
urban district in an agglomerated region.

However, not all district boundaries delimit the settlement structure that clearly.
For example, the Tarragones district (central city in rural region) comprises the city
of Tarragona as well as rural municipalities, which contradicts the definition of each
class. Administrational units also depend on history and political decisions because
determination of the limits of the municipalities usually is not a recent decision.
Thus, the choice of administrational units is problematic in terms of how
representative settlement and dispersion conditions are. However, these limits are
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chosen because data are usually available for these administrational units; population
data are available for municipalities, districts and provinces.

7.7.7.3 Fate and Exposure Assessment

Comparing the parameter uncertainty and variability involved in the LCI in relation
to the impact pathway analysis (IPA; see Chapter 5) shows that uncertainties in the
fate and exposure assessment as well as in the consequence/effect analysis are more
important than those in the LCI analysis. This is due to the dose-response and
exposure—response functions, weighting schemes, and fate models. Examples of fate
models used in this study include dispersion software, multimedia models and long-
range transport programs (as included in integrated impact assessment models).

The program BEEST, as well as EcoSense, was primarily developed for the
calculation of concentration increments due to power plant emissions. This work,
however, applies these programs also for lower stack heights and volume flows (in
the case of BEEST) in order to make the method applicable to a wider range of
industrial process chains. In this case particularly, in order to include transport
processes, several assumptions are needed. Unfortunately, the uncertainties cannot
be quantified.

In general, the uncertainties related to Gaussian dispersion models are important;
they are rather simple descriptions of quite complicated natural processes. Because
substance data influence the dispersion of pollutants, uncertainties in these data are
directly introduced into the results of the damage estimations. Another major source
of uncertainty related to the fate models used is the choice of the modeling area and
the grid size of the dispersion programs. In the long-range transport program WTM,
the overall modeling area is confined to Europe (Eurogrid as implemented in
EcoSense); a contribution to the population exposure from outside is neglected. An
outside contribution is related to North Africa, which lies close to Spain, but which
is not included in the Eurogrid. The outside contribution cannot be quantified,
however. Because the long-range exposure does not depend very much on local
variations, the resolution of 100 x 100 km seems to be appropriate for the use of
Gaussian dispersion models. The grid for BEEST calculations is chosen so that the
proximity of the stack (where the concentration increment is very sensitive to the
distance from the stack) is described quite well without increasing the uncertainties
for greater distances from the stack up to 100 km.

In the case of the site-dependent impact assessment study, with respect to the
BEEST program, it has been seen that the outcome for I, is highly sensitive to the
volume flow and the mass flow chosen. Although EcoSense allows the introduction
of any mass or volume flow and still leads to the same results for I, the volume
flow and the mass flow must be determined carefully for BEEST calculations. The
volume flow is derived as a function of the stack height from the evaluation of
several industrial processes. The mass flow is derived from the volume flow and the
thresholds for emissions of waste incinerators that apply in Catalonia. It must be
stated, though, that the assumption for the volume flow is based only on a small
number of industrial processes and that the used threshold is a political value.
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As performed by Nigge (2000), the calculation of the effective emission height
h., which includes the physical stack height as well as information about stack
temperature and volume flow, may resolve these problems of uncertainties. For this
reason, h.; is provided in this study as well. If the impact indicators are given for
h.g, the results may be applicable to all kinds of industries under the condition that
the stack height, volume flow and temperature are known. Moreover, it should be
stated that a large variety of algorithms can calculate the effective emission height
for different purposes. Generally speaking, it seems to be difficult to find one
procedure of resolving these problems in defining source characteristics. This
requires further research.

Another important source of uncertainty for the numerical results of the site-
dependent human health impact factor for Catalonia is the fact that the models
ISCST-3 in BEEST (short-range) and WTM in EcoSense (long-range) may be in
poor accordance in terms of dispersion. As stated earlier, the dispersion results for
BEEST are highly sensitive to the source characteristics. Moreover, these charac-
teristics must be chosen so that the results at the outer boundary comply with the
results calculated by the EcoSense modeling area that begins there. This is especially
difficult because the EcoSense program calculates concentration increments for the
grid cells as a whole, i.e., the actual concentration at the modeling boundary with
the BEEST program cannot be determined. This means that, if the source charac-
teristics for BEEST are chosen “wrong,” the overall outcome of I, would be
erroneous because the EcoSense model is not adapted to the source characteristics
introduced in BEEST.

A related problem is that higher wind speeds usually lead to lower values of
I,..- One may suppose that at least parts of the substances are therefore going into
long-range transport covered by the Eurogrid of EcoSense. Thus, I;,. should increase
but EcoSense is not able to take this problem into account because it provides a
coherent set of meteorological data for every grid cell in Europe and is usually not
applied in combination with other models. This leads to lower values of I, for
higher wind speeds, which is accepted because one may suppose that the population
density outside Catalonia is smaller. For this reason an enhanced long-range transport
due to higher wind speed leads to lower values of I, because the increase in long-
range exposure is smaller than the decrease in short-range exposure. However, this
is only a theoretical reasoning because no change in I, can be observed.

The same problem applies to the stack height. Although the height has a great
influence on the outcome for the short-range modeling (because it is assumed that
the higher the stack, the more pollutants go into the long-range transport), the results
for long-range modeling are quite insensitive to stack height. The longer the atmo-
spheric residence time of the pollutant is, the greater the uncertainties to which
problems related to wind speed and stack height lead. A pollutant with a short
atmospheric residence time is deposited and decays mostly in the short-range mod-
eling area, while a pollutant with a longer atmospheric residence also accounts for
a significant long-range exposure and is therefore subject to greater uncertainties
with respect to wind speed and stack height.

Moreover, the local population exposure subtracted from the population exposure
in the EcoSense area cannot be compared to the results of I, because I, is much

near near
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more differentiated with respect to meteorological conditions and population density
than the EcoSense results for each grid cell. Therefore, compliance between BEEST
and EcoSense is not achievable by saying that the population exposure subtracted
by EcoSense must be equal to the I, results.

In multimedia models for ERA, additional sources of uncertainty must be con-
sidered — in particular, site characteristics and transfer factors for transport among
media. The site characteristics include human life-styles because different diets and
media composition show important variations from one site to another.

The evaluation of the dispersion conditions of pollutants in air has been carried
out using meteorological data of a limited number of years (site-specific assessment)
and measurement stations (site-dependent assessment). The meteorological condi-
tions are strongly determined locally and therefore a reduction of data always
increases the uncertainties. Also, a smaller number of years and stations makes the
results less representative for the site or Catalonia as a whole. However, the derivation
of the meteorological data files in this study has been carried out on this basis
because no more data were available. Of course, the statistical evidence would
increase if more data were available; however, for pragmatic reasons, the limited
number of data was accepted.

If one considers the derivation of the statistical meteorological data files by
Harthan (2001) mentioned in Section 7.4.1, it must be said that the formation of
classes of wind speed (0 to 2 m/s, 2 to 3 m/s and 3 to 4 m/s) has not been undertaken
according to statistical reasoning. The limits of these classes are chosen according
to the limits defined by the Deutscher Wetterdienst (DWD) and constitute a good
compromise between the concept of classes and the meaningfulness of the classes.
If broader class limits were chosen, the handiness of the results would increase
because the overall number of classes would be reduced. However, this would lead
to a large variation of actually occurring wind speeds within each class, i.e., the
statistical determination of the classes — describing the wind speed of all locations
lying in this class with a reasonable standard deviation — would no longer be well
founded. If narrower class limits were chosen, this would lead to a smaller standard
deviation within each class and would therefore decrease the uncertainties. Never-
theless, the number of classes would increase and the number of districts lying in
each class would decrease and a statistical reasoning combining several districts in
one class would no longer be possible. The class limits chosen here seem to be
appropriate because they allow a minimum differentiation of wind speed (into three
classes), but still with a reasonable number of districts per class.

Neglect of terrain elevations and precipitation is necessary in the site-dependent
impact assessment due to the absence of statistical reasoning for this parameter;
nevertheless, this leads to uncertainties. In particular, the concentration increment
of particles calculated is overestimated because wet deposition is not considered.
An evaluation of different temperatures has led to the conclusion that the results for
the concentration increment are not sensitive to temperature. Therefore, it is valid
to choose the country average for all data sets and throughout the whole year. The
neglect of wind direction leads to uncertainties, especially on a local level, because
wind direction strongly influences dispersion on that level. However, in order to
form class averages accounting for several wind directions, the neglect of wind
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directions is assumed to be valid. The height of the mixing layer is calculated
according to VDI 3782/1, which is a German guideline on dispersion modeling. The
uncertainties introduced are therefore considered to be small. The surface roughness
is chosen as one value for the whole of Catalonia as a rural value, which is assumed
to be a good estimate for the general settlement structure of Catalonia.

Classes according to the population density are formed. It is argued that the
statistical basis is good enough to calculate the radial population density and that
it is valid to use an interval of 10 km for the annuli considered because the biggest
municipality in Catalonia has a smaller surface. However, reducing the resolution
outside Catalonia to the district level increases the uncertainties. It is assumed that
this is a reasonable procedure because it only concerns a limited number of
adjacent districts to Catalonia and, with respect to working loads, this is a feasible
way.

7.7.7.4 Consequence and Effect Analysis

One of the most important sources of uncertainties relates to the dose—response and
exposure—response functions of pollutants further described in Chapter 4. These
functions determine the consequence and effect analysis. Therefore, uncertainties
due to these functions directly apply to the endpoint-related indicators or damage
estimates (physical impacts such as cancer cases, as well as YLD, YOLL, DALY
and external environmental costs). If one wants to avoid these uncertainties, the
impact indicators can be applied as “pressure on human health.” However, in order
to take into account the differences in the toxicity of the pollutants and sensitivity
to human health, dose-response and exposure-response must be considered. For
instance, the EcoSense database offers a variety of dose-response functions that can
be chosen according to the value preferences of the user and which show huge
relative differences. More functions can be obtained from other public health or
environmental authorities.

YLD, YOLL, DALY and external environmental costs are determined by sub-
jective judgment that directly influences the outcome. In order to increase the
transparency and reduce the subjective influence by the methodology developer, this
work offers several options. For uncertainties about YLD, YOLL and DALY values
for several pollutants, see Hofstetter (1998). For more information on uncertainties
in the evaluation of external environmental costs, see the EC (2000).

7.8 QUESTIONS AND EXERCISES

1. Why is a differentiation between near (<100 km) and far (>100 km)
necessary for the impact assessment in the case of air emissions?

2. How is the fate analysis carried out for the presented site-dependent
approach?

3. Explain how the exposure analysis is performed for the presented site-
dependent approach.
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4. What are the advantages and disadvantages of the presented effect analysis
approaches?

5. Describe the procedure on how to apply site-dependent impact assessment
in the framework of the overall methodology introduced in Chapter 6.

6. Discuss whether there are limits for the usefulness of end-of-pipe tech-
nologies in light of the results in the case study on the installation of
different levels of advanced gas treatment systems.

7. What are considered to be the main uncertainties in environmental damage
estimations for industrial process chains? What are the next steps ahead
to reduce them?

8. Calculate the incremental damage caused in air by the emissions to air of
200 kg of a pollutant with a fate and exposure factor F "4 = 2.5 X 10
and an effect factor E "= 1.2 X 10°.

9. Calculate the DALY for the egalitarian case and external cost of discount
rate = 3% per person for a PM,, emission increment of 2 X 10° pug/m?3.

10. The incremental exposure per mass of pollutant for the population of an
urban area of Massachusetts with a population density p, = 550 per-
sons/km?, is Typ,scacnusens = 0-18. Calculate the incremental receptor exposure
per mass of pollutant in a farming area of New Hampshire with a popu-
lation density p, = 90 persons/km?.
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8 Applications of
Environmental Impact
Analysis in Industrial
Process Chains

With the contributions of
Julio Rodrigo, Montserrat Meneses,
and Haydée Andrea Yrigoyen

8.1 INTRODUCTION

In this chapter, the methodologies explained previously will be applied in three other
cases. These examples are pilot studies to further show the potential for integration of
the tools for the life-cycle and site-specific impact assessment described in the book.
We note the academic character of the projects, but we wanted to include them to
demonstrate the strategy outlined in Chapter 6 for cases other than waste incineration.

In the first example, life-cycle assessment (LCA) and risk assessment are applied
to the case of the landfill activity of mixed household solid waste. The use of the
WISARD (waste integrated systems assessment for recovery and disposal) software
model (Ecobalance, 1999) and database made it possible to perform the inventory
analysis and impact assessment phases of the LCA. In the risk assessment, the
ISCST-3 Gaussian dispersion model (U.S. EPA, 1995) was used for the calculation
of the considered substance concentrations in the region; the CalTOX™ multimedia
exposure model (DTSC, 2002) was used as well to evaluate the human health risk.

The second case shows the life-cycle assessment of a universal remote for
television and video using the EIME (environmental information and management
explorer) software model (Ecobalance, 1998) for the inventory analysis and impact
assessment phases. The limits of site-specific studies are discussed in the context of
this case study.

In the third case, an environmental impact analysis of an industrial separation
process including life-cycle assessment, environmental risk assessment and impact
pathway analysis is carried out. In this case, TEAM™ (tool for environmental
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analysis and management), an LCA software (Ecobalance, 1997), was applied to
the potential impact assessment for the inventory analysis and impact assessment,
while CalTOX and the integrated assessment model Ecosense (IER, 1997) were the
tools used for the site-specific assessment.

8.2 EXAMPLE 1: LANDFILLING OF MIXED
HOUSEHOLD SOLID WASTE (MHSW)

8.2.1 INTRODUCTION

Landfilling of mixed household solid waste (MHSW) was chosen as the first example
for its similarity to the case study “Waste Incineration.” The first applications example
stems from the same life-cycle stage as the case study of the previous chapters:
“Recycle — Waste Management.” A further description of the typical features of that
stage for a life-cycle assessment study can be found in Ciambrone (1997).

Landfill traditionally has been the most widely used method of waste treatment.
However, the practice of landfilling has shown that the disposal of wastes that have
not been pretreated causes emissions corresponding to those of a bioreactor. These
emissions are considered high risk whereas landfills are ranked as the worst option
in the waste hierarchy according to the pollution-preventing principle described in
Chapter 1. In modern landfills the emissions are collected and treated as much as
possible by biogas combustion and leaching effluents purifications.

In this example, an LCA is performed for an average Spanish landfill; then, a
risk assessment is carried out for the substance that has the highest potential danger
according to the human toxicity indicator used in the life-cycle impact assessment
(LCIA). A fictitious site has been designated for this example which can be under-
stood as a fully developed exercise for the sequence life-cycle assessment, dominance
analysis for human toxicity potential and environmental risk assessment.

8.2.2 LCA ror LANDFILLING OF MiXeD HousEHOLD SoLipD WASTE

8.2.2.1 Introduction

A case study of an LCA concerning the treatment of 50,000 t of mixed household
solid waste (MHSW) in a medium-size Spanish landfill is performed. The data of
the inventory include the consumption of raw materials and energy through the use
of containers, collection and transport of wastes and the management of the landfill,
and the corresponding emissions to air, water and soil. The following nine envi-
ronmental impact categories have been considered in the impact assessment phase
of the LCA: water eutrophication; depletion of nonrenewable resources; air acidi-
fication; greenhouse effect; aquatic eco-toxicity; human toxicity; terrestrial eco-
toxicity; depletion of the ozone layer; and photochemical oxidant formation. The
software model and database WISARD®! (waste integrated systems assessment for
recovery and disposal) of Ecobalance Price Waterhouse & Coopers, mentioned in
Chapter 2, has been used in the inventory analysis and impact assessment phases
of the LCA (Figure 8.1).
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FIGURE 8.1 The software model and database WISARD.

8.2.2.2 Goal and Scope Definition

In this case study, the LCA methodology is applied to the treatment of MHSW in
a typical medium-size Spanish landfill in order to evaluate the environmental impact
of landfilling through the entire life-cycle associated with this waste management
activity. Wastes have been considered the main input to the system; 50,000 t of
MHSW produced and landfilled annually in the studied area are considered the
functional unit of the LCA. Figure 8.2 shows the flow diagram of the system studied
with the corresponding main inputs and outputs considered.

Free discharge
(50%)

Biogas
generation

3
Combusted in

flame (50%)

—>| Containers |_>| Collection |—>| Transport |—b| Landfill |

Energy —>
MHSW
Raw —
Materials

Free discharge

|—> (20%)
4

Leachate
production

|_> Biological

treatment (80%)

» Emissions to Air

—>» Emissions to Soil

—> Emissions to Water

FIGURE 8.2 Flow diagram of landfilling activity.
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8.2.2.3 Inventory Analysis

The considered landfill is situated in Spain. To carry out the inventory analysis, real
and bibliographic Spanish data have been considered. For the collection data, the
following main steps have been taken into account: use and maintenance of waste
containers, collection and transport of wastes from the point of generation to the
landfill, and management of the wastes in the landfill with partial (50%) collection
and flaring of the generated biogas and with partial (80%) collection and biological
treatment of the produced leachate.

The following section and Table 8.1 through Table 8.4 summarize the main input
data introduced into the software for characterizing, from an environmental point
of view, all the elements directly and indirectly implicated in the landfilling activity
(containers, vehicles, landfill and MHSW).

Containers:

General — capacity: 1.1 m?; lifetime: 6 years; and container load rate: 75%
Composition — HDPE: 59 kg; steel: 4 kg; rubber: 1.5 kg; and aluminum: 0.5 kg
Cleaning — frequency: 1 per week; water: 30 1; and cleaning product: 0.07 kg

Collection and transport vehicles:

General — load: 21.5 m?; compacting ratio: 6.5%; lifetime: 185,000 km; collection:
daily

Vehicle body composition — steel: 13 t; PP: 500 kg; aluminum: 250 kg; glass: 50 kg

Cleaning — frequency: 15 times/1000 km; water: 300 1; cleaning product: 5 kg

Diesel consumption — collection: 116 1/100 km; transport: 50 1/100 km

Average distances — collection: 9 km; transport: 18 km

Oil consumption — motor oil: 108 1/10,000 km; hydraulic oil: 165 1/10,000 km

Landfill:

General — tonnage stored: 4167 t/month; total storage capacity: 2,000,000 m?

Construction — clay: 19,000 t; sand and gravel: 12,000 t; HDPE: 150 t; diesel:
30,000 1

TABLE 8.1
Characterization and Composition of MHSW

Weight (%) Density (kg/m?) Moisture (%) Biogas (kg/kg)

Organics 37.62 600 77.50 0.63
Paper/cardboard 21.01 183 22.32 0.29
Glass 8.21 300 1.84 0
Plastics 15.81 20 22.50 0
Metals 5.31 83 7.70 0
Others 12.04 94 20.93 0.18
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TABLE 8.2

Vehicle Emission Factors during Collection and Transport?

Flow During collection

Ammonia (NH;) 1.2
Carbon dioxide (CO,) 306,240
Carbon monoxide (CO) 1,983
Methane (CH,) 19
Nitrogen oxides (NO,) 4,420
Nitrous oxide (N,O) 131

Non methane hydrocarbons 726
Particulates 415

Sulfur oxides (SO,) 88

aGrams per 100 km.

During transport

0.5
132,000
855
8
1,905
57
313
179
38

TABLE 8.3
Main Biogas Air Emissions of MHSW?

Flow Biogas free discharge
Carbon dioxide (CO,, biomass) 126,977
Carbon monoxide (CO) 73.8
Hydrocarbons (CxHy) 176.3
Methane (CH,) 39,332

Nitrogen oxides (NO,) _
Sulfur oxides (SO,) _

2Grams per tonne.

Biogas combusted in flare

199,150
89.4
97.0
10.6

3.7

TABLE 8.4
Main Leachate Composition of MHSW?

Flow

Ammonia (as N)

BOD; (biochemical oxygen demand)
Chlorides (CI)

Metals

Nitrate (NO*)

Nitrite (NO%)

Phosphates (as P)

Potassium (K*)

Sodium (Na*)

Sulphates (SO,*)

2Grams per tonne.

Leachate free discharge

280.4
1224.6
1010.4

149.6

1.4
0.3
0.3

345.1

618.7

117.2
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Operation (per month) — sand: 350 t, electricity: 2250 kWh; diesel: 4500 I; oil 100 1
Biogas — free discharge: 50%; combusted in flare: 50%

Leachate — total production: 55 I/t; free discharge: 20%; biologically treated: 80%
Final capping — clay: 13,500 t; top soil: 6000 t; diesel: 13,500 1

After introducing the previously presented input data in the software model
(WISARD), the eco-balance or inventory of the landfilling activity studied (50,000
t of MHSW) has been automatically calculated. The complete inventory was inte-
grated by 307 environmental loads (inputs and outputs): energy and raw materials
consumed and emissions to air, water and soil. The main inputs and outputs of the
system that contribute more than 5% in any of the environmental impact indicators
subsequently considered are shown in Table 8.5.

8.2.2.4 Impact Assessment

To carry out this phase of the LCA case study, the following nine impact categories
have been considered: water eutrophication (WE), depletion of nonrenewable
resources (DNRR), air acidification (AA), greenhouse effect (GE), aquatic eco-
toxicity (AE), human toxicity (HT), terrestrial eco-toxicity (TE), depletion of the
ozone layer (DOL) and photochemical oxidant formation (POF). The specific envi-
ronmental impact indicators used in each of the environmental impact categories
mentioned are shown in Table 8.6.

The environmental loads (inputs and outputs) previously inventoried have been
classified under their corresponding environmental impact indicator, following the
classification criteria specified in these indicators. Characterization factors have then
been used to prioritize the environmental loads or, in other words, to quantify the
potential contribution of each environmental load in the different impact indicators.
These characterization factors are pre-established for each impact indicator. Finally,
the corresponding potential contributions have been determined by multiplying the
mass of the environmental loads in the inventory by these factors (for example,
54,533 g trichloroethane x 1200 g equiv. of 1-4-dichlorobenzene/g trichloroethane
= 65,439,600 g equiv. of 1-4-dichlorobenzene).

The inventoried environmental loads are classified under their corresponding
impact indicators with their respective characterization factors in Table 8.7. The total
potential contribution of each environmental load in each impact category, as well
as its corresponding contribution percentage for the four stages of the landfilling
activity (containers, collection, transport and landfilling), are presented.

8.2.2.5 Interpretation

As can be seen in Table 8.8 and Figure 8.3, landfilling is the stage that contributes
more to WE, AA, GE, AE, HT, DOL and POF, indicators being the transport of
wastes to the landfill, the main contributor to DNRR and TE indicators.

Direct and indirect consumption of scarce natural nonrenewable resources con-
tributes significantly to DNRR indicator. During the construction of vehicle bodies
for collecting and transporting wastes to the landfill, these scarce raw materials are
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TABLE 8.5

Inventory of Landfilling Activity?

Flow

(r) Natural gas (in ground)

(r) Oil (in ground)

(r) Phosphate rock (in ground)
(r) Zinc (Zn, ore)

(a) Aromatic hydrocarbons (unspecified)
(a) Cadmium (Cd)

(a) CEC 12 (CCLF,)

(a) Ethylene (C,H,)

(a) Hydrocarbons (except methane)
(a) Lead (Pb)

(a) Mercury (Hg)

(a) Methane (CH,)

(a) Nitrogen oxides (NO, as NO,)
(a) Sulfur oxides (SO, as SO,)

(a) Trichloroethane (1,1,1-CH;CCl;)
(a) Zinc (Zn)

(w) Ammonia (NH,*, NH;, as N)
(w) Cadmium (Cd+)

(w) Chromium (Cr III)

(w) Mercury (Hg*, Hg*")

250,000 t MHSW.

Units

kg
kg
kg
kg

g 0q O0q 09 O3 09 09 O3 O3 O3 O3 O3 O9 09 O OQ

TOTAL

26,749
194,463
16,148
289

783,231
24

46,624
1,727,757
2,512,440
635

10
989,662,857
8,504,624
1,209,893
54,533
2,899
2,834,934
171

1,074

65

(r): natural resources; (a): emission to air; (w): emission to water.

Inputs

Outputs

Containers

9,526
8,935
0

18

687
6,211
34

2
105,419
122,639
83,348
0

184

166

10

1

62

Collection

3,896
64,523
1

90

37

7

0

1,249
899,164
193

3
2,198,955
2,944,386
251,866
0

898

5,243

5

3

0

Transport

5,024
58,819
1

180

74

12

0

1,316
801,240
380

5
2,063,482
2,629,864
333,398

0

1,791
4,590

5

5

1

Landfilling

8,303
62,186
16,147

0

783,115

4

46,624
1,724,505
805,825
27

1
985,295,000
2,807,735
541,280
54,533

26
2,824,935
151

1,065

2
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TABLE 8.6
Environmental Impact Categories and Indicators Used in WISARD

Acronym Category Indicator — source (year)
WE Water eutrophication CML (water) — CML Leiden University (1992)
DNRR Depletion of nonrenewable EB (R*Y) — Ecobalance USA (1998)
resources

AA Air acidification ETH (air acidification) — Swiss Federal Institute of Technology,
Zurich (1995)

GE Greenhouse effect IPCC (direct, 20 years) — International Panel on Climate Change
(1998)

AE Aquatic ecotoxicity USES 1.0 — CML Leiden University (1996)

HT Human toxicity USES 1.0 — CML Leiden University (1996)

TE Terrestrial ecotoxicity USES 1.0 — CML Leiden University (1996)

DOL Depletion of the ozone layer WMO (average) — World Meteorological Organization (1998)

POF Photochemical oxidant formation WMO (average) — United Nations Economic Commission for

Europe (1991)
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TABLE 8.7

Impact Assessment of Landfilling Activity?

Impacts

Water eutrophication (g eq. PO,)

(w) Ammonia (NH,*, NH;, as N)

Depletion of nonrenewable resources (yr')

(r) Zinc (Zn, ore)

(r) Oil (in ground)

(r) Natural gas (in ground)

(r) Phosphate rock (in ground)

Air acidification (g equiv. H*)

(a) Nitrogen oxides (NOx as NO,)

(a) Sulfur oxides (SOx as SO,)

Greenhouse effect (direct, 20 years) (g equiv. CO,)
(a) Methane (CH,)

Aquatic eco-toxicity (g equiv. 1-4-dichlorobenzene)
(w) Cadmium (Cd**)

(a) Mercury (Hg)

(w) Chromium (Cr III)

Human toxicity (g equiv. 1-4-dichlorobenzene)

(a) Trichloroethane (1,1,1-CH;CCl;)

(w) Ammonia (NH,*, NH;, as N)

(a) Lead (Pb)

Terrestrial eco-toxicity (g eq. 1-4-dichlorobenzene)
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Characterization
factors

0.42

40.29
0.0557
0.117
0.115

0.0217
0.0313

64

4,500
16,000
84

1,200
17
67000

TOTAL

1,206,626
1,190,672
28,995

11,626

10,832

3,130

1,857

228,251
184,883
37,809
64,802,966,673
63,338,422,828
1,157,851
769,211
161,391
90,228
173,132,057
65,439,600
48,193,881
42,548,314
6,271,415,948

Containers

(%)

0.2
0.0
8.6
6.4
4.6
35.6
0.0
2.3
1.4
6.9
0.1
0.0
7.8
6.1
17.6
0.1
2.1
0.0
0.0
5.4
13.3

Collection
(%)

0.5
0.2
27.9
31.2
332
14.6
0.0
31.6
34.6
20.8
0.6
0.2
7.7
2.8
25.1
0.3
9.3
0.0
0.2
30.4
27.0

Transport

0.7
0.2
40.8
62.4
30.2
18.8
0.0
29.9
30.9
27.6
0.6
0.2
124
2.7
48.5
0.5
16.8
0.0
0.2
59.9
46.7

Landfilling

(%)

98.6
99.6
22.7
0.0
32.0
31.0
100.0
36.2
33.0
44.7
98.7
99.6
72.1
88.4
8.7
99.2
71.8
100.0
99.6
4.3
13.1
-- continued



TABLE 8.7 (CONTINUED)
Impact Assessment of Landfilling Activity?

Characterization

Impacts factors
(a) Cadmium (Cd) 130,000,000
(a) Zinc (Zn) 660,000
(w) Mercury (Hg*, Hg**) 8,200,000
Depletion of the ozone layer (average) *
(g equiv. CFC-11)
(a) CFC 12 (CCLF,) 0.82
Photochemical oxidant formation (average) *
(g equiv. ethylene)
(a) Methane (CH,) 0.007
(a) Ethylene (C,H,) 1
(a) Hydrocarbons (except methane) 0416
(a) Aromatic hydrocarbons (unspecified) 0.761

250,000 t MHSW.
(r): natural resources; (a): emission to air; (w): emission to water.

TOTAL

3,159,589,505
1,913,290,536
532,756,761
40,031

38,231
11,687,352

6,927,640
1,727,757
1,045,175

596,039

Containers
(%)

39
6.4
95.5
0.0

0.0
0.8

0.0
0.0
0.2
0.0

Collection
(%)

30.3
31.0
0.5
0.4

0.0
3.6

0.2
0.1
35.8
0.0

Transport
(%)

49.8
61.8
1.0
0.3

0.0
32

0.2
0.1
31.9
0.0

Landfilling
(%)

16.0
0.9
3.0

99.3

100.0
92.5

99.6
99.8
32.1
100.0
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TABLE 8.8
Stages’ Contribution (%) in Each Impact Indicator

Impacts Containers Collection Transport Landfilling
WE 0.2 0.5 0.7 98.6
DNRR 8.6 279 40.8 22.7
AA 23 31.6 29.9 36.2
GE 0.1 0.6 0.6 98.7
AE 7.8 7.7 12.4 721
HT 2.1 9.3 16.8 71.8
TE 13.3 27.0 46.7 13.1
DOL 0.0 0.4 0.3 99.3
POF 0.8 3.6 32 92.5
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FIGURE 8.3 Stages’ contribution (%) in each impact indicator.

directly and indirectly consumed (e.g., zinc, oil, natural gas, etc.), transport and
collection of wastes being the main contributors to this indicator.

Free discharge of biogas, estimated at 50% of the total generated in the landfill,
and its associated methane air emissions is the main contaminant contributor to the
GE indicator. Biogas is also composed by other contaminants such as CFC 12, which
is the main contributor to the DOL indicator, and ethylene, hydrocarbons and aro-
matic hydrocarbons are the main contributors to the POF indicator. Also, free
discharge of biogas (estimated at 50%) and leachate (estimated at 20%) have other
associated atmospheric and water emissions; the presence of trichloroethane in
biogas and ammonia in leachate are the main contaminant contributors to the HT
indicator and cadmium and chromium in lechate are the main contaminant contrib-
utors to the AE indicator.
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The combustion in a flare of the biogas collected (estimated at 50% of the total
generated) and the consequent air emissions of nitrogen and sulfur oxides are the
main contributors to the AA indicator. Also, significant nitrogen and sulfur emissions
are produced during collection and transport of wastes to the landfill.

The potential risk of leachate free discharges into soil (estimated at 20% of the
total generated) significantly increases the risk of WE; ammonia is the main con-
taminant contributor to this indicator. In the TE indicator, the main contributors are
cadmium and zinc air emissions generated primarily during the construction of
vehicle bodies but also during diesel oil production and its combustion during
collection and transport of wastes. Mercury in water, generated during the container
manufacturing process, is also an important contaminant contributor to this indicator.

As a final comment, it should be mentioned that impact assessment interpretation
is a particularly difficult task in a landfilling activity, mainly because of the temporary
dependence of its environmental consequences. In landfilling, the chemical life of
wastes can be estimated approximately 30 years before being considered an inert
waste, which implies that biogas and leachate emissions will vary in quantity and
composition during this period. In this case study, any emission to air, water and
soil produced along the chemical life of wastes (30 years) has been directly assigned
to the functional unit considered (50,000 t of MHSW).

8.2.3 SELECTION OF POLLUTANT FOR SITE-SPECIFIC IMPACT
ASSESSMENT IN LANDFILLING EXAMPLE

As pointed out in the introduction to this example, a dominance analysis is to be
carried out for the human toxicity indicator. Table 8.7 indicates that the air emissions
of 1,1,1-trichloroethane (C,H;Cl,) contribute most to the human toxicity indicator.
Therefore, the next section presents an exposure risk assessment for 1,1,1-tricholoro-
ethane from landfilling of MHSW.

8.2.4 Risk AsSesSMENT OF THE 1,1,1-TRICHLOROETHANE EMISSIONS
FROM LANDFILLING OF MixeD HouseHoLD SoLiD WASTE

8.2.4.1 Introduction

Pollutants emitted to the atmosphere are transported through it and may subsequently
impact environmental media (i.e., soil, water and vegetation) near the plant, resulting
in a number of potential sources for human exposure. Because the landfill’s emissions
of trichloroethane were the main contaminant contribution to the human toxicity
indicator according to the LCA applied in Example 1.1(Table 8.7 and Section 8.2.3),
the aim of this exercise is to calculate the incremental lifetime risk due to the 1,1,1-
trichloroethane (C,H,Cl;) emission of the landfill of MHSW for the residents living
in the surroundings of the plant. In order to obtain this, the air 1,1,1-trichloroethane
concentrations in the vicinity of the landfill were quantified by application of a
Gaussian dispersion model (ISCST-3). Then, human health risks due to 1,1,1-trichlo-
roethane emissions from the landfill were calculated by application of a multimedia
exposure model (CalTOX).
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8.2.4.2 Air Dispersion Models

Pollutants emitted to the air are dispersed depending on the meteorological condi-
tions, e.g., wind speed and solar radiation, and the characteristics of the region, e.g.,
elevations of the terrain and land use. Accordingly, they occur in the atmosphere in
areas even farther from the emission source.

The atmosphere is the starting medium of the environmental fate and transport
of pollutants of the landfill air emissions. The pollutants are dispersed in the air
depending on the meteorological and topographic conditions in the location of the
emission source and can be transported in the atmosphere over large distances.
However, a portion of the pollutants is deposited in the surrounding area of the
emission source and accumulates in other environmental media such as soil, surface
water or vegetation. If air concentrations of pollutants cannot be determined with
measurements, they can be calculated using air dispersion models, which simulate
the atmospheric dispersion using meteorological and topographic information of the
considered region. In the current exercise, the air dispersion of emitted 1,1,1-trichlo-
roethane was modeled for the surroundings of the landfilling of MHSW. In this risk
assessment, the ISCST3 model, described in Chapter 4, was used to estimate air
concentration dispersion of the 1,1,1-trichloroethane emissions.

8.2.4.3 Data for the ISCST3 Model

ISCST3 is based on a Gaussian plume model (see Chapter 4). It is most common
to compute ambient air concentrations and surface deposition fluxes at specific
receptors near a steady-state emission source. The model is capable of simulating
air dispersion of pollutants from point, area, volume, and line sources. A full descrip-
tion of the ISCST3 model and its algorithms can be found in the ISCST3 User’s
Guide (U.S. EPA, 1995).

The results of the air dispersion model rely on four basic data sets: 1) meteorological
conditions; 2) facility characteristics; 3) location of buildings near the emission sources;
and 4) location of receptors (distance to the emission source and elevation on the terrain).
To calculate the air dispersion of contaminants, the ISCST3 model requires hourly
meteorological data. They include values of 1) wind speed and flow vector; 2) ambient
air temperature; 3) atmospheric stability class; and 4) rural and urban mixing height.

In order to calculate the dry and wet deposition fluxes to the ground, additional
information is needed: 1) friction velocity; 2) Monin—Obukhov length; 3) surface
roughness length; and 4) precipitation code.

The meteorological data used in this exercise contained hourly values of wind
speed and wind direction, ambient temperature, precipitation, and solar radiation.
All further parameters can be calculated using this information. Figure 8.4 shows
the wind rose (distribution of the flow vector) corresponding to the meteorological
data used in this case study. It can be observed that wind blowing from the north is
the most frequent and that wind blowing from the east is strongest. The studied
landfill of MSHW is situated in a zone with a high percentage of calm hours. About
27% of all hourly wind speed values did not exceed 0.1 m/s and the average wind
speed was 2.75 m/s.
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FIGURE 8.4 Wind rose (wind speed and flow vector).

The studied area was defined with an extension of 10 x 10 km, locating the
plant in the middle. A set of topographic data for the studied area, including the
elevations of the terrain, was used. Figure 8.5 shows the topography of the study
area. It can be observed that in the eastern direction, 3 km away from the plant the
terrain presents the most considerable elevation in the area. In the southern direc-
tion, 1 km away from the plant the terrain presents an elevation that, because it is
closer to the plant, can be suspected of affecting the air dispersion of the pollutant
emissions.

A network of 2602 Cartesian receptors (10 x 10 grid) was established to model
the dispersion of pollutants in the entire studied area. The measuring points were
set 200 m apart, representing a total area of 100 km?2. Each receptor was assigned
an elevation based on the topographic map of the region.

The characteristics of the emission source have a high importance to the resulting
air dispersion concentrations of a pollutant. In addition to the dimensions of the
sources — location, surface, height — and the physical characteristics of the emis-
sion flow, the concentrations of pollutants in the emission flow are required by the
ISCST3 model. The landfill is located in the middle of the topographic map; its
dimensions are 173 x 173 x 70 m. The emissions of 1,1,1-trichloroethane, as
explained in the application of the LCA to the landfill of MHSW, were 54,533 g
per year.
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FIGURE 8.5 Topographic map of the study area.
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FIGURE 8.6 Air 1,1,1-trichloroethane concentration (jLg/m?)

8.2.4.4 Air Dispersion Results of 1,1,1-Trichloroethane

This section of the study presents the results of the air dispersion modeling for the
emission of 1,1,1-trichloroethane. The atmospheric distribution of the 1,1,1,-trichlo-
roethane emissions is illustrated in Figure 8.6, which shows the average concentra-
tion of 1,1,1-trichloroethane at ground level in the vicinity of the landfill.

The main wind in the study area is blowing from the north (most frequent; see
the wind rose in Figure 8.4). Therefore, it was expected that the highest air concen-
tration of the pollutants would occur south of the landfill. This prediction was
confirmed by the modeling results. The annual average concentrations southward
were substantially higher than in other parts of the region. However, it can be
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observed that air dispersion in the south was influenced by topography, more con-
cretely by the elevation present 1 km away in the south. On the other hand, it can
be observed that the wind blowing from the southeast influenced the air dispersion
to the northwest direction.

In order to assess the air concentrations of 1,1,1-trichloroethane, medium con-
centrations for the entire study area were estimated. The medium air concentration
of the pollutant was 9.69 x 102 ng/m?; it was estimated with the annual averages
in all 2584 Cartesian receptors representing the study area.

8.2.4.5 Exposure Calculation Model

For the evaluation of the exposure of the population living in the area, a multiple
pathway exposure, transport and transformation model (CalTOX) was used. In
Chapter 4 this model is compared with other multimedia model EUSES. This model
includes modules for the distribution of substances in the environment, exposure
scenario models for humans and the environment, human risk estimation and efforts
to quantify and reduce uncertainty in multimedia. It has been designed to assist in
assessing human exposure, define soil clean-up goals at (uncontrolled) hazardous
waste sites and improve the quality of risk assessment information, especially as
required for regulatory decisions. The models and data sets have been compiled as
Microsoft Excel 4.0 (or higher) spreadsheets. They are available together with
information and documentation via the Internet through various websites.

Each pathway can be included or excluded separately in the calculations, depend-
ing on the scope of the study. The exposure model defines air, drinking water, food,
and soil as the four main sources for human exposure to a substance via different
pathways such as inhalation, ingestion, or dermal contact.

Figure 8.7 shows the eight compartments implemented in CalTOX: air, surface
water, ground water, sediment, surface soil, root-zone soil, vadose-zone soil and plants.
Usually a chemical equilibrium between the phases is assumed. Unidirectional trans-
port is assumed only from soil to water and from upper to lower soil zones, mainly
because of the much higher diffusion speed in these directions compared to the other
direction. The equations used in CalTOX to estimate exposure and risk are taken from
the U.S. Environmental Protection Agency Risk Assessment Guidance for Superfund
(U.S. EPA, 1989) and from the California Department of Toxic Substances Control
(DTSC, 1992a,1992b). They are based on conservation of mass.

The release of a substance can be continuous (to air, water and surface soil) or
a batch process with an initial concentration within deeper soil zones. The exposure
model of CalTOX calculates daily human doses for various pathways (e.g., inhalation
of air, ingestion of soil, milk, meat, etc.) based on daily intake rates and predicted
concentrations in the respective exposure medium. Finally, risk values based on the
doses are calculated.

8.2.4.6 Spatial Scale, Time Scale and Assessable Substances

There is only one spatial scale because CalTOX is intended to be used site specif-
ically (i.e., to assess a specific existing site rather than a big area such as an entire
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FIGURE 8.7 The structure of the CalTOX model with the multimedia transport, the inter-
media transfer and its exposure pathways (DTSC, 2002a).

country). Although it is rather flexible, the assessed area should not be smaller than
1000 m? with a maximum water fraction of 10% of the surface area. Theoretically,
there is no upper limit for the area, but one should keep in mind that “site specific”
means specific for an actual site but not for a country or a continent. However, this
limit is set by the adjustments to the input data. The greater the area is, the more
average (hence less specific) every value necessarily must be and the less site specific
is the entire assessment.

To obtain good results, the time scale should be defined as rather long, preferably
from 1 year to decades. If shorter periods are assessed properly, time-averaged
landscape properties must be employed. Obviously, CalTOX has not been designed
to assess acute exposure at an actual site. The original idea was to have an already
contaminated site and to assess the risk for human beings living or working at or
near a site that led to subchronic or chronic exposure only.

The substances assessable with CalTOX, listed in descending order of reliability,
are: nonionic organic chemicals, radionuclides, fully dissociating inorganic
and/organic chemicals, solid-phase metal species, and partially dissociated inorganic
and organic species (the latter only if partition coefficients are well adjusted to the
pH of the considered landscape). Generally, only very low concentrations that do
not exceed the solubility limit in any phase can be applied. Surfactants or volatile
metals cannot be assessed.

8.2.4.7 Input Data for CalTOX

Such complex models need a good range of input data in order to obtain trustworthy
results:
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Data describing the substance:
* Physicochemical properties
* Measured emissions into the compartments
* Background concentrations of the contaminant
» Toxicological properties consisting of cancer and noncancer potency
for human beings because only human risk is considered in CalTOX
Data characterizing the area:
* Geographical data such as size of the contaminated area
* Meteorological and hydrological data, e.g., the average depth of
surface water, the annual average precipitation, wind speed or envi-
ronmental temperature
* Soil properties, such as the organic carbon fractions
* Data about the human population, e.g., the average body weight or
daily intake rates for different kinds of food

In the present study, the objective of the application of CalTOX is to evaluate
the health of the population due to the 1,1,1-trichloroethane emissions from a landfill
applied to a determined area. First, the physicochemical properties of 1,1,1-trichlo-
roethane as well as the risk parameters were obtained from the database of CalTOX,
and are shown in Table 8.9 and Table 8.10, respectively. Then the geographical

TABLE 8.9
Value for Some Physicochemical Properties of 1,1,1-Trichloroethane
Compound name 1,1,1-Trichloroethane
Molecular weight (g/mol) 133.4
Octanol-water partition coefficient 2.7 x 102
Melting point (K) 242.75
Vapor pressure (Pa) 16,515.975
Solubility (mol/m?) 9.89505247
Henry’s law constant (Pa-m?mol) 1651.5975
Diffusion coefficient in pure air (m?%d) 0.67392
Diffusion coefficient in pure water (m?%d) 8.6386 x 107
Organic carbon partition coefficient (L/kg) 110

TABLE 8.10
Value for Risk Parameters of 1,1,1-Trichloroethane

Compound name 1,1,1-Trichloroethane
EDF substance ID 71-55-6
Inhalation dose ADI for noncarcinogenic effects 0.28
Ingestion dose ADI for noncarcinogenic effects 0.5
Dermal dose ADI for noncarcinogenic effects 0.5
Total dose ADI for noncarcinogenic effects 0
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TABLE 8.11
Geographical, Meterological and Population Data Describing the

Study Area

Property Value
Area [km?] 100
Inhabitants 580,245
Area fraction of water 0.01
Area fraction of natural soil 0.46
Area fraction of agricultural soil 0.46
Wind speed [m/s] 2.8
Average annual precipitation [mm/a] 455.4
Environmental temperature [°C] 15.7
Egg intake [kg/(kg*d)] 3.85+
Grain intake [kg/(kg*d)] 3.11°3
Fruit and vegetable intake [kg/(kg*d)] 7.393
Daily intake of fish [kg/d] 0.08
Daily intake of leaf crops (including fruits and cereals [kg/d] 0.674
Daily intake of meat [kg/d] 0.04
Daily intake of dairy products [kg/d] 0.069
Milk intake [kg/(kg*d)] 27873
Body weight [kg] 67.52

parameters and population data from the nearest residential area within 10 km around
the plant were defined (Table 8.11).

It must be taken into account that 1,1,1-trichloroethane does not occur naturally
in the environment. It is found in many common products such as glue, paint,
industrial degreasers, and aerosol sprays. Since 1996, 1,1,1-trichloroethane has not
been produced in the U.S. because of its effects on the ozone layer.

An expected most important exposure pathway might be through inhaled air
because the landfill is the major source. No information is available to show that
1,1,1-trichloroethane causes cancer. The International Agency for Research on Can-
cer (IARC) has determined that 1,1,1-trichloroethane is not classifiable as to its
human carcinogenicity.

8.2.4.8 Exposure Results of 1,1,1-Trichloroethane

Figure 8.8 represents the daily human doses through eight types of exposure that
were calculated based on the simulated air concentration due to the 1,1,1-trichloro-
ethane emissions of the landfill of MSHW. As expected, the main exposure pathway
is air inhalation. Depending on the exposure level, adverse health effects other than
cancer can be associated with all chemical substances. The hazard ratio result of the
actual human exposure due to the emission of the 1,1,1-tricholoroethane is 1.7 X
10-1%; thus human exposure does not exceed the defined exposed level.
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FIGURE 8.8 Daily human dose through different exposure types (mg/kg/d).

8.2.5 CONCLUSIONS FROM THE LANDFILLING ExamMPLE OF MHSW

A comprehensive LCA in the context of integrated solid waste management software
was carried out. It is evident that in the case of landfilling, the site-specific component
is relevant to evaluate if potential impacts really correspond to actual impacts. To
further study this question in the example the main pollutant contributing to the
human health indicator was chosen to carry out an exposure risk assessment.

It could be shown that the potential impact does not correspond to any
unacceptable risk for the neighborhood. Nevertheless, the value of LCA clearly
lies in its highlighting of the existing emissions that must all be considered
according to the precautionary principle and in its holistic approach by assessing
several pollutants and the related impact categories at once along the studied life
cycle. Further work is necessary and should include performing similar studies
for other media such as water and soil with adequate models and taking into
account the accident risks.

8.3 EXAMPLE 2: LCA OF UNIVERSAL REMOTE FOR
OPERATING A TELEVISION AND VIDEO

8.3.1 INTRODUCTION

A case study of an LCA of a universal remote for operating a television and a
video is performed. The inventory data include the consumption of raw materials
and energy through manufacturing, distribution and use of the remote, and the
corresponding emissions to air, water and soil in each of these different stages.
The following 11 environmental impact categories have been considered in the
impact assessment phase: raw material depletion (RMD); global warming (GW);
ozone depletion (OD); air toxicity (AT); photochemical ozone creation (POC);
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air acidification (AA); water toxicity (WT); water eutrophication (WE); energy
depletion (ED); water depletion (WD); and hazardous waste production (HWP).
The software model and database EIME®! (environmental information and
management explorer mentioned in Chapter 2) of Schneider Electric Industries,
Ltd., has been used in the inventory analysis and impact assessment phases
(Figure 8.9).

8.3.2 GoAL AND ScoPe DEFINITION

In this case study, the LCA methodology was used to identify and quantify aspects
with a major environmental impact through the entire life-cycle of a universal remote
for operating a television and a video (one for all). The final purpose was to identify
the most relevant design aspects that could be improved from an environmental point
of view. One unit of the universal remote (97 g) has been considered as the functional
unit of the LCA.

The following main steps have been taken into account in the environmental
assessment: production of materials and components required for the remote, assem-
bly or end product manufacturing process, distribution to retailers, and consumption
of alkaline batteries during use. The remote’s end-of-life stage was not considered
due to the lack of accurate information about this stage; thus any environmental load
associated with this final stage was not considered in this LCA. (The inventory of
disposal for electronic products is difficult to carry out due to product complexity
and the need of simulating different release scenarios of environmentally critical
substances into the environment from landfills, incinerators and metal refineries in
case of recycling). Figure 8.10 shows the flow diagram of the system studied with
the corresponding main inputs and outputs considered.

FIGURE 8.9 The software model and database EIME.
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FIGURE 8.10 Flow diagram of the universal remote.

8.3.3 INVENTORY ANALYSIS

To carry out the inventory analysis, real and bibliographic European data have been
considered. For the collection data, the three main steps identified in the preceding
section have been taken into account.

8.3.3.1 Input Data for the Software EIME

The following section summarize the main input data introduced in the software for
characterizing, from an environmental point of view, all the elements directly and
indirectly implicated during manufacturing, distribution and use of the universal
remote.

Manufacturing:
Universal remote total weight (1 unit): 97 g (Figure 8.11 and Table. 8.12)

Processes required for manufacturing 1 unit of the universal remote:

Printed circuit board (PCB) etching process: 0.2 MJ elec/PCB and dissolution of 1.5
g of Cu/PCB

Wave soldering process: 0.7 MJ elec/PCB, 1.1 g of Pb and 1.7 g of Sn

Reflow process: 1.4 MJ elec/PCB, 0.0015 g of Pb/pat and 0.003 g of Sn/pat

Distribution:
750 km in a heavy-duty truck (empty return)
250 km in a light-duty truck (empty return)

Use:

Battery consumption: 2 alkaline batteries of 1.5 V/1.5 years
Battery weight: 24 g/unit

Universal remote lifetime (expected): 10 years
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FIGURE 8.11 One unit of the universal remote (97 g).

TABLE 8.12
Components and Materials

Components and materials Units Total weight (g)
(c) Capacitor (ceramic) 1 0.020
(c) Capacitor (electrolytic) 1 0.660
(c) Diode (plastic body) 1 0.008
(c) Integrated circuit (Si) 1 0.500
(c) LED (display device) 1 0.250
(c) Radio frequency transistor 1 0.303
(c) Radio frequency transmitter 1 0.250
(c) Resistances 7 0.063
(m) Buttons (silicone rubber) 1 19
(m) Laminate for PCB (FR4) 1 15.746
(m) Plastic box (ABS) 1 60
(m) Spirals (steel) 2 0.200

(c): component; (m): material.
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8.3.3.2 Inventory of the Universal Remote

After introducing the previously presented input data in the software model (EIME),
the ecobalance or inventory of the universal remote (1 unit) has been automatically
calculated. The complete inventory was integrated by 187 environmental loads
(inputs and outputs): energy and raw materials consumed, hazardous wastes pro-
duced, and emissions to air, water and soil. The main inputs and outputs of the
system that contribute more than 5% to any of the environmental impact indicators
subsequently considered are shown in Table 8.13.

8.3.4 IMPACT ASSESSMENT

To carry out this phase of the LCA case study, the following 11 impact categories
have been considered: RMD, GW, OD, AT, POC, AA, WT, WE, ED, WD and HWP.
The specific environmental impact indicators used in each of the environmental
impact categories mentioned earlier are shown in Table 8.14.

The environmental loads (inputs and outputs), previously inventoried, have been
classified under their corresponding environmental impact indicators by following
the classification criteria specified in these indicators. Then, to characterize the
environmental loads or, in other words, to quantify the potential contribution of each
environmental load in the different impact indicators, characterization factors have
been used. These factors are pre-established in each impact indicator. Finally, the
corresponding potential contributions have been determined by multiplying the mass
of the environmental loads per these characterization factors (for example, 29.5 or
3.0 x 10! g of methane X 56 g equiv. of carbon dioxide/g methane = 1652 or 1.7 X
10° g equiv. of carbon dioxide).

The inventoried environmental loads are classified under their corresponding
impact indicators with their respective characterization factors in Table 8.15. The
total potential contribution of each environmental load in each impact indicator is
presented, as well as the corresponding contribution percentage for the three stages
considered (manufacturing, distribution and use of the universal remote).

8.3.5 INTERPRETATION

As can be seen in Figure 8.12 and Table 8.16, the remote’s manufacturing stage
contributes more than 60% to each of the environmental impact indicators consid-
ered, this stage being the environmentally most relevant within the remote life-cycle.
During the use stage, consumption of alkaline batteries (two batteries per 1.5 years
during the total remote lifetime of 10 years) contributes between 2 and 36% to each
of the indicators. During the distribution stage, transport of the remote from the
manufacturing site to retailers in a heavy- and a light-duty truck (750 and 250 km,
respectively) contributes less than 1.5% to each of the indicators, this stage being
the environmentally less relevant within the remote life-cycle.

Due to the environmental relevance of the manufacturing stage in the total remote
life-cycle, in the following paragraphs the manufacturing stage of the universal
remote will be studied and discussed in more detail. Table 8.17 shows the environ-
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TABLE 8.13

Inventory of the Universal Remote

Flow
Inputs
(r) Gold (Au, ore)
(r) Silver (Ag, ore)
(r) Tin (Sn, ore)
(r) Zinc (Zn, ore)
(r) Water used (total)
(e) E Total primary energy
Outputs
(a) Cadmium (Cd)
(a) Carbon dioxide (CO,, fossil)
(a) CFC 11 (CFCly)
(a) Ethylene (C,H,)
(a) Halon 1301 (CF;Br)
(a) Hydrocarbons (except methane)
(a) Hydrocarbons (unspecified)
(a) Methane (CH,)
(a) Nitrogen oxides (NO, as NO,)
(a) Sulfur oxides (SO, as SO,)
(w) Ammonia (NH,*, NH;, as N)
(w) Copper (Cu*, Cu**)
(w) Chlorinated matter (as Cl)
(w) Iron (Fe**, Fes*)
(w) Nitrates (NO;")
(w) Phenol (C,H;OH)
(w) Phosphates (as P)
(w) Phosphorus (P)
(w) Suspended matter (unsp.)
(hw) Waste (hazardous)

Units

kg
kg
kg
kg

Uq 02 09 03 OQ 03 O3 O O3 O2 O3 O3 OQ O3 O3 O O3 OQ 09

=~
oQ

TOTAL

7.0 x 10!
9.4 x 102
1.9 x 1018
5.6 x 1077
1.1 x 10
1.5 x 10,

3.3 x 103
7.6 X 10
2 x10*
6.7 x 10!
1.1 x 104
9.0
9.5 x 10!
3.0 x 10!
1.8 x 10!
4.5 x 10
3.7 x 10!
2.3 x 1072
2.3 x 102
9.9 x 102
7.8 x107!
1.2x10*
2.7 x 102
2.3 x 10!
39

3.4 x 102

Manufacturing

7.0 x 102!
9.4 x 10
1.6 x 1018
5.6 x 102
6.4 x 10!
1.3 x1¢

5.4 x10*
6.2 x 10
1.2 x10*
6.5 x 10!
7.7 x 107
73
5.6 x 10!
2.7 x 10t
1.5 x 10
35x 10
3.6 x 10!
2.3 x 102
2.3 %102
1.6 x 102
7.7 x 101
1.0 x 104
1.5x 103
2.3 x 10"
3.6
33 %102

Distribution

0
1.4 x 107
0
2.1 x10%
3.1 x10?
3.4 x 101!

6.4 x 107
2.4 x 100
0
1.3 x 10*
1.5 x 106
8.1 x 102
5.1 x 10°
2.5 x 10!
2.9 x 10!
1.1 x 102
6.4 x 10
1.1 x 107
8.5 x 10°
1.4 x10°
1.1 x 103
1.7 x 10
23 x108
3.1 x 10°
2.8 x 10*
7.4 x 10°

Use

0
8.2 x 102
2.7 x 10"
5.6 x 107
42 x 10
2.0x 10!

2.8 x 103
1.3 x 1¢°
1.8 x 108
1.8 x 102
2.9 x10°
1.6
4.0 x 10!
2.9
2.8
1.1 x 10!
9.5x 103
2.1 x10*
7.1 x 10*
8.3 x 107
1.1 x 102
1.1 x 107
2.5 %102
6.8 x 10
4.0 x 10!
2.5 x 10*
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TABLE 8.14

Environmental Impact Categories and Indicators Used in EIME

Acronym Category Indicator — source (year)

RMD Raw material depletion Ec (R*Y) — Ecobalance USA (1994)

GW Global warming IPCC (20 years) — International Panel on
Climate Change (1995)

OD Ozone depletion WMO (high) — World Meteorological
Organization (1991)

AT Air toxicity CVCH (air) — Swiss Federal Office of
Environment, Forests and Landscape (1991)

POC Photochemical ozone creation ~ POCP (high) — United Nations Economic
Commission for Europe (1991)

AA Air acidification CML (AA) — CML Leiden University
(1992)

WT Water toxicity Spanish legislation — RD927/98 (1998)

WE Water eutrophication CML (water) — CML Leiden University
(1992)

ED Energy depletion Total consumption of energy

WD Water depletion Total consumption of water

HWP Hazardous waste production Total production of hazardous wastes

mental contribution (in %) of each material, component and process implicated in
the remote manufacturing process to each of the 11 environmental impact indicators
considered.

As can be seen in Table 8.17 and according to the database used, the greatest
environmental impact of the universal remote is associated with the integrated circuit
(with silicon content), due mainly to the energy needed for its manufacture. This
component contributes very significantly (between 63 and 93%) to 9 of the 11
environmental impact indicators considered: GW, OD, AT, POC, AA, WT, ED, WD
and HWP.

The wave soldering process has the greatest contribution to the RMD indicator
due to its high consumption of lead and tin (solder alloy). Other components and
materials made with scarce natural nonrenewable resources also have a significant
contribution to this impact indicator (for example, integrated circuit with silicon
content, laminate for PCB with copper content, etc.). During the wave soldering
process, the solder flux with volatile organic compound (VOC) content contributes
significantly to the POC indicator.

The etching process of the PCB has the greatest contribution to the WE indicator
because, according to the database used, a nitrogenous compound (dicyanodiamide)
is used in the PCB manufacturing process and is consequently partially released to
residual water during the etching process. The etching process of the PCB also has
a significant contribution to the WT indicator due to use of the etching agent with
copper dissolved into it and its release to residual water.
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TABLE 8.15

Impact Assessment of the Universal Remote?

Impacts

Raw material
depletion (yr)
(r) Gold (Au, ore)

(r) Zinc (Zn, ore)

(r) Tin (Sn, ore)

(r) Silver (Ag, ore)

Global warming (g
equiv. CO,)

(a) Carbon dioxide
(CO,, fossil)

(a) Methane (CH,)

Ozone depletion (g
eq. CFC-11)

(a) Halon 1301
(CF,Br)

(a) CFC 11 (CFCly)

Air toxicity (m?®)

(a) Sulfur oxides
(SO, as SO,)

(a) Carbon dioxide
(CO,, fossil)

(a) Nitrogen oxides
(NO, as NO,)

(a) Cadmium (Cd)

Photo. ozone
creation (g equiv.
ethylene)

(a) Hydrocarbons
(except methane)

(a) Methane (CH,)

(a) Hydrocarbons
(unspecified)

(a) Ethylene (C,H,)

Air acidification (g
equiv. H*)

(a) Sulfur oxides

(SO, as SO,)

(a) Nitrogen oxides

(NO, as NO,)

Water toxicity
(liters)

© 2004 CRC Press LLC

Characterization

factors

*

591,000
64.9
1,800

79,400

*

%

33,‘300
125
33,300
100,000,000
*
0.808

0.03
0.799

0.0313

0.0217

TOTAL

1.29 x 1014
4.1 x 1075
3.6 x 107
3.4 x 107
7.4 x 10710
9.3 x 103
7.6 X 103

1.7 x 103
2.0x 10°

1.8 x 103

1.2 x 10+

3.6 x 10°

1.5 x 10°

9.4 x 10°

59 x 103

33 x10°

1.1 x 10!

73

8.9 x 10!
7.6 x 107!

6.7 x 107!
1.9

1.4

3.9 x 10!

1.9 x 103

63.9
100.0
0.0
85.7
100.0
83.7
82.6

89.5
73.7

71.9

100.0

71.7

71.4

82.6

82.7

16.1
82.3

89.5
58.2

97.3
78.6

71.4

82.7

Manufacturing  Distribution

(%) (%)

0.0
0.0
0.0
0.0
0.0
0.4
0.3

0.8
1.3

1.4

0.0

0.4

0.0

0.3

1.6

0.0

0.7

0.9

0.8
0.0

0.0
0.4

0.0

1.6

0.2

Use
(%)

36.1
0.0
100.0
14.3
0.0
15.9
17.1

9.7
25.0

26.7

0.0
27.9
22.6
17.1
15.7
83.9
17.0

18.0

9.7
41.8

2.7
21.0

22.6

15.7

18.8

-- continued



TABLE 8.15 (CONTINUED)
Impact Assessment of the Universal Remote?

Impacts

(w) Copper (Cu,
CLIH)

(w) Ammonia
(NH,*, NH;, as N)

(w) Iron (Fe*+, Fe?*)

(w) Chlorinated
matter
(unspecified, as
Cl)

(w) Suspended
matter
(unspecified)

(w) Phenol
(C{H;OH)

Water
eutrophication

(g equiv. PO,)

(w) Phosphorus (P)

(w) Ammonia

(NH,*, NH;, as N)

(w) Phosphates (as
P)

(w) Nitrates (NO;")

Energy depletion
mJ)

(e) E total primary
energy

Water depletion
(m®)

(r) Water used
(total)

Hazardous waste
production (kg)

(hw) Waste: slags
and ash
(unspecified)

(hw) Waste
(hazardous)

2] unit of 97 g.

Characterization
factors

20,000

1,000

3,330
10,000

40

1,000,000

3.06
0.42

3.06

TOTAL

4.6 x 10?

3.7 x 102

3.3 x 10?
2.3 x 10%

1.6 x 102

1.2 x 102

1.1

7.0 x 10!

1.5 x 10!

8.2 x 107

7.4 x 10?
1.5 x 10?

1.5 x 102

1.1 x 102

1.1 x 102

1.4 x 10!

1.0 x 10!

3.4 %1072

Manufacturing  Distribution

(%)

99.1

97.2

16.4
96.9

89.9

88.7

91.2

100.0

97.2

5.5

98.5
86.5

86.5

60.7

60.7

97.6

97.1

99.2

(%)

0.0

0.2

0.0
0.0

0.0

L5

0.0

0.0

0.2

0.0

0.1
0.2

0.2

0.0

0.0

0.0

0.0

0.0

Use
(%)

0.9

2.6

83.6
3.0

10.0

9.8

8.7

0.0

2.6

94.5

1.3
13.2

132

39.2

39.2

2.4

2.9

0.8

(r): natural resources; (e): energy; (a): air emission; (w): water emission; (hw): hazardous waste.
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FIGURE 8.12 Stages’ contribution (%) in each impact indicator.

TABLE 8.16
Stages’ Contributions (%) in Each Impact Indicator
Impacts Manufacturing Distribution Use
RMD 63.9 0.0 36.1
GW 83.7 0.4 159
OD 73.7 1.3 25.0
AT 71.7 0.4 279
POC 82.3 0.7 17.0
AA 78.6 0.4 21.0
WT 81.0 0.2 18.8
WE 91.2 0.0 8.7
ED 86.5 0.2 132
WD 60.7 0.0 39.2
HWP 97.6 0.0 2.4

8.3.6 LIMITATIONS OF SITE-SPECIFIC IMPACT ASSESSMENT IN THE
Remote Lire CycLe

The LCA carried out for the universal remote is an excellent illustration of the
limitations of site-specific impact assessment. The identified impacts in Table 8.15
are mainly related to the manufacturing, but this does not mean that the impact
occurs where the manufacturing is carried out. Conversely, in the case of this
universal remote LCA the manufacturing stage only sums up the total life-cycle
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TABLE 8.17
Materials’, Components’ and Processes’ Contributions (%) to Each Impact
Indicator

Materials, components

and processes RMD GW OD AT POC AA WT WE ED WD HWP
(c) Capacitor (ceramic) 0 0 0 0 0 0 0 0 0 0 0
(c) Capacitor (electrolytic) 1 0 0 0 0 1 0 0 0 0 0
(c) Diode (plastic body) 0 0 0 0 0 0 0 0 0 0 0
(c) Integrated circuit (Si) 7 89 84 87 63 87 59 26 88 91 93
(c) LED (display device) 2 0 0 0 0 1 0 0 0 2 0
(c) Radio frequency transistor 2 0 0 0 0 0 0 0 0 0 0
(c) Radio frequency transmitter 2 0 0 0 0 1 0 0 0 2 0
(c) Resistances 0 0 0 0 0 0 0 0 0 0 0
(m) Buttons (silicone rubber) 0 1 9 1 0 1 1 0 1 0 0
(m) Laminate for PCB (FR4) 3 2 1 3 2 3 3 1 2 1 1
(m) Plastic box (ABS) 0 3 0 3 3 2 3 1 4 1 1
(m) Spirals (steel) 0 0 0 0 0 0 0 0 0 0 0
(p) PCB etching 0 0 0 0 0 0 31 72 0 1 1
(p) PCB reflow 3 3 3 3 2 3 1 0 3 1 3
(p) PCB wave soldering 80 2 2 2 29 2 0 0 2 1 1

(c): component; (m): material; (p): process.

impacts of its components assembled in the manufacturing process. The components
with their own life cycles represent a huge amount of industrial processes that
probably occur in many places around the world.

This means that this example falls under the category of “full LCAs of complex
products with a huge number of industrial processes” (see Figure 6.1 and descriptive
text in Section 6.1 for further explanation). An integrated approach of life-cycle and
site-oriented risk assessment as promoted in this book seems to be highly difficult
for a universal remote, at least when taking into account the capacity of the impact
assessment models currently available.

8.4 EXAMPLE 3: ENVIRONMENTAL IMPACT ANALYSIS
OF AN INDUSTRIAL SEPARATION PROCESS,
APPLYING LCA AND ERA

8.4.1 INTRODUCTION

An environmental impact analysis of the isopentane separation process from a
naphtha stream was developed. The system consists of a distillation column, which
requires electricity and steam. The evaluation covered the distillation process and
units of utility production. In this academic case study, the environmental assessment
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was carried out in two ways: potential impact and site-specific impact assessments.
By this, the most important aspects about LCA, impact pathway analysis (IPA) and
environmental risk assessment (ERA) approaches were analyzed.

This example is in the heart of chemical engineering. The LCA study carried
out is a cradle-to-gate study. This means that one industrial process, situated in the
petrochemical complex of the Tarragona region (Spain), with its associated environ-
mental loads due to raw material and energy consumption is considered. Two related
sub-processes, electricity generation and steam production, both by on-site small
fossil-based thermal plants, are simulated more in detail. The data for the other
materials are taken from the LCA software database. Based on the LCA results one
process is to be further assessed by site-specific impact assessment. In this example
we will try to carry out a more generic IPA first and then a more detailed ERA to
deal with open questions not solvable with the IPA software Ecosense.

8.4.2 GoAL AND ScoPe DEFINITION

In this case study, the environmental impact analysis is applied to the separation
process from a naphtha stream in order to evaluate the environmental effects of all
process stages, including its requirements of electric power and steam. The system
separates isopentane from naphtha about 16 t/h production. In this sense, 16 t/h
production has been considered the functional unit for the LCA. The separation plant
consisting of a distillation column, the electricity generation and the steam produc-
tion were the three main steps taken into account. Figure 8.13 shows the flow diagram
of the studied system with the inputs and outputs considered.

8.4.3 POTENTIAL IMPACT ASSESSMENT

In order to carry out the inventory analysis, the aforementioned three main stages
were considered: steam production, electricity generation and separation of isopen-
tane. The required information in the collection data step was obtained from the real
process. Nevertheless, in the case of steam generation, some values were taken from
the TEAM database. TEAM is the software used (see Chapter 2) to carry out the
LCA for the process and to evaluate the total amount of a specific pollutant in any
stage. This software calculates the environmental loads produced by a functional
unit starting from given process data.

TEAM consists of an integrated group of software tools to model and analyze
any system. A modeling tool is used to describe physical operations. It allows a
large database to be built and the LCI to be calculated for any system (inventories
conducted for a product life-cycle or other consistent systems). The analysis tools
for applying LCIA methods (i.e., potential impacts) based on the inventories results
allow further evaluation of the system under study. The scheme created in TEAM
to obtain the inventory and potential impacts is represented in Figure 8.14.

8.4.3.1 Inventory

The main data considered and introduced in the TEAM software for creating the
inventory are summarized in Table 8.18. The process has two different inputs for
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FIGURE 8.14 Diagram of the separation process obtained from TEAM.

naphtha (corresponding to #1 and #2). Likewise, naphtha #3 and #4 represent outputs
from the system. Overall energy requirement is 7.2 MJ/h, but the inventory was
obtained taking into account that 30% of the total energy is used to produce steam.

Table 8.19 shows the inventory corresponding to the separation process. The
comments in parentheses indicate the source, compounds under consideration in a
specific group, properties or specific names for the acronyms. As can be seen, volatile
organic carbons (VOCs; as fugitive emissions) are the contribution for releases that
can be attributed to the separation process, corresponding to 79% of the total amount
of generated polluting agents (on a mass basis).

8.4.3.2 Impact Assessment

To carry out this phase of the LCA case study, the following five impact categories
have been considered: AA, WE, HT, GE and TE. The specific environmental impact
indicator used in each of the environmental impact categories mentioned before is
shown in Table 8.20.

The previously inventoried environmental loads are classified in different impact
categories. Specific characterization factors are related to each indicator to evaluate
the potential contribution of each environmental load. These factors depend on the
method used; multiplying them by the environmental loads is possible to obtain the
corresponding potential contributions.

Using the factors provided from TEAM, the results obtained can be seen in
Table 8.21.

8.4.3.3 Interpretation of the LCA

Looking at the inventory and the impact assessment results (Table 8.19 and Table
8.21) we see that the important fugitive emissions (VOC) have not resulted in any
potential impact in the LCIA phase. This is due to the fact that photochemical oxidant
formation was not chosen as an impact category for reconsideration. Evidently, by
this, the study is also an example on how important information can be lost from
the LCI to the LCIA phase by subjective choices of the LCIA indicators.
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TABLE 8.18
Main Data (Inputs and Outputs) of the Process

Account Account (kg/kg Account total
Flow Inputs (kg/h) Isopentane) (kg/year)
Naphtha (# 1) 2.83 x 10* 1.76 2.24 x 108
Naphtha (# 2) 7.15 x 10* 4.45 5.66 x 108
Raw material ~ Coal 1.14 x 10? 7.11 x 1073 9.06 x 10°
Air 2.01 x 103 1.25 x 10! 1.59 x 107
Water 1.95 x 103 1.21 x 10! 1.54 x 107
Outputs

Product and  Isopentane 1.61 x 10* 1.00 1.27 x 108
by-products 1. hiha # 3) 5.10 x 102 3.17 x 102 4.04 x 108
Naphtha (# 4) 8.24 x 10* 5.12 6.52 x 108
CO, 2.15 x 10? 1.34 x 1072 1.70 x 10°
SO, 1.00 6.23 x 107 7.93 x 103
NOx 4.37 x 107! 2.72 x 107 3.46 x 103
Particulate matter 1.67 1.04 x 10 1.32 x 10*
Emissions As 1.82 x 10! 1.13 x 10 1.44 x 103

Hg 3.39 x 10+ 2.11 x 108 2.69

Ni 1.06 x 1073 6.60 x 108 8.40
Pb 1.89 x 10! 1.17 x 107 1.50 x 103
Pb 1.42 x 10! 8.84 x 10-° 1.13 x 103
VOC (as fugitive 8.37 x 102 5.21 x 1072 6.63 x 10°

emissions)

Solid waste Inorganic 6.36 3.96 x 10+* 5.04 x 10*
Water waste ~ COD 3.82 x 107 2.37 x 107 3.02 x 10!

8.4.4 SiTe-SPeCIFIC ENVIRONMENTAL IMPACT ANALYSIS

The current LCIA results presented in Table 8.21 are visibly predominated by the
electricity generation sub-process. This becomes clear when looking back to the
inventory in Table 8.19. Therefore, electricity generation is chosen for further site-
specific environmental impact analysis. First, an impact pathway analysis is carried
out with the integrated assessment model Ecosense for the priority air macro-
pollutants. Next an exposure risk assessment is performed for a relevant air emission
of a micropollutant that is not directly covered by the integrated assessment model
used, but that could signify a risk for the neighborhood of the industrial separation
process. For this particular risk assessment study, mercury — not PCDD/Fs — is
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TABLE 8.19

Inventory of Process for Separating Isopentane from Naphtha

Flow

(r) Coal (in ground)

(r) Natural gas (in
ground)
(r) Oil (in ground)

(r) Air

Naphtha (# 1)
Naphtha (# 2)
Water used (total)

Water: unspecified
origin

(a) Carbon dioxide
(CO,, fossil)

(a) Carbon
monoxide (CO)

(a) Hydrocarbons
(unspecified)

(a) Lead (Pb)

(a) Mercury (Hg)

(a) Metals
(unspecified)

(a) Nitrogen oxides
(NO, as NO,)

(a) Particulates
(unspecified)

(a) Sulfur oxides
(SO, as SO,)

(a) Fugitive
emissions (VOC)

(w) BODS
(biochemical
oxygen demand)

(w) COD
(chemical oxygen
demand)

© 2004 CRC Press LLC

Units

kg
kg

kg
kg
kg
kg
liter

liter

TOTAL Steam
production
Inputs
113.64 0

2.64 x 102 2.64 x 102

2.12 x 107 2.12 x 102
215.09 0
72,543.60 0
28,713.10 0
1,968.56 2.48 x 107!
2.48 x 107! 2.48 x 10!
Outputs
218,278 140.29

4.58 x 102 4.58 x 1072

1.93 1.93
144.07 0
3.44 x 107! 0
9.17 x 10! 9.17 x 104
444.75 1.38
1.81 1.19 x 107!
1,015.88 1.28
837,000 0

9.17 x 104 9.17 x 10#

9.17 x 10+ 9.17 x 10+

Isopentane
separation

0

0
72,543.6
28,713.1

0

0

837,000

Electricity
generation

113.64

1,968.32
0

218,138

144.07
0.34

443.38
1.69

1,014.6

-- continued



TABLE 8.19 (CONTINUED)
Inventory of Process for Separating Isopentane from Naphtha

Isopentane
Flow Units TOTAL Steam separation Electricity
production generation
Outputs
(w) Hydrocarbons g 9.17 x 1073 9.17 x 103 0 0
(unspecified)
(w) Suspended g 9.17 x 10 9.17 x 10 0 0
matter
(unspecified)
Isopentane kg 16,335.00 0 16,335 0
Naphtha (# 3) kg 517.44 0 517.44 0
Naphtha (# 4) kg 83,602.70 0 83,602.7 0
Waste (municipal kg 9.17 x 10 9.17 x 10 0 0
and industrial)
Waste (total) kg 9.49 x 10+ 9.49 x 10+ 0 0
Waste: mineral kg 2.75 x 10~ 2.75 x 107 0 0
(inert)
Waste: slags and kg 4.58 x 10°¢ 4.58 x 10 0 0

ash (unspecified)
(r): natural resources; (a): air emission; (w): water emission.

TABLE 8.20

Environmental Impact Categories and Indicators Used in TEAM
Acronym Category Indicator

AA Air acidification CML

WE Water eutrophication CML

HT Human toxicity CML

GE Greenhouse effect IPPC (direct, 100 years)

TE Terrestrial ecotoxicity USES 2.0

chosen for further analysis (see studies for PCDD/Fs in Chapters 4 and 5). Actions
should be initiated as soon as possible to reduce human-generated releases due to
the documented, significant adverse impacts on human health throughout the world
(UNEP, 2003).
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TABLE 8.21
Isopentane Separation Process Impact Assessment Obtained with TEAM™
Software

Characterization

Impacts factors TOTAL
CML air acidification (g equiv. H*) 4.14 x 10!
(a) Nitrogen oxides (NO, as NO,) 2.17 x 102 9.67
(a) Sulfur oxides (SO, as SO,) 3.12 x 1072 3.17 x 10!
CML eutrophication (g equiv. PO,) 5.78 x 10!
(a) Nitrogen oxides (NO, as NO,) 1.30 x 10! 5.78 x 10!
(w) COD (chemical oxygen demand) 2.20 x 102 2.02 x 10
CML human toxicity (g) 2.47 x 104
(a) Carbon monoxide (CO) 1.20 x 102 5.50 x 10*
(a) Lead (Pb) 1.60 x 102 2.31 x 10*
(a) Mercury (Hg) 1.20 x 10? 4.13 x 10!
(a) Nitrogen oxides (NO, as NO,) 7.80 x 10! 347 x 102
(a) Sulfur oxides (SO, as SO,) 1.20 1.22 x 10°
II;CCI)(ZZ) greenhouse effect (direct, 100 years) (g equiv. 218 x 105
(a) Carbon dioxide (CO,, fossil) 1.00 2.18 x 10°
UdSilcE:lolr.(())btet:;:lslter)ial ecotoxicity (g equiv. 1-4- 6.06 X 10°
(a) Lead (Pb) 1.10 x 10* 1.5 x 10°
(a) Mercury (Hg) 1.30 x 107 4.47 x 106

(a): air emission; (w): water emission.

8.4.4.1 Impact Pathway Analysis Applied to the Energy
Generation in the Industrial Separation Process

The site-specific environmental assessment has been carried out using the Ecosense
model, which was developed to support the assessment of priority impacts resulting
from the exposure to airborne pollutants, namely, impacts on health, crops, building
materials, and ecosystems as described in Chapter 4.

To cover different pollutants and different scales, Ecosense provides two air
transport models completely integrated into the system.

All input data required to run the windrose trajectory model (WTM) are provided
by the Ecosense database. A set of site-specific meteorological data must be added
by the user to perform the ISCST-2 model. The results of the air dispersion model
rely on four basic data sets: 1) meteorological conditions; 2) facility characteristics;
3) location of buildings near the emission sources; and 4) location of receptors
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(distance to the emission source and elevation in the terrain). The geographic data
are crucial for this type of assessment. In this case the Tarragona region in Spain
was selected as the area of study and information about elevation, population density,
and the meteorological situation was provided.

The physical impacts and, as far as possible, the resulting damage costs are
calculated by means of pollutant short-range and long-range transport and conversion
models and the exposure-response functions for several receptors (human and eco-
systems). These can be selected by the user for each individual grid cell (for the
case under study, the grid cell corresponds to the Tarragona region in Spain), taking
into account the information on receptor distribution and concentration levels of air
pollutants from the reference environmental database (IER, 1997). Table 8.22 lists
the results of the most important impacts for human health, crops and ecosystem.

According to this table, no impacts or damages are caused by heavy metal
emissions even though the inventory shows these loads in the process (Table 8.19)
because the heavy metal emissions are smaller than those manageable by the software
(Ecosense). Therefore, in the next section, environmental risk of the heavy metal
mercury emissions will be assessed to further analyze the environmental impact of
those substances.

8.4.4.2 Fate and Exposure Analysis with Risk Assessment of
Mercury for the Electricity Generation in the Industrial
Separation Process

An environmental risk procedure implies the inherent capacity of the substances to
cause negative effects and the exposition or interaction of these substances within
receptors (ecosystems or humans). These aspects are closely related to the fate
analysis and the distribution in the environment.

In order to know the fate and future exposition of mercury from the electricity
generation in the separation process, the software CalTOX described in Chapter 4
and Example 1 (Section 8.2) was applied to mercury for the area around 1000 m
from the emission source for 1 year of continuous emission.

The results of the fate and exposure assessment for mercury emissions are shown
in Table 8.23 and the following. According to this model, the concentrations on the
compartments are constant for the considered region; however, the exposure is
changing according to distance from the point of emission. (The exposure changes
proportionally at the distance of the emission.) Table 8.24 shows the exposure media
of mercury for the studied region. The daily human doses through several exposure
types were calculated based on the modeled compartments’ concentration of emis-
sions. The main exposure pathway is air inhalation. Also important is exposure
through fish ingestion.

Depending on the level of exposure, in principle adverse health effects can be
associated with all substances. In this sense, risk characterization is a dose-response
analysis that compares the current human exposure with a defined level of exposure.
On the other hand, hazard ratio expresses noncarcinogenic effects as a proportion
of an exposure intake rate and a reference dose related to the selected exposure
pathways and chronic exposure duration (the hazard ratio for mercury is 8.25x 10-9).
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TABLE 8.22
Impacts and Damage Assessment for Energy Generation in Process

Impacts Damages
Receptor Unit Value Unit Value
Human health
Impact: chronic YOLL
Dose-response functions
Pollutant: TSP Years 6.69 mUS$ 5.62 x 10°
Pollutant: nitrates Years 3.71 x 1072 mUS$ 3.71 x 104
Pollutant: sulfates Years 8.82 x 1072 mUS$ 747 x 103
Impact: acute mortality
Dose-response functions
Pollutant: TSP Cases 6.41 x 1072 mUS$ 2.00 x 10°
Pollutant: nitrates Cases 3.57 x 10+ mUS$ 3.54 x 10°
Pollutant: sulfates Cases 1.16 x 103 mUS$ 2.69 x 103
Pollutant: NO, Cases 5.34 x 102 mUS$ 1.66 x 10°
Pollutant: SO, Cases 1.14 x 10! mUS$ 2.64 x 102
Ecosystem
Dose-response functions
from: UN-ECE 1997
Pollutant: SO,
Impact: SO, exceedance area km? 0.00 mUS$ NA
exceedance
area
Impact: REW SO, exceedance km? 9.44 x 103 mUS$ NA
area exceedance
area
Impact: RCW SO, ecosystem km? 1.25 x 103 mUS$ NA
area exceedance
area
Pollutant: NO,
Impact: NO, exceedance area km? 0.00 mUS$ NA
exceedance
area
Impact: REW NO, km? 0.00 mUS$ NA
exceedance area exceedance
area
Impact: RCW NO, ecosystem km? 497 x 10 mUS$ NA
area exceedance
area

REW: relative exceedance weighted; RCW: relative concentration weighted; RDW: relative depo-
sition weighted; NA: not available; m = 10-.
Based on data from IER (1997).
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TABLE 8.23
Time Average Concentration in On-Site Environmental Media

Compartment Unit Mercury
iAir mg/m? 3.13 x 10°1°
Total leaf mg/kg(total) 1.92 x 1012
Ground-surface soil mg/kg(total) 2.96 x 107
Root-zone soil mg/kg(total) 2.13 x 107
Vadose-zone soil mg/kg(total) 1.23 x 10°°
Ground water mg/L(water) 6.99 x 1014
Surface water mg/L 2.39 x 1012
Sediment mg/kg 2.09 x 10~°

8.4.5 INTERPRETATION OF THE ENVIRONMENTAL IMPACT ANALYSIS
FOR THE INDUSTRIAL SEPARATION PROCESS

The LCI indicates the relevance of fugitive emissions (VOC) in the case of an
industrial separation process of isopentane from naphtha. The LCIA in relation to
the LCI allows the conclusion that the energy generation sub-process is the most
relevant process of those considered. Therefore, this process is selected for further
analysis if the potential environmental impacts correspond to actual impacts, i.e.,
damages.

The IPA shows that main damages are produced by the particles, NO, and the
secondary pollutants nitrates and sulfates. This is in line with the results obtained
for the MSWI case study (see Chapter 5). The ERA for mercury points out that
there is a very low risk for human health impacts in the neighborhood due to mercury
exposure based on the fictitious data used for the industrial separation process
example. However, this risk is higher than 10-¢ and therefore not really acceptable
according to guidelines mentioned in Chapter 4. A further reduction of the mercury
emissions in electricity generation process is thus recommended.

Altogether, this comprehensive environmental impact analysis gives a much
more complete picture of the environmental implications of the industrial separation
process than each tool applied independently. Moreover, since the databases are
common and a lot of work is needed for their collection, the subsequent application
of the different analytical tools seems to be a way to get ahead in the future.

8.5 CONCLUSIONS FROM THE APPLICATIONS

Three examples have been presented in this chapter to evaluate the principle appli-
cability of the strategy outlined in Chapter 6 to integrate LCA and ERA where
possible in industrial processes other than the municipal solid waste incineration:
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TABLE 8.24

Exposure Media Concentrations for Mercury

Exposure

Indoor air (mg/m?)

Bathroom air (mg/m?)

Outdoor air (mg/m?)

Tap water (mg/L)

Exposed produce
(mg/kg)

Unexposed produce
(mg/kg)

Meat (mg/kg)

Milk (mg/kg)

Eggs (mg/kg)

Fish and seafood
(mg/kg)

Household soil
(mg/kg)

Swimming water
(mg/L)

NA: not available.

Air (gases)

1.91 x 10-#
0

1.91 x 10#
0
1.92 x 1012

3.73 x 107
1.10 x 107
0
0

Air (dust)

1.31 x 101
0

1.31 x 101
0
1.32 x 1018

2.55 x 107
7.51 x 10°1°
0
0

Ground soil

8.18 x 1015
0

NA
0
9.27 x 101

2.63 x 1010
8.83 x 10!
0
0

1.36 x 107

NA

Root soil

2.02 x 1012
0

NA
0
2.02 x 10777

228 x 108

1.94 x 1018
8.08 x 10-"
0
NA

1.12 x 107

Ground water

1.05 x 1018
1.35 x 1016

NA
3.50 x 1014
2.49 x 101

2.41 x 101

2.39 x 1012
9.95 x 1013
0
0

NA

Surface water

5.61 x 1016
7.21 x 101

NA
7.97 x 101
5.67 x 108

549 x 108

5.44 x 107
2.27 x 107
0
3.20 x 10°

1.59 x 101
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e Example 1 is a direct continuation of the MSWI case study presented
through Chapters 1 to 7. In the same way as for waste incineration, site-
oriented impact assessment makes sense for landfilling. The site-specific
study is carried out as a demonstration project for one pollutant only.
More air pollutants could easily be checked by the same scheme; for
emissions to water and soil other models need to be used.

e Example 2, on the other hand, shows the clear limitations of site-orientated
impact assessment for electronic products and other complex product
systems in line with the differentiation made in the introductory section
of Chapter 6.

e Example 3 demonstrates the applicability of the strategy to an industrial
process in the area of chemical engineering. The subsequent application
of the different analytical tools gives a much more complete picture of
the environmental implications of the industrial separation process than
each tool applied independently.

This means the cases show the principle feasibility and the existing limitations
of the integration of life-cycle and risk assessment and clearly indicate that the same
basis of data can be used. However, the examples presented here must be put into
real applications within a decision-making context to be effective. Some further
adaptations — especially simplifications of the links between the different assess-
ment tools — are highly recommended in order to facilitate nonacademic applica-
tions. We need to move from theory to practice in this area.

Integrated product policy (IPP) and the new chemicals policy are currently major
areas of debate in the EU and have the potential to foster the application of the
integrative approach of LCA and ERA presented in this book. Looking into the
white paper strategy for a future chemicals policy and into the conclusions of the
Council of the European Union on the IPP Green Paper, in several places it is pointed
out that interaction is needed, i.e., an integrated approach for exchanging information
on the chemical/product, preventing products containing harmful chemicals, avoid-
ing processes applying and generating hazardous substances and, consequently,
avoiding emissions of chemicals.

A good starting point could also be environmental risk assessments in which
the point of departure for the assessment is usually the chemical, i.e., more or less
upstream in the life-cycle, whereas LCA considers the functional unit, i.e., the
function that the product delivers, which is further downstream. A weak point in
many ERAs is the estimation of the use and disposal emissions of the chemicals.
LCA methodology may potentially improve these estimates. Simultaneously, risk
assessment methodology may assist in generating upstream information in life-cycle
assessments — often a weak point in many LCAs. As proposed and shown in this
book, data sharing for an integrated life-cycle and risk assessment seems to be the
way to proceed.
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