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ABSTRACT

EVALUATION OF ENVIRONMENTAL CARRYING CAPACITY
AND APPLICATION OF THE SUSTAINABILITY TARGET METHOD

by
Chatpet Yossapol
The environmental carrying capacity (CC) is defined as the capacity of the earth to
absorb or tolerate potentially stressful burdens imparted at various scales and locations,
that is, to accommodate the ecological stresses without showing permanent damage. The
CC can be used as a reference dataset for Life Cycle Assessment (LCA) purposes and as
a baseline for other environmental studies.

In this research, a set of impact-oriented U.S. CC is developed for both input- and
output-related impacts. CC for eight common impact categories is evaluated: resource
depletion, global warming, ozone depletion, acidification, eutrophication, photochemical
ozone formation, human toxicity, and eco-toxicity. Numerous sources of information and
various environmental models are used to estimate the CC at the appropriate scales. The
CC for output-related impacts is mostly based on the threshold-oriented technique using
threshold concentrations in environments. A CC is basically determined from the
emission that causes the environmental conditions not exceeding the threshold levels.

The CC estimates are applied as the baseline reference for the Sustainability
Target Method (STM), a Life Cycle Impact Assessment (LCIA) method, in three LCA
case studies. The STM is a single-score LCIA method which offers an absolute metric
for environmental performance evaluation. The STM not only compares alternatives in
terms of environmental performance, but also evaluates the performance by identifying

the significance of impact in relation to the earth’s carrying capacity. The case studies



presented are the LCA of electrical energy generation using various fossil fuels, the
production of various basic materials, and the production of a coffee maker. The results
are compared with those of other LCIA methods: Eco-Indicator 95, Eco-Indicator 99,
EPS, and EDIP.

The advantages of using the STM in conjunction with the CC estimates are that: it
provides an absolute metric related to environmental sustainability; it allows economic
consideration; it eliminates the subjective weighting procedure inherent in other LCIA
methods; it deals with the temporal and spatial variations in life cycle stages; and it is

flexible and not limited to the selection of impacts.
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CHAPTER 1

INTRODUCTION

1.1 Introduction
A number of businesses and industries have attempted to evaluate environmental aspects
of their products and services using environmental performance indicators. The basic
idea of an environmental performance evaluation framework is to identify and assess
environmental performance indicators or environmental performance metrics that can be
measured and tracked to facilitate continuous improvements or at the least to prevent
further environmental degradation.

Life Cycle Assessment, LCA, is increasingly used as a tool for environmental
performance evaluation since it covers all life-cycle stages of products, starting from
resource extraction to end-of-life management. Moreover, an analysis of environmental
impacts can be achieved through Life Cycle Impact Assessment or LCIA, an important
component of the LCA framework. Various LCIA methods have been developed to
serve this purpose including methods that offer single scores; however these methods are
seriously hindered by weighting techniques that lack real-world sophistication and are
frequently subjective.

The Sustainability Target Method, STM, is an advanced LCIA method for
analysis of environmental performance of a product, a process, a service, or a system.
The STM was formulated by Lucent Technologies and developed through the
collaboration of Lucent Technologies, Agere Systems, and the NJIT Multi-lifecycle
Engineering Research Center (Caudill et al. 2002). The STM can be used to evaluate the

environmental impacts associated with business activities in terms of achieving a



practical sustainability target. The STM provides a new perspective on environmental
performance evaluation by using a non-subjective sustainability target as the basis for
establishing an absolute indicator. This can be regarded as a development of an
environmental performance evaluation methodology towards the precautionary principle,
where preventive action should be taken before the environmental damage could be
measured. The STM also provides a practical basis for applying the earth’s carrying
capacity as the reference for the calculations of its key parameters including Eco-
Efficiency. Carrying capacity can be defined as the capacity of the earth to absorb or
tolerate burdens of potentially stressful types imparted at various geographical scales and
locations, that is, to accommodate the stresses without showing permanent damage.

The essential function of the STM is to form a link between the economic value
of a system and the environmental carrying capacity. Therefore, it might consider that
the STM accounts for two elements in sustainability’s triple bottom-line namely, both the
economic and environmental dimensions. The third element, the social dimension, may

also be included if it can be expressed in terms of monetary value.

1.2 Problem Statement
Carrying capacity is fundamental to the STM; consequently, it is important to develop
carrying capacity estimates based on robust scientific methods and supporting
documents. Furthermore, the carrying capacity should be extended to the commonly
regarded environmental impact categories that have been brought forward in other LCIA
approaches. A set of scientifically sound carrying capacities will strengthen the
credibility and extend the applicability of the STM. This dissertation research is
motivated by the need for reliable carrying capacity estimates aligned with common

impact categories that can be used as the STM reference values or other uses.



1.3 Objectives and Scope
The primary objective of this research is to develop methodologies to estimate
environmental carrying capacity values based on strong environmental engineering and
scientific principles. The impact categories taken into account are the ones commonly
considered in LCA including global warming, stratospheric ozone depletion,
acidification, eutrophication, photochemical ozone formation, human toxicity, eco-
toxicity, and resource depletion. The carrying capacity estimates are further validated by
comparing these values to those available in the literature.

The secondary objective of this research is to demonstrate and evaluate the
applicability of the estimated carrying capacities in conjunction with the STM. This
objective is accomplished by comparing the performance and results of implementing the
STM with those obtained with other LCIA methods.

The scope of this dissertation covers topics related to the evaluation of carrying
capacity and implementation of the STM based on these carrying capacities. The
literature review in Chapter 2 covers the background of LCA and LCIA, critical
assessments of widely-used advanced LCIA methods including the STM, reviews of
environmental impact categories, and reviews of potential approaches and methodologies
for estimating carrying capacity. Chapter 3 presents the objectives and hypotheses of this
research. Chapter 4 presents the development of the threshold-oriented technique as used
in this research as the primary method for evaluating emission-related carrying capacities.

Chapter 5 through Chapter 12 constitute the core of this dissertation. These
chapters cover the methodologies, assessments, and evaluations of carrying capacity for
the following impact categories: global warming, stratospheric ozone depletion,
acidification, eutrophication, photochemical ozone formation, human toxicity, eco-

toxicity, and resource depletion.



Chapter 13 demonstrates how the carrying capacity estimates are used in STM as
applied in three case studies: at the process level, supply-line level, and product level.
The results are compared with those of other LCIA methods. Chapter 13 also provides a
preliminary set of carrying capacity estimates for Europe using the methodologies
developed in this research. Sensitivity analysis is presented in Chapter 14, including an
uncertainty analysis of using the carrying capacity in the STM. Lastly, conclusions and

recommendations for further research are presented in Chapter 15.

1.4 Scholarly Contributions of This Research
The eventual goal of this research is to provide a practical basis for achieving a
sustainable society by using a credible environmental performance evaluation tool for a
product, a service, or a system. In the attempt to accomplish this goal, this research
hopes to make the following unique scholarly contributions:

- Develop a technique to estimate the emission-related environmental carrying
capacities;

- Develop a reserve-time horizon technique to estimate the consumption-related
environmental carrying capacities;

- Formulate and validate a set of U.S.-based carrying capacity estimates; and

- Evaluate the environmental performance of selected case studies utilizing the STM
based on carrying capacity estimates.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview

The purpose of this chapter is to examine and review the research and progress relevant
to the development of methods for life cycle impact assessment and environmental
carrying capacity estimates. This chapter contains six sections beginning with this
overview. Section 2.2 provides an introduction to Life Cycle Assessment and the
background of Life Cycle Impact Assessment, which is a key component of the LCA
framework. Review of six LCIA methods that offer single scores is made in Section 2.3.
Section 2.4 provides an introduction to the Sustainability Target Method (STM). The
STM is being developed as a comprehensive LCA-based metric that yields a systematic
single score related to sustainability and resource productivity evaluation of products and
services. The STM can also be considered as a single score LCIA method for the LCA
context. The implementation of the STM requires a set of environmental carrying
capacity values, which is a major focus of the research program discussed in this
dissertation.

Section 2.5 starts with a review of common environmental impact categories used
in LCA and in other LCIA methods. Then a survey of potential methodologies for
obtaining carrying capacity estimates is provided. This survey includes the potential
methodologies and approaches that have concepts similar to or the same as carrying
capacity. Lastly, Section 2.6 summarizes this literature review and provides explicit

problem statements that form the motivation for this dissertation research.



2.2 Life Cycle Impact Assessment Background
Life Cycle Impact Assessment (LCIA) is the third component of the traditional Life
Cycle Assessment (LCA) framework. LCA is a “cradle-to-grave” approach for assessing
environmental-related activities. “Cradle-to-grave” begins, for example, with the mining
of raw materials from the earth to create products and services and ends when the
materials are disposed of to the earth. LCA evaluates all stages of a product’s life-span
and estimates the cumulative environmental burdens.

Basically, LCA is a framework for assessing environmental aspects’ and potential
impacts” associated with a product or service by compiling an inventory of environmental
burdens, evaluating the potential environmental impacts associated with the burdens, and
interpreting the results for decision making. Different from other environmental
performance evaluation frameworks such as Eco-Efficiency (WBCSD 1992), the Global
Reporting Initiative’s Sustainability Report (GRI 2002), the ISO 14031 (ISO 1999), and
the Ecological Footprint (Wackernagel et al. 1999) (the review of these frameworks and
guidelines is presented in Appendix A), LCA may bridge the gaps of some issues that
need to be advanced. As summarized by NAE (1998) and Olsthoorn et al. (2001), these
issues include:

- The need for more standardization and a practicable approach;
- Measurement of sustainability;
- Life cycle assessment framework; and

- A narrower but deeper analysis of environmental impacts.

! An environmental aspect is an element of an organization's activities, products or services that can interact
with the environment.

2 An environmental impact is any change to the environment, whether adverse or beneficial, wholly or
partially resulting from an organization's activities, products or services.



Life cycle consideration can be incorporated into the environmental performance
evaluation by following the LCA approach of SETAC (Society of Toxicology and
Chemistry). In LCA, the LCIA step is a means to assess technical issues of
environmental impacts. By using LCIA, the exempted narrow and deep analysis of
environmental impacts can be implemented.

The term “life cycle” refers to the major activities in the course of the product’s
life-span including its manufacture, use, disposal, and reuse. LCA serves several
purposes including environmental reporting and declaration, environmental accounting,
internal decision-making, being a supporting tool for design for the environment, and
education for interested audiences. The LCA conceptual framework consists of four
major components: goal and scope definition, life cycle inventory, life cycle impact
assessment, and life cycle interpretation as presented in Figure 2.1 (Fava et al. 1993; ISO

1998a).

[ Goal and Scope 1> N\
___ Definition  j«
Inventory >
. Interpretation
Analysis P
Impact ) >
___Assessment  J—\ _ J

Figure 2.1 Life cycle assessment framework.
(Source: Fava et al. 1993)

LCIA builds on the analysis of the Life Cycle Inventory (LCI), which lists the
environmental emissions and resource consumption throughout different stages of a

product’s life. LCIA is the evaluation of potential human health and environmental



impacts of the resource consumption and environmental releases identified during the
LCI. The impact assessment addresses ecological and human health impacts as well as
resource depletion. Furthermore, LCIA establishes a linkage between a product or
process and its potential environmental impacts. The development of measures of actual
impact on ecological and human health as well as resource depletion leads to impact
assessment. In practice, LCIA converts the results of an LCI to a group of common
impact measures such as global warming or ozone depletion, that allows interpretation of
the total environmental impacts of the system being evaluated (Fava et al. 1993).

In the U.S., SETAC and EPA are the leading organizations that point out the
importance and need for the development of advanced LCIA (Fava et al. 1993; EPA
1993). Often, the LCIA development is limited due to the scarcity and relatively poor
quality of data. In Europe, LCIA has been driven by a desire for public policy to obtain a
single numerical indicator or single score that can be readily interpreted. Many LCIA
methods have been proposed and developed but none of them is yet used sufficiently
widely to be considered as a standard. Thus, LCIA is still an emerging research topic for
scientific analysis. Many impact assessments are currently being performed; some of
them yield only qualitative and subjective results. Studies designed to lead to a more
sophisticated LCIA will surely contribute to LCA development.

The standardized ISO 14042 “Life Cycle Impact Assessment” approach describes
LCIA as consisting of seven steps where the first three steps are mandatory (ISO 1998b)
and the remaining steps are optional depending on the goal and scope of the LCA. These

LCIA steps are:



Selection and definition of impact categories: identifying relevant environmental
impact categories (e.g., global warming, acidification). An impact category can be
defined as a group or class of inventory inputs/outputs that share common environmental
attributes; such as mutual mechanism of actions that can lead to an endpoint.
Classification: assigning LCI results to the impact categories (e.g., classifying CO,
emissions to global warming).

Characterization: modeling LCI impacts within impact categories using science-based
equivalency factors' (e.g., modeling the potential impact of methane on global warming).
Normalization: expressing potential impacts in ways that can be compared (e.g.,
comparing the total emissions or resource use for a given area on a per capita basis).
Grouping: sorting or ranking the indicators (e.g., sorting the indicators by environmental
safeguard: resources, human health, ecosystem health).

Weighting: emphasizing the most important impacts.

Evaluating and reporting: gaining a better understanding of the LCIA results and
communicating with stakeholders.

An LCIA provides a systematic procedure for classifying and characterizing the
environmental impacts. A typical concept of LCIA requires information about loadings
(environmental emissions) and resource uses in the form of a numerical indicator or
index for each impact category. The indicators are the basis for making comparisons or
considerations. LCIA indicators are approximations and simplifications of aggregated
loadings and resource use. The typical results of an LCIA provide a checklist showing

the relative differences in potential environmental impacts for each option, in other

! An equivalency factor or characterization factor is a factor that describes the relative harmfulness of an
environmental intervention within an environmental impact category. A factor is a result of modeling
environmental impact.
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words, an environmental profile. For example, an LCIA would identify which product or
process causes more greenhouse gases or could potentially harm human health more
(through the characterization phase). A set of traditional LCA results does not allow
making comparisons among products or services in terms of overall environmental
performance. However, such comparison can be accomplished using LCIA single scores.

For an LCIA to yield a single score, the scores of every impact category in the
LCA are aggregated to produce a single indicator or a single score. By using this LCIA
single score, comparison among systems, products, services, or materials is more explicit
than by using multiple indicators of each impact category. Furthermore, the overall
superiority of a product may be identified by using a single score, provided that the
comparison is based on the same functional unit (i.e., products that provide the same
service) or the same benchmark.

An aggregated single score can be evaluated by applying the weights for
individual impacts, or impact categories, in the weighting step of LCIA. In other words,
the multiple results of all impact categories are converted into one single quantity by
using weighting factors. The weighting can be defined as the qualitative or quantitative
element through which the relative importance of different environmental impacts can be
weighted against each other (Udo de Haes 2000).

Weighting methodologies are not as scientifically-based as the characterization
methodologies. As a result, weighting factors are less used. The weighting factors are
less scientifically-based because there is no absolute answer as to why one impact is more
important than the others (Vogtlander and Bijma 2000). Therefore, subjective value

judgment is often used to assign the weighting factors rather than natural sciences. The
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use of value judgments for this purpose is probably the most controversial issue in LCA
(Udo de Haes 2000; Hertwich and Hammitt 2001). Furthermore, it is also of concern that
the use of a single score may cause loss of the transparency of LCA. As a result, most of
today’s LCAs are still presented in the form of multiple results corresponding to impact
categories, or environmental profile, rather than single results.

According to Udo de Haes (2000), the outcome of the weighting is fully
dependent upon the values of those who make the judgment. Because basic weighting
techniques may contain some degree of subjectivity, weighting is an optional element of
LCA as suggested by the ISO procedure. ISO 14042 states, “weighting across categories
shall not be part of a comparative assertion disclosed to the public” (ISO 1998b).

In spite of the difficulties, the results of weighting can be practical and applicable.
A single score is still useful, for instance, for internal use, where choices between
products/materials have to be made and agreement on weighting factors exists
(Vogtlander and Bijma 2000). A single score can also be used to interpret LCA results
for non-environmental specialists (Vogtlander and Bijma 2000). Furthermore, as pointed
out by Emblemsvag and Bras (1999), LCA will not survive long in the commercial world
without comparability and benchmarkability. Therefore, single score LCIA methods,
which allow a comparative assessment for the overall superiority of products or services,
still need to be developed.

Consequently, some studies to develop systematic weighting factors have been
initiated. According to Finnveden (1997) and Goedkoop (1998), weighting techniques to
convert normalized multiple results to a single result may be classified into six categories

as follows:



- Use of social evaluation;

- Use of the costs incurred in preventing the environmental impacts;
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- Use of the energy consumption necessary to prevent the environmental impacts;

- Use of only one environmental impact to avoid the use of weighting factors;

- Use of judgment of and evaluation of the impact by experts; and

- Use of the degree by which a target level is exceeded.

Examples of basic weighting techniques for LCIA are presented by the works

studied by Ahbe et al. (1990 as cited in Goedkoop 1998), Stone and Tolle (1998), Sangel

et al. (1999), Lee (1999), Itsubo et al. (2004), and Soares et al. (2006). Generally, these

weighting techniques rely on value judgment to identify the weights among

environmental impact categories (Table 2.1). An example of surveyed basic weighting

factors is presented in Table 2.2. In this table, relative rankings of impact categories are

presented in the parentheses.

Table 2.1 Summary of Weighting Techniques Used in LCIA

Weighting technique Description Reference
. Use of correlations between the seriousness of an impact A!mbe ‘.:t al. 1990 as
Distance to target . cited in Goedkoop
and the distance between current levels and target levels. 1998

Use of Analytical Hierarchy
Process (AHP)

Use the AHP to identify the weights of environmental
impacts using relative importance between impacts on a
pair-wise basis.

Stone and Tolle 1998

Societal weighting

Use of fuzzy ordering method to obtain weights using a
matrix of relative weights of environmental impacts.

Sangel et al. 1999

Combined distance to target
and relative significance
factors

Modify the distance to target method by applying the
relative significance factors of environmental impacts. The
relative significance factors can be derived from weighting

identifying methods.

Lee 1999

Panel approach
and
Multi Criteria Decision Aid

Use of value judgment based on multiple criteria. Definite
scores are assigned among choices, according to distance-
to- target before calculate weighting factors.

Soares et al. 2006
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Table 2.2 Importance of Impact Categories as a Percentage and Rank of
Total Impact (Source: Schmidt and Sullivan 2002)

Impact category Survey experts Survey Germany Survey EU
Energy 17% (1) 7% (7) 7% (8)
Raw materials 1% (7) 5% (8) 4% (9)
Water 0% (8)

Global warming 16 % (2) 8% (5) 12% (4)
Ozone depletion 16 % (2) 17% (1) 14% (3)
Acidification 12% (5) 13% (2) 8 % (6)
Nutrification 9% (6) 4% (9) 15% (2)
Summer smog 7% (6) 3 % (10)
Human toxicity 17% (1) 18 % (1)
Eco-toxicity 15% (3) 12% (3) 7% (7)
Waste 14% 4 9% (B 12 % (5)

In addition to the basic weighing techniques mentioned above, there are a few
full-stage LCIA methods developed as a tool offering single scores. Many scientific
approaches are used in these attempts to make the weighting in LCIA as scientifically
based as possible. The fully developed LCIA methods offering single scores available
today use different concepts and techniques to convert LCI results to single scores.
These fully developed LCIA methods (LCIA methods hereafter) including Eco-Indicator
95 (EI95), Eco-Indicator 99 (EI99), Environmental Priority Strategies (EPS),
Environmental Design of Industrial Products (EDIP), IMPACT2002+, and Life Cycle
Impact Assessment Method Based on Endpoint Modeling (LIME) are reviewed in the
following section. The Sustainability Target Method (STM), a newly developed LCIA
method, is reviewed in a subsequent section.

Some of the fully developed LCIA methods (all LCIA steps are integrated)
employ complex procedures with extended library databases, some of them are
implemented in commercially-available software, e.g., SimaPro (PRe’ 2006) and EPS
Design System (CPM 2002). The integration of an advanced LCIA method and an LCI

database in a software tool offers the ability to put LCA into practice in an economical
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and more convenient way. The use of LCA software tools is increasingly popular but
none of the LCIA methods is regarded as a standard. Therefore, there is still room for the
development and improvement of full-stage LCIA methods offering single scores. As
pointed out by Graedel (1998), a complete and quantitative LCA has never been carried
out nor is likely to be. It is therefore better to start with less sophisticated approaches and

work towards the more refined ones.

2.3 Life Cycle Impact Assessment Methods

2.3.1 Eco-Indicator 95 Distance-to-Target Method (Goedkoop 1998)

Eco-Indicator 95 Method (EI95) was developed by PRe’ Consultants for the Dutch
Government in conjunction with several manufacturing companies and research agencies.
In EI95, impacts are grouped in the categories of human health, ecosystem health, and
resources. The EI95 method yields a single score based on the conventional LCIA
method that considers classification, characterization, normalization, and weighting. The
environmental burdens are first aggregated within a number of environmental impacts
with which they are associated. The impacts are then categorized according to the degree
to which they contribute to the overall environmental situation. Equivalency factors are
used in the characterization stage to calculate the impact scores for individual impact
categories. The result is a profile of characterized impact scores. Then these scores are
normalized to three different damages (fatalities per one million population, health
complaints regarding health impairment, and five percent of ecosystem impairment)

based on a European scale.
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Next, the different impact categories are weighted and summed to form a single
Eco-Indicator value, an “imaginary” unit with which impacts can be compared. EI95
generates a single score by using weighting factors for a variety of adverse environmental
impacts produced during the life cycle stages. The degree by which a defined target level
(the level for which the damage is acceptable) is exceeded is used to weight the different
environmental impacts. This “distance-to-target” weighting derivation method is based
on the critical pollution load (target level), which considers the scarcity of environmental
absorption capacity by relating a load to a critical load. The greater the gap between the
current environmental impact (emission) and the target level, the higher the rating given
to the seriousness of the impact. A single score is the sum of the weighted points from
the environmental burdens that have been taken into account. There are nine impact

categories in EI95 as illustrated in the Figure 2.2.

CFC

Pb Ozone layer depletion

Cd Heavy metals gl
PAH Carcinogenics Fatalities }\
Dust Summer smog Subjective Eco-
VOC Winter smog >| Health impairment damage |~ Indicator
DDT Pesticides C assessment value
CO, Greenhouse effect Ecosystem impairment |/
SO, < Acidification
NO, Eutrophication

P

Normalization & Weighting

Classification & Damage analysis
Characterization

Figure 2.2 Structure of Eco-Indicator 95 method.
(Source: Goedkoop 1998)

The target levels for EI95 were developed for Europe. In EI95, there is a
correlation between the seriousness of an impact and the distance between the current

emission level and the target emission level (the so-called target value in EI95). Thus, if
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an impact has to be reduced by a factor of 10 to achieve a target sustainable level and
another impact has to be reduced by a factor of 5, then the first impact is regarded as
being twice as serious. In other words, the reduction factor is the weighting factor.
These reduction factors or the weighting factors were largely determined based on data
from governmental documents such as those from the Dutch National Institute for Public
Health and Environmental Hygiene (RIVM). Table 2.3 presents the reduction factors
used in EI95. These reduction factors were derived based on the emission amounts of

respective pollutants and the environmental conditions in Europe in 1990.

Table 2.3 Reduction Factors in Eco-Indicator 95
(Source: Goedkoop 1998)

Impact Category Reduction Factor Criteria for Target levels

Ozone layer depletion 100 Probability of one death per year per million population
Air- Lead content in blood of children, limited life expectancy

Heavy metals 5 and learning performance of people ‘
Water- Cadmium content in air

Carcinogens 10 Probability of one death per year per million population

Summer smog 25 Prevent smog period and health complaints

Winter smog 5 Prevent smog period and health complaints

Pesticides 25 5% of ecosystem is disrupted

Greenhouse effect 2.5 Increase in temperature for 0.1°C per decade

Acidification 10 5% of ecosystem is damaged

Eutrophication 5 5% of ecosystem is damaged

In EI95 the procedure can be expressed in a simple equation form as (Goedkoop 1998):

E N E.
I=)W x—x—=) W, x—
; "N, ; YT,

i i

2.1)

~.

Where I denotes the eco-indicator value, W; is the weighting factor (reduction factor)
which express the seriousness of impact /, E; is the contribution of a product or service
life cycle to an impact I, N; is the normalization value or the current extent of the

European impact /, and 7;is the target value for impact i.
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The major drawback of EI95 is the subjectivity of the reduction factors. This
procedure considers that the different damages of the three safeguard measures are
equivalent (one fatality per one million population, a health complaint regarding health
impairment, and five percent of ecosystem impairment). This equivalence is determined
without a scientific basis. Subjectivity is also found in the determination of reduction
factors. Even though there are criteria for the determination, the reduction factors for
some impact categories are subjectively selected (see also Subsection 2.5.2).

EI95 does not take into account resource depletion (availability of resources) as
an impact. Instead the environmental damage for resource consumption is presented in
terms of energy used for material production. However, EI95 does indicate that the
resource depletion impact is already incorporated in the waste emission (less resource use
means less waste emission) (Goedkoop 1998). The toxic substances that cause human
health impact considered in EI95 are also limited to only heavy metals, carcinogens,
summer smog, winter smog, and pesticides. For heavy metals, the developer selected
lead and cadmium as the surrogates for other pollutants according to the available
information. Hence only the environmental conditions affected by these two pollutants
were considered. This may be seen as a drawback because different heavy metals cause
different damages to human body.

Grant (2000) criticized EI95 because the method deals poorly with land use and
biodiversity impacts. EI95 also does not deal with the temporal and spatial variations of
the impacts. Dubreuil (1997) demonstrates this limitation by mentioning the concern
regarding the emissions of SO, in the winter smog impact in Europe, where the origin of

the problem is mainly the combustion of low quality coal. However, other activities,
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such as metal production, are also associated with emissions of SO,. Europe imports a
significant amount of metals in relation to its metal consumption. EI95 considers that
SO, emissions are always associated with the winter smog impact regardless of where the
metals are produced. In other parts of the world where winter smog does not exist and is
not related to smelting, the eco-indicator score based on the European perspectives for

metal production is not relevant.

2.3.2 Eco-Indicator 99 Damage-Oriented Method (Goedkoop and Spriensma 2001)

The Eco-Indicator 99 Method (EI99) is a modification of EI95. This method was also
developed using European environmental conditions. The EI99 was intended to
minimize the subjectivity of the weighting procedure of its predecessor; the EI95. EI99
has added and adjusted the impact categories offered in EI95. The weighting procedure
in EI99 is based on the use of the judgment of an LCA expert group as contrasted to the
distance-to-target method used in EI95. In an attempt to overcome the most critical and
controversial step in EI95, the weighting step in EI99 the number of subjects (grouped
impact categories) to be weighted is reduced to only three types of environmental damage
or safeguard subject: human health, ecosystem quality, and resources. This smaller
number of subjects to be weighted was used because it was more convenient and less
complicated for the expert panel to make judgments on the weighting. The results
returned from the panel experts, 45 opinions of a Swiss LCA interest group, revealed that
the weightings for human health were about the same as those for ecosystem quality at
40% while the weighting factor for the resource depletion was about 20%. Based on this
summary, these weights are used as the default in the EI99 weighting step to aggregate

the scores across the three environmental damage areas to yield a single score (see Figure
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2.3). As in EI95, the single score obtained from EI99 is recommended by the developer

for internal use only.

[ Minerals. Fuels Concentration minerals | Surplus energy for future extraction
Damage to resources

Faossil fuel availability — Surplus energy for energy extraction

] Land use IT Change in habitat size |—| Regional effect on vascular plant species 1
| Local effect on vascular plant species

Damage to ecosystem
NO, Changed pH and nutrient availability  [—] Acidification/eutrophication
S0, Eco-
NH, Concentration in soils — Ecotoxicity: toxic stress [ indicator
Pesticides valye
Heavy metals Concentration of greenhouse gases Climate change (diseases and displacement
CO,
CFC Concentration of ozone depleting gases H Ozone layer depletion
Nuclides
SPM C ation of radi lide: +— Ionizing radiati Damage to human health
VOCs
PAHs Concentration of SPM and VOCs H Respiratory effects
1 Concentration in air, water, food — Carcinogenesis | n
Normalization and
ﬂ H H weighting
Characterization Exposure and effect analysis Damage analysis

Figure 2.3 Structure of Eco-Indicator 99 method.
(Source: Goedkoop and Spriensma 2001)

EI99 assessment starts with the characterization, which places the environmental
burdens into 11 impact categories. Then the characterized burdens are assessed to
identify the sensitivity (effect) of the receiving environments using exposure and impact
analysis. In order to do this, a number of environmental models and analysis techniques
are used. Then the sensitivity of the environmental conditions are evaluated and
expressed in the damage analysis in terms of Disability Adjusted Life Years (DALYSs) for
the impacts that cause human health damage, Potentially Disappeared Fraction (PDF) or
Potential Affected Fraction (PAF) for ecosystem quality damage, and Mega Joules (MJ)
for energy use in resource extractions (Figure 2.3). Table 2.4 presents the impact

categories considered in EI99 and their corresponding damage categories.
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Table 2.4 Damage Categories and Impact Categories in Eco-Indicator 99
(Source: Goedkoop and Spriensma 2001)

Damage Categories Impact Categories
Carcinogenic
Respiratory impacts caused by organic substances
Human health Respiratory impacts caused by inorganic substances
(DALY) Climate change

Ionizing radiation
Ozone layer depletion
Ecotoxicity

Ecosystem quality Acidification and eutrophication
(PDF) : .
Land occupation and land conversion
Resources Extraction of minerals
MJ) Extraction of fossil fuels

In the normalization step, the relative contribution of the calculated damage to the
total damage of the reference system is determined. EI99 normalization references are
based on European data. The normalized scores of the predicted damages are then
aggregated using the weighting factors mentioned earlier. The EI99 procedure can be

expressed in simple equation form as:

I=ZWixE,.x% 2.2)

Where:
1 eco-indicator value
W, weighting factor of the damage i (e.g., 40% or 0.4 for human health damage)

E; contribution of a product of service life cycle to an impact i (e.g., kg of SO,
emission)

D, damage factor of the contribution E; (e.g., DALY/kg of SO,)

N; normalization value or the current extent of the European damage i (e.g., total
European human health damage in DALY/yr).
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EI99 has a few advantages over EI95. One of which is that EI99 focuses on the
“damage-oriented” or endpoint assessment (actual impacts or damages are quantified)
compared to the midpoint assessment (the assessment is based on the potential impact
with regard to environmental burdens) as in EI95. In other words, EI99 evaluates the
“actual damage” instead of the “potential damage” as in EI95. EI99 also eliminates the
EI95’s subjective assumption that the three different damages of safeguard measures are
equivalent (one fatality per one million population, a health complaint regarding health
impairment, and five percent of ecosystem impairment).

Overall, EI99 provides a systematic LCIA single score with the impact categories
covering major environmental issues. EI99 is compatible with conventional LCI, as
demonstrated in the SimaPro software (PRe’ 2006). There is also a potential to apply
EI99 to other regions of the world (Gomez 1998 as cited in Goedkoop et al. 1998).

However, EI99 still has some weaknesses that can be pointed out here.
Subjective judgment still exists in the determination of the weighting factors (from polled
panel experts). Other weaknesses, which are shared with EI95, are the incapability to
deal with temporal and spatial variations and the interpretation or the meaning of eco-
indicator scores. It is difficult for those not familiar with EI95 and EI99 methods to
understand what would be the practical meaning of the EI95 or EI99 points.

There are also a few major assumptions implicit in EI99 that should be pointed
out here because these points lead to some shortcomings. The first one is the assumption
that only one species of plant can be used as the representative of an entire ecosystem in
the determination of ecosystem quality damage. Another assumption that raises

questions is that the resource depletion impact can adequately be expressed by the energy
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used for the extraction of minerals and fossil fuels (i.e., the more energy needed, the more
scarce is the resource) instead of the actual damage caused by the extractions. Moreover,
there are only a few minerals and fossil fuels have information available on energy

consumption for their extraction, raising even more uncertainty.

2.3.3 Environmental Priority Strategies (EPS) (Steen 1999)

The EPS approach assembles all data from the LCI into a single value expressed in terms
of Environmental Load Unit (ELU). The environmental performance of products/
services can be compared using ELU. An ELU is an assigned monetary value of the
damage posed by an impact. The impact assessment process, which consists of the
classification, characterization, and weighting, are implicit in ELU in one process.

The EPS employs a valuation of environmental impacts based on the Swedish
Parliament’s and the UN’s general environmental objectives for the external
environment. EPS defines five safeguard subjects to be included in the assessment:
natural resources, biological production, human health, biodiversity, and aesthetic values.
In the evaluation, the impact on each of these safeguard subjects is determined and

quantified. Figure 2.4 illustrates the system flow diagram of the EPS.

Input
0il 7| Natural resources [~  Future costs
Zinc
A Biological production |—1 Direct losses :
Output ELU Indicator
Human health
CFC
co, | Biodiversity Willingness to pay [
SO,
Pb Aesthetic values
Impacts Safeguard subjects Valuation

Figure 2.4 Structure of EPS method.
(Source: Goedkoop 1998)
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A number of methodologies and data sources are used to estimate ELU, which is
equivalent to Euro currency, for safeguard subjects. Three types of ELU valuation were
implemented. The natural resources safeguard subject was valued by actual commodity
prices for future extraction costs. These are the costs that must be spent in order to
extract the remaining resources. For oil and coal, the costs of alternative fuel (vegetable
oil) were used for oil and the price of wood was used to value coal.

For the biological production safeguard subject, the current prices of production
are used. The production losses are measured directly from the estimated reduction in
agricultural yields and industrial damage.

For the human health, biodiversity, and aesthetic values safeguard subjects, the
monetary value was determined from the willingness to pay (WTP) to avoid damages. In
other words, WTP is the value paid to restore the protected impact to its original
condition after it has been affected. The change in environmental impacts is quantified
through the unit effects, which are defined as the changes in the protected impacts. For
instance, WTP can be seen as the sums that a society is prepared to pay for ill health or
the death of its citizens, the extinction of plants and animals, and impairment of natural
aesthetic values. The unit effect can be a reduction of one kilogram in seed production or
a loss of man-year due to a particular disease (e.g., 85,000 ELU/person-year of life loss).

The EPS procedure can be expressed in a simple form of equation as:

ELU =Y W,x I, xE, 2.3)

Where:
ELU EPS indicator in ELU

w; weighting factor of impact i
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I; impact index (ELU) of environmental contribution i (e.g., ELU/kg)

E; contribution of a product of service life cycle to an impact i (e.g., kg).

A feature of EPS is providing the universal indicators (currency unit) that are
understandable to industrial designers and help them make decisions based on the lowest
(economic) environmental cost. The social costs of production and consumption are also
implied in the evaluation of ELU. Furthermore, EPS is flexible and easily incorporates
information on new materials, processes, or energy uses. This is because the cost data for
material consumption, process, and energy uses are readily available. EPS has been used
to evaluate the environmental impact of different materials for a component of the
automobile industry (EPS was initiated by Volvo of Sweden). The most recent version is
EPS 2000, which provides default ELUs for a number of environmental impacts.

EPS also carries out a sensitivity analysis of both the data and the weighting
factors. A calculation to determine the uncertainty for each weighting factor is made
providing that the data from the inventory phase are accompanied by uncertainty factors.
This sensitivity analysis enables EPS users to examine the accuracy of the results.
However, sometimes it is not clear from what information or assumptions the uncertainty
factor is derived.

With regard to limitations, EPS neglects the consideration of environmental
damages. EPS also lacks transparency in the method for valuation of biodiversity.
Another limitation is the omission of temporal and spatial variations. The default ELU
evaluation (EPS 2000) is based on prices of commodities, costs of production, and value
of the prevention of environmental damage. Most factors are for global conditions in the

90’s and represent average emission rates. Hertwich et al. (1997) criticized EPS because
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the prices were based on an unstable situation. For example, the current prices paid in
royalties for timber may be underestimated compared to the full replacement value of the
forest. The updating of these prices and costs due to temporal and spatial variations

would require a significant amount of time and resources.

2.3.4 Environmental Design of Industrial Products (EDIP) (Wenzel et al. 1997)

EDIP is a method for incorporating environmental considerations into product
development. The method, which was developed in Denmark, describes how to calculate
and assess the environmental impact of a product during its life cycle stages. The method
also describes how the results of the life cycle assessment can be incorporated into the
product development plans as well as how to simulate various product alternatives.
Basically, EDIP offers guidelines for implementing a full-stage LCA (Danish EPA
2001b). However, LCIA of a product can be carried out following its documentation or
using the software tools, i.e., EDIP PC Tool (Danish EPA 2001a) and SimaPro software

(PRe’ 2006). Figure 2.5 illustrates the system flow diagram of EDIP’s LCIA.

Environmental exchanges Impact categories Indicator values
Global warming impact
Ozone depletion
Photochemical ozone formation
. Acidification . . .
[ Chemical releases - = Potential for environmental impacts
Nutrient enrichment
Persistent toxicity
Human- and Ecotoxicity
Waste
. Non-renewable resources . .
| Resource consumption n-renewable resol Potential for resource consumption
Renewable resources

/// Cancer
Carcino‘ggnic substances / Allerg \
Allergenic substances // Hearing impairment
Noise ] Accidents Potential for impacts on working environment
Accidents / Damage to reproductive system
Other impacts Damage to nervous system
Musculoskeletal injuries ﬁ
ﬁ Normalization
Characterization &
Weighting

Figure 2.5 Structure of LCIA in the Environmental Design of Industrial Products.
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The impact assessment procedure of EDIP framework relies on classification,
characterization, and normalization with weighting using the concept of the person-
equivalent to interpret the impact potentials. The three safeguard subjects considered in
EDIP are environmental impacts, resource consumption, and impacts on the working
environment or impact to human health.

The environmental impact group consists of eight impact categories: global
warming, ozone depletion, photochemical ozone formation, acidification, nutrient
enrichment, persistent toxicity, human- and eco-toxicity, and waste. Classification and
characterization in EDIP are similar to those of EI95 and EI99. After environmental
burdens are characterized, they are normalized to person-equivalent for the inventoried
area in different scale (local-Denmark, regional-Europe, and global). The normalized
environmental impacts then can be aggregated in the weighting step using weighting
factors. Weighting factors in EDIP are similar to the distance-to-target method in EI95.
EDIP defines the weighting factors as the relative environmental impact potential of
emissions in the year 1990 compared to the target levels in the year 2000 for the default
calculations. Therefore, EDIP’s weighted environmental impact potential (WEP) can be

formulated as (Wenzel et al. 1997):

WEP =Y WF, x NEP, (2.4)

Where:
WEP EDIP weighted environmental impact potential (person-equivalent)
WF; weighting factor of impact category i

= Environmental impact potential emission in 1990 of category i
Target emission in 2000 of category i
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NEP; normalized environmental potential (person-equivalent)

= EP;
T x ER;

EP;  total LCA potential impact of impact category i (e.g., kg COz-eq)
T duration of service (year)

ER; reference potential impact in inventoried year of impact category i
(e.g., kg CO,-eqg/person/year1990).

The resource consumption group consists of renewable and non-renewable
resources. Resource consumptions are assessed individually and no characterization is
made. Consumption of a resource can be normalized to person-equivalents for the global
scale regardless of the site-specific characteristics because the “one world market” is
assumed. The normalized resource consumption then can be aggregated in the weighting
step using weighting factors. A weighting factor of resource consumption in EDIP is
defined as the reciprocal of the supply horizon for the resource. Therefore, EDIP’s

weighted resource consumption (WR) can be formulated as (Wenzel et al. 1997):

WR =3 WF,x NR, 2.5)

Where:
WR  EDIP weighted resource consumption (person-equivalent)

WF; weighting factor of resource i

= I
Supply horizon for resource i

Supply horizon for resource i is the amount of known reserves relative to annual

consumption of resource i and it is:



NR;

RC;

RR;

For non-renewable resources

= _ Known reserves
Annual global consumption

For renewable resources where consumption exceeds regeneration

= Known reserves
Annual consumption — annual regeneration

For renewable resources where consumption does not exceed regeneration
= Infinite
normalized resource consumption (person-equivalent)

= RG;
T X RR;

total LCA consumption of resource i (e.g., kg Aluminum)
duration of service (year)

global resource consumption in 1990 (e.g., kg Al/person/year1990).
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The impacts on the working environment safeguard subject are classified within

seven impact categories: cancer, damage to the reproduction system, allergy, damage to

the nervous system, hearing impairments, musculoskeletal injuries, and accidents. The

impacts are summarized in terms of exposure time of the impact per employee per year.

Therefore, characterization is not needed since this form is ready for normalization. The

impacts on working environment are normalized with the background impact of Denmark

in the year 1990. The normalized impacts based on working environment impacts then

can be aggregated in the weighting step using weighting factors, which are defined as the

relationship between the number of work-related injuries reported for persons exposed to

the type of impact in question in Denmark and the total time exposure in Denmark to the
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relevant type of impact in the year 1990. EDIP’s weighted working environmental

impact potential (WWP) can be formulated as (Wenzel et al. 1997):

WWP =Y WF,x NWP, (2.6)

Where:
WWP EDIP weighted potential impacts on the working environment (person-equivalent)
WF; weighting factor for impact i on working environment

= Reported injuries for impact i per year in Denmark
Total annual time of exposure to the impact i in Denmark

NWP; normalized potential for impacts on the working environment = _WP;
T x WR,

WP; impact potentials for the working environment for impact category i (year)

T duration of service (year)

WR; exposure time of the impact per employee per year in Denmark for impact
category i in 1990 (year/person/year1990).

A survey reported that most of the LCA experts who participated in the survey
found EDIP to be the most advanced, complete and consistent LCA method available
(Sorensen 2002). The former version of this LCIA method is EDIP97. The update
EDIP2003 supports country-specific LCA through the characterization factors (Dreyer et
al. 2003; Hauschild and Potting 2004; Potting and Hauschild 2004; Hettelingh et al.
2005). Several environmental models were used to evaluate the characterization factors
for local and regional scale impact categories, i.e., photochemical ozone formation,

acidification, nutrient enrichment, eco-toxicity, human toxicity, and noise.
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A major characteristic of EDIP’s LCIA is a toxicity assessment to determine the
equivalency factors for chemical substances. As pointed out by Toffel and Marshall
(2004), the impact assessment for human toxicity in EDIP incorporates each substance’s
toxicity, biodegradability, and dispersion in the environment. Human toxicity potential
values are calculated for relative toxicity from exposure via environmental media.

Other advantages of EDIP are the transparency of the calculations and the
flexibility of the selection of impact categories. Unlike EI95, EI99, and EPS in which the
number of impact categories is pre-defined, EDIP allows an unlimited number of impact
categories to be assessed. The characterized impact potentials from other methods can be
further assessed using EDIP’s normalization and weighting procedures.

Even though EDIP considers environmental impact, resource consumption and
impacts on the working environment as the safeguard subjects, a further aggregation of
the scores evaluated for these three safeguard subjects is not carried out because a valid
method to lump these scores together is not yet determined. The recommendation for
EDIP interpretation is based on the impact potential profiles of each of the individual
main groups. Hence, EDIP does not offer a true “single score” that combines all three
safeguard subjects. However, a few assessments using EDIP are implemented by
assessing only one safeguard subject, i.e., the environmental impact or the resource
consumption (as in SimaPro Software, Nilsson 2001; Yang and Nielson 2001; Dreyer et
al. 2003). These EDIP implementations allow the comparison of environmental
contributions thus still serving the LCA purposes.

EDIP also shares limitations similar to those of EI95, EI99, and EPS in terms of

carrying a degree of subjectivity in the weighting procedure. In EDIP, subjective
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judgment is reflected because the determination of the future target emission levels is
based on value choices (mostly Danish emission policy). The EDIP documentation
provides the scientific background using information from Denmark and Europe
specifically. However, there are a few attempts to evaluate a group of normalization
references and weighting factors for other regions such as China (Yang and Nielson

2001; Lin et al. 2005).

2.3.5 IMPACT2002+ (Jolliet et al. 2003)

The IMPACT2002+ LCIA method, which was developed in Switzerland, was a
modification of EI99. IMPACT2002+ shares several features with EI99, one of which is
the aggregating of impact categories into a smaller number of groups for weighting
purpose (safeguard subjects). IMPACT2000+ has grouped the total of 14 midpoint
impact categories into four damage categories. The term “damage category” used in this
method and EI99 is as same as the term “safeguard subject” used in EPS and “indicator
value” used in EDIP. However, while EI99 and EDIP have three damage categories,
IMPACT2002+ has four and EPS has five. The damage categories considered in
IMPACT2002+ are human health, ecosystem quality, climate change, and resources.
Climate change is the damage category that has been added to those in EI99. The
structure of IMPACT2002+ is presented in Figure 2.6.

IMPACT2002+ uses most of the characterization factors obtained from EI99 and
other sources such as CML (Center of Environmental Science at Leiden University, the
Netherlands) and Ecolnvent Database. IMPACT2002+ also uses newly developed
methodologies to evaluate the characterization factors for human toxicity and eco-

toxicity. The Human Damage Factors (HDF) were calculated for carcinogens and non-
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carcinogens, employing intake fractions, estimates of dose-response slope factors. Both
human and eco-toxicity damage factors are based on mean responses of the receptor. The
risk assessment models were used to determine the HDFs for several thousand chemicals.
Generic factors were calculated at the Western Europe continent level offering the spatial
differentiation for 50 watershed and air cells. Damages in IMPACT 2002+ are expressed
in terms of Disability Adjusted Life Years (DALYs), Potentially Disappeared Fraction
(PDF), kg CO,, and MJ for grouping the impact categories into the damage categories of

human health, ecosystem quality, climate change, and resources, respectively.

r Human Toxicity
l Resyllratory E.ﬂ‘etcts Human Health
Ionizing Radiation
Ozone Layer Depletion

Photochemical Oxidation
Aquatic Ecotoxicity

Eco-Indicator
Value

Terrestrial Ecotoxicity
Aquatic acidification
Aquatic Eutrophication
Terrestrial Acid./Eutro.
Land Occupation

Global Warming — Climate Change

Nortevenue Energy > Resources

Mineral Extraction

LCI Results

Ecosystem Quality —

Midpoint Categories Damage Categories

Figure 2.6 Structure of IMPACT2002+ method.
(Source: Jolliet et al. 2003)

For the normalization, the developer calculated the normalization factors by using
the ratio of impact per unit of emission divided by the total impact of all substances of the
specific category, per ‘person per year. And the calculated normalization factors are
0.0077 DALY/person/year, 4,650 PDF.myeat/person/year, 9,950 kg COo/person/year,
and 152,000 MJ/person/year for the damage categories of human health, ecosystem

quality, climate change, and resources, respectively.
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The weighting factors for aggregating the damage categories to obtain a single
score were not evaluated in IMPACT2002+. The developers suggested that the
interpretation of the LCA results should be made separately for those impact categories.
However, it is the choice of the users to determine the damage factors by themselves
should an aggregation be needed. The default weighting factors of one, which means
each damage category is as important as the others, are used in SimaPro (Pre’ 2006).

IMPACT2002+ has major advantages over EI99 in terms of providing the spatial
variation of human toxicity and eco-toxicity impacts and global climate change is
emphasized as a damage category. However, the weakness, inherent also in EI99, is the

treatment of the weighting process.

2.3.6 Life Cycle Impact Assessment Method Based on Endpoint Modeling (LIME)
(Hayashi et al. 2004; Itsubo et al. 2004; Hayashi et al. 2006)
The LIME approach assembles the data from LCI into a single score expressed in two
forms; a monetary value in Japanese Yen and a dimensionless index. The LIME
combines both midpoint and endpoint assessments into its evaluation process before
grouping the endpoint categories into four safeguard subjects; human health, social
assets, biodiversity and primary production. Human health and social assets are related
to human welfare while biodiversity and primary production relate to ecosystem welfare.
The structure of LIME is presented in Figure 2.7.

LIME uses a set of Japanese-based LCI data for implementation in LCI process.
The characterization of LCI results are made using characterization factors from several
sources of information as well as from newly developed Japanese-based characterization

factors for some local impact categories (Hayashi et al. 2004). The midpoint impact
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categories are then re-grouped into different endpoint categories according to their
incurred damage using damage assessments. Then the quantities in endpoint categories
are distributed to four different safeguard subjects using damage factors obtained from
damage analyses. Damages are expressed in terms of Disability Adjusted Life Years
(DALYs), Japanese Yen, Extinct Number of Species (EINES), and Dry Ton for the
safeguard subjects of human health, social assets, ecosystem, and primary production,
respectively. An LCA single score in terms of monetary value can be obtained by
multiplying the damages in all safeguard subjects by the corresponding “monetary
weighting factors”. The monetary weighting factors were estimated using the results
from the interview for determination of the willingness to pay (WTP) to prevent the
damages from about 400 Japanese household samplings. Table 2.5 shows the monetary
weighting factors of all safeguard subjects obtained using this approach. And the

monetary single score can be formulated using Equation (2.7).

Human Damage

Cataract
Skin Cancer
, / Other Cancer

Ozone Depletion | Respiratory Disease
Global Warming Thermal Stress
Acidification Infectious Disease Social Assets
Photochemical Oxidant Starvation
Regional Air Pollution Disaster Single Index
LCI Results Human-toxicity Chemical Foresf Ecosystems g
Eco-Toxicity Chemical Crop
Eutrophication Land Loss
Land Use Fishe;
Waste Landfill ¥ Ener| ) Net Primary /
Resource Consumption Terrestrial Ecosystem Production
\ Aquatic Ecosystem
| User Cost
Impact Category Endpoint Category Safeguard Subjects

Figure 2.7 Structure of LIME method.
(Source: Hayashi et al. 2006)
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Table 2.5 Monetary Weighting Factors in LIME
(Source: Itsubo et al. 2004)

Monetary Valuation
Safeguard Subject . Monetary Weighting Factor
Unit of Damage (Japanese Yen/Unit)

Human Health 1 DALY 9.76x10°

Social Assets 10,000 Japanese Yen 1.00x10*

Biodiversity 1 Species loss 4.80x10%

Net Primary Production 1 Ton 2.02x10*
I, = Z Z(Inv.s x Damage Factor, ,xWeighting Factorl,e) (2.7)

e s

Where:
5
Inv.g

Damage Factor .

Damage Function g,

Weighting Factor ;.

a monetary LCA index (Japanese yen)
a result of LCI of substance s (kg)

a damage factor (damage’kg) of environmental loading
substance s for safeguard subject ¢ (damage amount/kg)

= ZDamage Function_,
t

a damage amount (damage amount/kg) incurred by a
safeguard subject e through a specific process of
environmental impact ¢ caused by the loading of one unit of
an environmental loading of substance s

an amount of monetary weighting factor for one unit of
damage to a safeguard subject (yen/unit damage amount).

A national level WTP for a safeguard subject could be obtained by multiplying

the household level WTP by the total number of households in Japan. The

“dimensionless weighting factors” could then be obtained by normalizing the national

level WTPs by the damages at the national level, which was calculated using the national

pollution release inventory. The 2002 dimensionless weighting factors were 0.31, 0.21,
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0.23, and 0.26 for safeguard subjects of human health, social assets, primary production,

and biodiversity, respectively. And the dimensionless single score can be formulated

using Equation (2.8).

Inv.. x Damage Factor,

I, = . > x Weightin (2.8)
? Ze: 2( Normalization Value, & gz’ej

Where:
L a dimensionless LCA index
Weighting Factor . a dimensionless weighting factor of an annual damage

amount of a safeguard subject
Normalization Value ., annual amount of damage incurred by safeguard subject e

= Z (Annual Env. Loading x Damage F actors’e)

Annual Env. Loading s annual amount of environmental loading (kilograms) of

environmental loading substance s in Japan.

Like EPS, a feature of LIME is to provide a universal indicator (currency unit)
that is understandable and more tangible to the decision makers and other interested
audiences. The social costs of preventing environmental damage are also included in the
evaluation. One notable feature of LIME is the combination of midpoint and endpoint
impact categories. The different assessments used among those two types of impact
categories are well defined. Several rigorous approaches were used in the evaluation of
characterization factors and damage factors (Hayashi et al. 2004)

With regard to limitations, value judgment still exists in the determination of the
weighting factors (Itsubo and Inaba 2003). Other weaknesses are the incapability of

dealing with temporal and spatial variations. LIME was based on a Japanese LCI
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database and environmental conditions (Narita et al. 2004). As of now the LIME
software is only available in Japanese, make it difficult for other LCA practitioners to
study. An application of LIME to other parts of the world would require a significant
amount of time and resources to update the database library, especially when LIME relies

heavily on prices and costs which are fluctuating.

2.3.7 Summary and Opportunities for Increasing LCIA Sophistication
Six LCIA methods yielding single scores have been reviewed in the previous subsections.
Some key properties and characteristics of these LCIA methods are summarized in Table
2.6. An LCA/LCIA single score is practical and applicable. It is useful for internal use
to make a comparison among products, services, or materials by identifying the overall
superiority or ranking of product or service alternatives, which is a benefit for decision-
making. In terms of the superiority among choices, use of a single score is more explicit
than using multiple scores of every impact category. Furthermore, LCA Single scores
provide a way for businesses/organizations to communicate with their customers and
audience about the sustainability characteristics of their products and services.

Although the available LCIA methods reviewed here have merit in terms of a
presenting single score, there are still some disadvantages that can be identified. These

disadvantages, drawn from the literature review, are:
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Feature Eco-Indicator 95 Eco-Indicator 99 Environmental Strategies System
(EI95) (EI99) (EPS)
The Netherlands The Netherlands Sweden
Centre for the Environmental Assessment
Re' Itants !
PRe' Consul PR’ Consultants of Products and Material Systems
National Reuse of Waste Research Natlon'al Institute of Publ'lc Health and Chalmers University of Technology
Developer Programme (NOH) Environmental Protection (RIVM) i
Agency for Energy and the Environment National Board for Technical and
(NOVEM) Industrial Development
Natlon'al Institute of Publllc Health and The Swedish Waste Research Board
Environmental Protection (RIVM)
Software tool SimaPro 7 SimaPro 7 SimaPro 7, EPS 2000 Design System
Goal of the method Environmentally-aware design of products | Environmentally-aware design of products Increase of total welfwre of products and
processes
LCIA steps
Classification Yes Yes Yes
Characterization Yes Yes Yes
Normalization Yes Yes No
Grouping Yes Yes Yes
Weighting Yes Yes Yes
Evaluation and reporting Yes Yes Yes
Method indicator and unit | Eco-Indicator 95 indicator value, point Eco-Indicator 99 value, millipoint Monetary value, Environmental Load
Unit (ELU) -equivalent to Euro currency.
Weighting principle Distance-to-target, political weighting Damage-oriented, panel expert Act!.m] price and willingness-to-pay. to
avoid damages
Evaluation basis Relative impacts Potential effects Actual effects or risks
Site specific No No No
Time, specific year Varies on impact categories No 2000
Information needed Small Moderate High
Life Cycle Impact Assessment Method
Feature Environmental Design for Industrial Products IMPACT2002+ Based on Endpoint Modeling
(EDIP) (LIME)
Denmark Switzerland Japan
Technical University of Denmark Swiss Federal Institute of Technology National Institute of Advanced
The Confederation of Danish Industries and the Lausanne (EPFL) Industrial Science and Technology
Developer Danish EPA
Software tool SimaPro 7, EDIP Software Tool (Beta) SimaPro 7 Sofiware Tool in Japanese
Goal of the method Reduction of impacts associ_ated with industrial Combine midpoint/endpoint approach Combine midpoint/endpoint approach
product degigns
LCIA steps
Classification Yes Yes Yes
Characterization Yes Yes Yes
Normalization Yes Yes Yes
Grouping Yes Yes Yes
L Yes for weighting across impacts in main Yes Yes
Weighting L . .
groups, No weighting across main groups M y/di 1 d
Evaluation and reporting Yes Yes Yes
Method indicator and unit Impact potential, person-equivalent UMPACT value, millipoint Monetary :alue- Jépmesie :en and LIME
Distance-to-target, separate weighting for
Weighting principle environmental impacts, r cc ion, Damage-oriented, non-weighted Conjoint analysis- value judgement
and working environment
Evaluation basis Relative impacts Potential effects Potential effects
Site specific Yes for some impact categories No No
Time, specific year 1990 and 2000 No Yes-varies
Information needed Moderate Moderate High




39

1. Subjectivity of weighing procedure

Even though the sophisticated LCIA methods are capable of a full stage implementation,
these methods, as well as the basic weighting techniques, are still not free from subjective
value judgment. The subjectivity is present in the weighting factors where they are
derived from value systems such as expert panels and governmental policies. These
value-based weighing factors are controversial and may decrease the credibility or broad
applicability of the entire LCA process (Udo de Haes 2000; Hertwich and Hammitt
2001). Because LCIA methods are complicated, the subjectiveness of the weighting
procedure may be less obvious and may be overlooked by the audiences.

2. Weighting factors should be flexible

Even though the weighting procedure is based on either governmental policies or expert
panels’ judgment, the weights logically reflect the perceived seriousness of the
environmental impacts at that time and place. The degree of seriousness is temporal and
spatial according to several factors, e.g., the accomplishment of mitigation measures,
better environmental conditions due to natural self-purification, new technology, and
further exploration (of natural resources) or improved scientific understanding.
Finnveden (2000) and Hellweg et al. (2003) also pointed out in a similar way, that current
impacts should be weighted differently than the future impacts. Because weighting of
environmental impacts is flexible, their use should be implemented cautiously and
updated regularly.

3. Need of metrics/indicators relative to sustainability

In LCA, not only are environmental impacts measured, but they should be analyzed and

interpreted in a meaningful way. Because LCA may used both internally and externally,
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its use as a communication tool between businesses and their external stakeholders will
be more acceptable when the results are understandable and methods are transparent.
The LCIA methods reviewed here have defined their own indicator units (Table 2.7).
These units, i.e., point or millipoint for EI95, EI99, IMPACT2002+, and LIME, ELU for
EPS, and person-equivalent for EDIP, are difficult to understand to the external
stakeholders in terms of the environmental context. Among the units presented here,
only the EPS’s ELU (equivalent to Euro currency) and the LIME’s damage index (in

Japanese yen) might be considered as non-abstract and universal.

Table 2.7 Units for Single score of Six LCIA Methods

LCIA Method Unit
EI95 Point, millipoint
EI99 Millipoint

ELU (Environmental load unit)

EPS - equivalent to Euro
EDIP Person-equivalent
IMPACT2002+ Millipoint
LIME Japanese yen and millipoints

These environmental-related indicators offer a way for comparative assessment of
products and services using the same LCIA method. They identify the superiority among
products or services by the “less is better” approach: the one posing lower environmental
burdens is the one with better environmental performance. However, the precautionary
principle, where the preventive action should be taken before the environmental damage
can be measured, is not satisfied because the seriousness of the environmental impacts
posed by environmental emissions and resource consumptions of the products/services is
not identified. It is also difficult for external audiences to understand the possible

physical meaning of these indicators. Heijungs (2005) discussed the fact that units used
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in LCA today are not universal and not common to external audiences. Therefore,
indicators that may fulfill this gap are the ones that are more universal and more easily
related to sustainability.

Recently, the concept of sustainable development has been more widely
considered as a primary value for businesses (Schwarz et al. 2002). Consequently, the
sustainability concept has been put into practice by identifying the indicators or metrics
for measuring environmental performance as related to sustainability. And since the
sustainability concept consists of three dimensions (or a triple bottom line: economic,
environmental, and social equity), therefore, environmental performance metrics related
to sustainability levels or sustainability metrics can be defined as the metrics that are
designed to consolidate key measures of environmental, economic, and social
performance (Schwarz et al. 2002). Examples of frameworks and approaches that
attempt to standardize an environmental performance evaluation related to sustainability
are Eco-Efficiency (WBCSD 2000), GRI’s Sustainability Report (GRI 2002), ISO 14031
(ISO 1999), Ecological Footprint (Wackernagel et al. 1999) (the review of these
frameworks and approaches is presented in Appendix A).  Generally, these
frameworks/approaches provide the guidelines for how to arrange an environmental
report. They also present recommended lists of environmental performance indicators
related to the concept of sustainable development. However, these frameworks and
approaches do not generally provide the step-by-step procedures in detail. In the context
of LCA, there are some LCA/LCIA study groups mentioning and introducing the other
dimensions of sustainability (economic consideration and social equity) into their

methodologies (Dickinson 1999; Bage and Samson 2003; Guinee et al. 2004; Stewart and
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Jolliet 2004; Udo de Haes et al. 2004; Hunkeler and Rebitzer 2005; Weidama 2005;
Labuschagne and Brent 2006). Even though it is just an early stage, but it shows the
direction of how to develop more advanced and applicable LCA/LCIA methodologies.

Environmental performance indicators can be expressed as absolute or relative
indicators, as indexed indicators (percentage with respect to total), as aggregated
indicators (quantities of the same unit are summed), and weighted evaluations
(conversion factors are used to depict quantities of varying importance) (ISO 1999). The
approach that is gaining more publicity currently is the eco-efficiency concept proposed
by the World Business Council for Sustainable Development (WBCSD) (Schmidheiny
1992). The WBCSD states that a basic business contribution to sustainable development
is eco-efficiency, which is (WBCSD 2000):

“...being achieved 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.”

According to Raynolds (1997), a basic form of eco-efficiency environmental
performance indicator is the link between resource inputs and/or pollution outputs and
units of products or services. In other words, higher eco-efficiency implies the creation
of more goods and services with less resource use, and less waste and pollution. Eco-
efficiency combines the two eco-dimensions of economy and ecology to relate product or
service value to environmental influence. The measurement of eco-efficiency is widely

practiced using the following ratio (WBCSD 2000):
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Eco-Efficiency = Product or Service Value (2.9)
Environmental Influence

The Eco-Efficiency framework relates environmental impact to the value added of
a product or service. The comparative assessment between products/services may be
implemented using eco-efficiency ratios.
4. Not all relevant environmental impacts are considered
An initial step in LCA is the goal and scope definition. At this step, the selection of
impact categories that should be considered is made. An LCA should include all relevant
environmental aspects and impacts. The impact category selection may also be made
based on the availability of information in addition to the goal and scope definition. Most
of LCIA methods in the review have a pre-defined and limited number of impact
categories. The modification of this limitation requires a great number of changes.
A method that is flexible in the selection of impact category would be more preferable in
accordance with the LCA context. Especially for the damage-oriented LCIA methods,
which aim to interpret an LCA in the form of damage indicators at the level of the
societal concern (Jolliet et al. 2004).
5.) Other issues
Bare et al. (1999) addressed other issues for further LCIA development as follows:

- Environmental backgrounds and thresholds: the inclusion or the exclusion of
environmental backgrounds and thresholds in LCIA;

- Uncertainty analysis: the necessity and practicality regarding the sophistication of the
uncertainty analysis for model and data uncertainties;

- Midpoint and endpoint determinations: the advantages of incorporating the endpoint
determination from environmental impact assessment (e.g., endpoint is the
quantifying of fish kills and tree loss as opposed to emission of acidification potential
of substances for the midpoint);
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- Eco-toxicity: the difficulty of assessing and capturing the comprehensiveness of the
environmental health impact category; and

- Role of risk assessment: the use of information and results from other supporting
environmental analyses such as toxicological benchmarks from risk assessment.

Hunkeler and Biswas (2000) also added that in order to evolve LCA into a more
objective index, the aspects that need to be addressed: 1) are based on quantifiable,
investigator independent, systematic, life cycle data, 2) must be scalable, so that the
results can be normalized to be representative within and across product lines, and 3)
should combine environmental, technical, and market-based information.

Spatial differentiation in LCA is also necessary to strengthen the credibility of
LCA. Spatial differentiation is gaining more attention among LCI/LCIA developers
(Ross and Evans 2002; Scharnhorst et al. 2004; Udo de Haes et al. 2004; Heuvelmans et
al. 2005; Hettelingh et al. 2005). Modern LCA should focus on the implementation of
spatial differentiation in both LCI and LCIA. And also pointed out by Ciroth et al.
(2004), the omission of uncertainty assessment may downgrade the usability of LCA.
Sugiyama et al. (2005) recently presented a new approach to use standard statistics to
consider the uncertainty in industrial-based LCI.

A recent survey conducted to probe the needs from LCA practitioners indicates
that issues that need immediate attention within UNEP-SETAC Initiatives are the
transparency of methodology, scientific confidence, scientific co-operation, and factors
that are recommended for future LCA development (Stewart and Jolliet 2004).

In summary, a consensus and standard for LCIA methods as well as an objective
weighting procedure is not available currently. Some governments have attempted to

adopt their own standard methods supporting single scores, e.g., EI99 for the
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Netherlands, the EPS for Sweden, EDIP for Denmark, IMPACT2002+ for Switzerland,
and LIME for Japan, but none of these methods has yet been accepted as the one for
worldwide use. Hence, there are opportunities for increasing the sophistication of LCIA
by addressing the issues mentioned above. In addition, the attempts to develop a refined
system for measuring environmental performance following the LCA framework are
increasingly under attention since the introduction of the ISO 14040 series. Therefore,
further contributions to LCA and LCIA development are surely needed.

Further research to advance the development of a single score LCIA may be
designed on the basis of two criteria: ease of explanation to non-specialists and
transparency for specialists (Vogtlander and Bijma 2000). The following section reviews
a recently developed LCIA method, the Sustainability Target Method (STM) that is an
attempt to meet these criteria, i.e., simplicity and transparency to all audiences.

As pointed out in the preceding literature review, the major weakness of current
LCIA development is the weighting procedure. To bridge this gap, further research may
be divided into two directions. The first one is to seek a weighting method that could be
widely accepted as the standard, which is difficult. And the second one is to seek a
means to aggregate the discrete environmental impacts without subjective weighting.
The STM is being developed as an LCIA-based, non-weighting methodology that bases

the aggregation on the sustainability concept rather than value-choice weighting process.
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2.4 The Sustainability Target Method

2.4.1 The Development of the STM
The Sustainability Target Method (STM) is an environmental performance metric
formulated by Lucent Technologies and developed through the collaboration of Lucent
Technologies, Agere Systems, and the NJIT Multi-lifecycle Engineering Research Center
(MERC) (Caudill et al. 2002). The STM can be used to evaluate the environmental
impacts associated with business activities in terms of achieving a practical sustainability
target. In the context of LCA, the STM can also be considered as an LCIA method that
provides meaningful environmental performance indicators related to the sustainability of
the product.

In general, the STM interprets different types of environmental impacts based on
a single dimensionless indicator called Environmental Impact (EI), which is the
environmental impact per unit production (Dickinson 1999; Mosovsky et al. 1999;
Mosovsky et al. 2000; Dickinson et al. 2001; Mosovsky et al. 2001; Dickinson et al.
2002). EI provides the basis for calculating the indicators called Resource Productivity
(RP) and Value Productivity (VP), which are relative indicators expressing the level of
production and value provided, respectively, per unit of environmental impact. RP and
VP provide a quantitative basis for comparing environmental impacts between products
or processes. RP and VP are also used to calculate Eco-Efficiency (EE), which is a
practical absolute indicator for sustainability. EE is essentially a product’s economic
contribution (percentage of GDP) divided by its environmental burden (percentage of
carrying capacity). The carrying capacity is used as the baseline reference for the

sustainability target in the STM.
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The STM can be used to evaluate the environmental performance across the
complete life cycle stages of a product because it is being developed according to the
LCA framework. The key function of this method is to make a link between the
economic value of the product and the portion of the environmental carrying capacity that
the product consumes. Therefore, the STM accounts for two elements of sustainability:
economic and environmental considerations. The third element, social considerations,
has not been explicitly incorporated and will be explored in further developments

(Caudill et al. 2002). The details of the STM methodology are presented in Appendix B.

2.4.2 Characteristics of the STM

Combining economic and environmental evaluations

The STM takes into account economic considerations by application of the economic
value of a product or service. The application of the economic value may also be
extended to social considerations, which may be quantified in terms of monetary value of
social perception of the willingness-to-pay to protect or prevent environmental damages
and social value of the product or service.

Dealing with temporal and spatial variations

The STM attempts to take into account the temporal and spatial variations. Mostly, the
aspects and life cycle stages of a system are temporal and spatial variations. The impacts
demonstrate spatial variation when local or regional scales are considered and there are
temporal variations when the aspects are not influenced simultaneously. Temporal and
spatial variations are dealt with in the STM calculations where EI is the aggregation of EI
from several aspects or life cycle stages of a system. The overall EI is the sum of EI from

different life cycle stages of the product, which are temporal and spatial distributions.
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Measuring the environmental impacts related to sustainability

In the STM, the significance of the environmental impact is not only identified, it is also
expressed as a group of indicators related to the sustainability target. In other words, the
sustainability target is used as the ruler to measure environmental performance of
systems. This makes the STM a tool for absolute measure, with which the environmental
performance or the level of environmental stewardship of a product can be identified
without any further comparison with others. The evaluation of environmental impacts as
related to the sustainability target may also be considered as an approach toward the
precautionary principle in the examination of alternatives in the decision-making process.
Assessing environmental impacts without weighting procedure

The weighting procedure is used traditionally in LCIA to identify the relative importance
among various impact categories. With the STM, weighting is avoided because all of the
environmental impacts are expressed based on the same scale, which is the earth’s
carrying capacity. Exceeding the earth’s carrying capacity is unsustainable regardless of
the specific impact category. The STM is considered as a combined midpoint and
endpoint assessment, i.e., the environmental damage is assessed relative to the
sustainability target.

Being flexible for the selection of impact categories

The impact assessment of the STM is simple and straightforward. Similar to the EDIP,
the impact categories are not attached to the calculation processes; therefore, the STM is
flexible and not limited to the selection of impact categories. Users can choose the
impact. categories that suit their use of the assessment. The characterized impact

potentials from other methods can be further assessed in the STM.
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Providing environmental condition assessment

An environmental condition indicator (ECI) provides the information on environmental
health and conditions at different scales. This type of indicator links specific business
activities or emissions to environmental impacts, i.e., establishes a relationship between
pollutants and impacts. According to the National Academy of Engineering (NAE 1999),
this type of indicator is of greatest interest to industry and stakeholders because it may be
used to estimate environmental performance toward the sustainability of human
activities. Indicators in the STM may be considered as an ECI because they are derived
from environmental conditions. In other words, the sustainability level is the ultimate

target for improvement or maintenance of environmental conditions.

2.4.3 The Importance of the Carrying Capacity to the STM
The STM defines the economic carrying capacity (ECC) as the natural carrying capacity
(NCC) minus the natural burden (NB)'. The ECC is the portion available to industry and
commerce to support the needs of society (Dickinson et al. 2001). Since ECC is the one
that is associated with economic value, therefore, only the ECC is used as the reference in
the STM calculations. The STM is formulated from a business perspective; the term
“carrying capacity” hereafter refers to the economic carrying capacity.

Carrying capacity is important to the STM because it is used to calculate the key
references, i.e., the Impact Reference Levels (Ir) and the Aspect Reference Levels (Ag)

(see Appendix B). The utility of the STM is based heavily on the soundness of the

! Natural carrying capacity is the capacity of the earth to absorb the environmental burdens caused by both
natural and anthropogenic sources. The economic carrying capacity is the portion of the burdens that is
associated with economic value (caused by anthropogenic sources) while the natural burden is the portion
that is caused by natural sources and is not associated with economic value.

(Economic carrying capacity = Natural carrying capacity — Natural burden)
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methodologies and approaches used in carrying capacity estimates. Therefore, it is
important to develop estimates of carrying capacity based upon the best available
scientific evidence and supporting documents. Scientifically-rigorous carrying capacity
estimates will strengthen the advantages of the STM over other LCIA methods. This
research is motivated by the need to create scientifically-based methodologies to estimate
carrying capacity that are as sound as possible. The following section reviews topics

relevant to carrying capacity development.

2.5 Impact Categories and Methodologies for Carrying Capacity Estimates

2.5.1 Impact Categories

The number of impact categories to be included in an implementation of environmental
performance evaluation is limited by practicality. A proposal by SETAC divides the
impact categories into input related and output related categories (Udo de Haes et al.
1999a; 1999b). With the exception of “land use”, this list has also been adopted by the

ISO for the ISO 14040 series (ISO 2001).

Input Related Categories
Category 1:  Extraction of abiotic resources
Subcategory: Extraction of Deposits
Subcategory: Extraction of Funds
Subcategory: Extraction of Flow resources
Category 2:  Extraction of biotic resources
Category 3: Land use
Subcategory: Increase of land competition
Subcategory: Degradation of life support functions
Subcategory: Bio-diversity degradation
Output Related Categories
Category 1:  Climate change
Category 2:  Stratospheric ozone depletion
Category 3:  Human toxicity
Category 4:  Eco-toxicity
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Category 5:  Photo-oxidant formation

Category 6:  Acidification

Category 7:  Nutrification (Eutrophication)

This list is not exhaustive and other impact categories may be important in some
situations. These other impact categories may include noise, odor, and others. In LCA
practice, selection of impact categories depends on the system boundaries and the
specification of the project. However, an LCIA method must cover the common impact
categories so it can be considered as a generic method. To keep the overall structure of
impact categories within the same system, the categories can be divided into
subcategories. Then the aggregation can also be performed at the subcategory level.

In general, impact categories can be divided into homogeneous and non-
homogeneous impact categories (Assies 1998). A homogeneous impact category is an
impact that is incurred by several burdens and these burdens can be interchangeable (or
have trade-off capability) within this impact category in the sense of environmental
damage. For example, the global warming impact is a homogeneous impact category
because it is caused exclusively by emissions of CO,, CHy4, and other greenhouse gases.
These greenhouse gases are interchangeable and can be aggregated within the impact.
Examples of other homogeneous impact categories are climate change, stratospheric
ozone depletion, and acidification. By contrast, a non-homogeneous impact category is
an impact caused by a specific burden. For example, human toxicity impact is a non-
homogeneous impact category because the adverse impact on human health is caused by
different toxic substances and these substances are not substitutable in terms of human
exposure. This is because different toxic chemicals affect different organs and systems

and it is not possible to calculate the synergistic and additive effect on human health
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caused by all toxic chemicals. As a result, the aggregation or trade-off in terms of
toxicity potential among toxic chemicals is not valid (Udo de Haes et al. 1999a).

The CML (Center of Environmental Science, or Centrum voor Milieukunde, at
Leiden University, the Netherlands) divides environmental impacts into three groups:
baseline impact category, study-specific impact category, and other impact categories
(Guinee 2001). The baseline impacts, which are mandatory, are presented in Table 2.8
along with the impact categories recommended by SETAC and the ones used in the six
LCIA methods reviewed in Section 2.3. Study-specific impacts include radiation, odor,
noise, waste heat, and casualties. Other impacts may include the depletion of biotic
resources.

A survey in 2004 revealed the impact categories that are most significant in the
opinion of LCA practitioners (Stewart and Jolliet 2004). According to this survey,
impact categories could be prioritized into three levels, i.e., the “Required” impact
categories which are the most significant, the “Nice to Know” impact categories, which
are moderately significant, and the “Low Priority”, which are not significant. Table 2.9
shows the list of impact categories distributed within these three levels.

Impact categories in LCA are defined on the basis of general environmental
concerns. The data aggregation between burdens in a homogeneous impact category is
made in the impact assessment phase through the characterization step using
“equivalency factors” or “characterization factors” in the LCIA. Some impact categories,
such as acidification and eutrophication, may be divided into subcategories to take
account of differences in the characteristics/means of pollutants that contribute to the

same impact.
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Table 2.8 Impact Categories Used in Other Studies and Methods

CML EI99

Default impact categories SETAC ]?;S:;:;Itlse EI95 IMPACT] EPS |EDIP| LIME

Input related categories
Resource depletion
Land use and land occupation
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Output related categories
Global warming
Stratospheric ozone layer depletion
Photochemical ozone formation
Toxic to human health
General toxic substances
Carcinogens
Substances causing winter smog
Pesticides
Heavy metals
Substances damaging respiratory system
Radiation
Toxic to ecosystem
Acidification
Eutrophication
Ecosystem quality
Production
Crop and food
Natural
Irrigation water
Solid wastes
Noise pollution
Impacts on working environment
Cancer
Allergy
Hearing impairment
Accident
Damage to reproductive system
Damage to nervous system
Musculoskeletal injuries
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Table 2.9 Significance of Impact Categories
(Source: Stewart and Jolliet 2004)

Required Nice to Know Low Priority

Climate Change Salinisation Health of workers

Ozone Depletion Erosion Safety

Habitat loss as a result of deliberate actions Soil Depletion Landscape

Human Toxicity Habitat loss as a result of indirect actions Extraction of biotic resources
Eco-Toxicity Noise
Acidification and Eutrophication Use of GMOs
Photo-Oxidants
Extraction of Minerals
Energy from Fossil Fuels
Nuclear Radiation

Water Usage
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2.5.2 Survey of Potential Methodologies for Carrying Capacity Estimates

The Ecological Footprint concept defines carrying capacity as “the maximum rates of
resource harvesting and waste generation that can be sustained indefinitely without
progressively impairing the productivity and functional integrity of relevant ecosystems
wherever the latter may be located” (Rees 1996; Wackernagel et al. 1999). Ecological
Footprint uses area requirements (footprint area) for environmental aspects as the
aggregated indicator to measure sustainability. The environmental aspects such as human
consumption are translated into areas of productive land that are required to provide
resources and to assimilate waste products. The area requirement of the ecological
footprint is expressed on the basis of per capita per year. When the footprint is greater
than the total area where the people live, the sustainability criteria are not met. Use of
area requirements as an indicator is a simple but effective way to communicate with all
audiences.

The ecological footprint is among the most popular metrics for environmental
reports at the national level. The advantage of the ecological footprint is that the measure
is translated in terms of an aggregated indicator. By using the area requirements, the
comparative assessment for sustainability between nations/demographic areas can be
carried out. The simple criteria of sustainability are twofold: finite land area (bio-
capacity) and population density, i.e., the carrying capacity is the basis for demographic
accounting. The carrying capacity (in terms of land area) is exceeded when the footprint
of a nation is greater than its actual land area. In essence, the Ecological Footprint uses
productivity and functional integrity as measures of damage to the ecosystem. (More

discussion on Ecological Footprint is in Appendix A)
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However, in this research “carrying capacity” is defined as the capacity of the
earth to absorb or to tolerate potentially stressful burdens imparted at various scales and
locations, that is, to accommodate the stresses without showing permanent damage
(Yossapol et al. 2002). In other words, a carrying capacity is the maximum magnitude of
an environmental burden that causes no permanent damage to the environment. This
definition is in accordance with the sustainability concept where a sustainable impact
may well cause certain environmental effects, but not any effects which endanger our
own needs or those of future generations in the long term (United Nations’ World
Commission for Environment and Development 1987).

Hauschild and Wenzel (1998) also define the carrying capacity in a similar
manner to the one in this research, “... the magnitude of the impact which produces no
detectable effects, either acute or chronic, in the recipient”, while Catton (1986 as cited in
Rees 1996) defines the carrying capacity of an environment as the maximum persistently
supportable load. Carrying capacity is assessed for each individual type of environmental
impact and for the associated burdens. For example, the carrying capacity for global
warming impact may be determined based on the level of greenhouse gas (GHG)
emissions that will allow stabilization of global temperature.

The first point of concern about the carrying capacity estimate is the level in the
environmental mechanisms at which it can be defined as “sustainable”. A carrying
capacity is considered individually for an associated impact. Hence, a practical definition
of the “sustainable level” or “carrying capacity” for one impact category may be different
from other impact categories. Until recently, the concept of environmental carrying

capacity has not been widely discussed by other environmental or LCA studies.
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The concept of sustainable level can be substituted by the term “critical levels”,
the levels of environmental burdens that maintain sustainable conditions of the
environmental impact of concern. In some circumstances where scientifically-based
critical levels are not feasible (e.g., there are still some necessary uses of ozone depleting
substances), the more subjective but also more realistic “target levels” may be used
instead. The target levels are subjective in terms of including political judgments and
other uncertainty factors. In EI95, “target values” were defined as the environmental
impacts (emissions or releases) that cause impairment, but only to an acceptable degree
(see also Subsection 2.3.1).

Another example of subjective judgment associated with the use of “target levels”
is the selection between midpoint and endpoint targets. Midpoints are considered to be
links in the cause-effect chain (environmental mechanism) of an impact category, prior to
endpoints, at which characterization factors or indicators can be derived to reflect the
relative importance of emissions or extractions (Bare et al. 2000). In midpoint
approaches, cause-effect information is generally presented in the form of qualitative
relationships, statistics, and numbers reported in the literature while the endpoint
approaches do not need to deal separately with the environmental relevance of the
category indicators (Bare et al. 2000). The selection of either midpoint or endpoint
approaches, including the impact indicators, plays an important role in subjective
judgments of the evaluation of the carrying capacity. However, a more important factor
for the evaluation of carrying capacity is the availability of the required data and
scientifically-rigorous approaches. In some cases, limited or inaccessible data may force

the carrying capacity to be evaluated by a less sophisticated approach.
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This subsection reviews the works by Goedkoop (1998) and Hauschild and
Wenzel (1998), which adopted methodologies to determine the European target values
for EI95 and Denmark/Europe/Global carrying capacity for EDIP. These two concepts
are similar to the carrying capacity for the STM. A preliminary set of U.S. carrying
capacity values that were modified from EI95’s target values by Dickinson et al. (2001)

is also reviewed.

1. EI95’s Target Values (Goedkoop 1998)

Target values for Europe were evaluated by dividing the “normalization values” by the
“reduction factors”. The normalization values were the existing (1990) anthropogenic
emission of pollutants normalized to a per capita basis. Therefore, emission of a

pollutant for Europe can be scaled up from an emission data of country A by:

European emission (kg/yr) = Emission from Country A x European pop. (2.10)
Country A population

When the emission data were missing for some impacts, the extrapolation was
made using the country’s energy consumption. This was calculated on the assumption
that the energy consumption reflected the emission pattern. The emissions were
normalized and aggregated within the same impact categories: the greenhouse effect,
ozone layer depletion, acidification, eutrophication, heavy metals, carcinogens, winter
smog, summer smog, and pesticides.

To determine the reduction factors, the degree of impairment varied among
impact categories. Therefore a reduction factor was judged according to the degree by

which a policy target emission rate was exceeded (distance-to-target). The reduction
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factors ranged from 2.5 for a less serious condition impact category to 100 for a very
serious condition impact. These reduction factors were judged based on policy on target
emission level information from governmental documents such as the Dutch National
Institute for Public Health and Environmental Hygiene (RIVM) and other sources of
information.

There were several criteria for assigning the reduction factors (see also Table 2.2),
some of which were based on less sophisticated approaches. Even though there were
criteria for the determination, the reduction factors for some impact categories seem to
have been subjectively selected. For example:

- The criterion for greenhouse effect was defined as the emission that caused 5%
impairment of the ecosystems and the increase of mean global temperature of 0.1° C
per decade. By considering that the current emission (at that time) was not exceeding
the threshold levels, then the reduction factor of 2.5 was simply selected.

- Lead was used as the reference chemical for heavy metal in the air impact category.
Lead concentration in the air in Europe was considered to be less than the harmful
level for exposure to children. However, a reduction factor of five was selected for
lead (as well as other heavy metals) in the atmosphere. The reduction factor of five
was also used for an emission target level of cadmium, the reference substance for
heavy metals, in water.

- The reduction factor for summer smog was selected by determining the damage to
crops. The acceptable level for ozone concentration was 0.03 ppm under which crop
damage would not occur. The level of the summer smog ozone would be reduced by
90% from the observed 0.3 ppm to 0.03 ppm, which was the target level. With this
ozone reduction rate, VOCs and NOy, which are the primary photochemical smog
precursors, must be reduced by 60-70%. Therefore, a reduction factor of 2.5 was
selected.

Goedkoop (1998) indicated that the difficulty in determining a more sophisticated
set of reduction factors in EI95 lead to the building of a newer model, EI99. Table 2.10
presents the calculation of EI95 target values. The normalization values presented in this

table were the estimated European emission of pollutants in each impact.
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Table 2.10 Normalization Values, Reduction Factors, and Target Values EI95
(Source: Goedkoop 1998)

Impact Scale Normalization | - Reduction Target value Unit!
values factor
Greenhouse effect Europe 6.5SE+12 25 2.60E+12 GWP kg/yr
Ozone layer depletion Europe 4.6E+08 100 4.60E+06 ODP kg/yr
Acidification Europe 5.6E+10 10 5.60E+09 AP kg/yr
Eutrophication Europe 1.9E+10 5 3.80E+09 NP kg/yr
Heavy metals Europe 2.7E+07 5 5.40E+06 Pb-eq kg/yr
Carcinogens Europe 5.4E+06 10 5.40E+05 PAH-eq kg/yr
'Winter smog Europe 4.7E+10 5 9.40E+09 SO,-eq kg/yr
Summer smog Europe 8.9E+09 2.5 3.56E+09 POCP kg/yr
Pesticides Europe 4.8E+08 25 1.92E+07 Active ingredient kg/yr

The limitations in applying these target values for the STM are 1) the target
values were derived on an emission basis, which is different from the carrying capacity
concept; 2) they lack scientific rigor in selecting reduction factors; 3) the target value
relevant to resource availability is not included; and 4) they are Europe-based and

therefore not easily adaptable to other parts of the world without additional data.

2. EDIP’s Carrying Capacity (Hauschild and Wenzel 1998)
Hauschild and Wenzel (1998) evaluated a set of “environment’s carrying capacity” as the
reference potential impact to calculate normalized environmental potential (see also
Subsection 2.3.4) for some common impact categories. The reference potential impact
was calculated from the carrying capacity normalized by population (e.g., kgCO,-
eq/person/year in 1990).

In their work, the carrying capacity was evaluated from different sources and
methods, e.g., the carrying capacity for the emission of CO, and other greenhouse gases

was estimated from the absorption capacity of major sinks. They also suggested that a

' GWP = Global warming potential (CO,-eq.), ODP = Ozone depleting potential (CFC11-eq),
AP = Acidification potential (SO,-eq), NP = Nutrification potential (PO,*-eq), PAH = Polyaromatic
hydrocarbon (benzo[a]pyrene-eq), POCP = Photochemical ozone creation potential (Ethylene-eq).
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carrying capacity might also be estimated on a pre-industrial basis, for example, by using
a model to determine the deposition scenarios for acidification of forest systems in
Scandinavia. The results of the modeling showed that the era that did not result in an
exceedance of the critical load for any forest system would be the pre-industrial scenario
from around 1890. The emission of acidifying substances at that time was around 5 %
relative to that of 1990. The carrying capacity for the EU could then be derived using a
95% reduction of the 1990 emission rate. Table 2.11 summarizes the EDIP’s carrying
capacity for four impact categories that have a similar concept to carrying capacity in this

dissertation research.

Table 2.11 EDIP’s Carrying Capacity
(Source: Hauschild and Wenzel 1998)

Carrying 1

Impact category Method Scale capacity Unit
Global warming | Natural removal capacity Global 2.0E+7 kt COy-eq/yr
Stratospheric Natural removal capacity Global 44 kt CFC-11-eq/yr
ozone depletion | Sustainable level Global 281 kt CFC-11-eq/yr
Acidification Interpolation from pre-damaged level | Denmark 62 kt SO,-eq/yr

Interpolation from pre-damaged level | Europe 2420 kt SO,-eq/yr
Nutrient Interpolation from pre-damaged level | Denmark 29.6 kt N/yr
enrichment Interpolation from pre-damaged level | Denmark 0.57 kt P/yr

The carrying capacity for photochemical ozone formation impact was not
determined in this work. However, Hauschild and Wenzel (1998) suggested two possible
methods to determine carrying capacity: use of threshold levels and use of pre-industrial
emissions. They also pointed out that the carrying capacity could be estimated for both
VOCs and NOy. For the estimate on a pre-industrial basis, the carrying capacity could be

defined from the pre-industrial or natural emission scenario.

! CO,-¢q is the same as GWP, CFC-11 is the same as ODP, and SO,-eq is the same as AP.
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The carrying capacity derived for EDIP is not as comprehensive as the one in
EI9S. In other words, the carrying capacity estimate for EDIP is damage-oriented while
EI95 target values are based on the distance to emission target. Therefore, EDIP carrying
capacity has to be determined individually because each impact category is associated
with different burdens. The major advantage is that the damage-oriented approach fits
well with the definition of the carrying capacity in the STM context. However, the
carrying capacity for acidification and nutrient enrichment is based on a Denmark and
European scale. Another limitation is this set of carrying capacity estimates excludes

some key impact categories such as resource consumption and human health impact.

3. Modified EI195’s Target Values for the U.S. (Dickinson et al. 2001)

EI95°s target values for seven impact categories were modified by Dickinson et al. (2001)
to estimate a U.S.-based carrying capacity. This preliminary U.S. carrying capacity was
estimated by normalizing EI95’s target values using the European land area. Then the
calculated U.S. carrying capacity was simply obtained by multiplying the normalized
EI95’s target values by the U.S. land area. Because this set of carrying capacity estimates
was calculated from EI95’s target values, it shares the same limitations. This set of
carrying capacity values was determined for the purpose of testing STM application in
the early stages of STM development. Table 2.12 presents the preliminary U.S. carrying
capacities based on EI95’s target values. From this table, the EI95 target values for
Europe were obtained from the ones presented in Table 2.10. A modified carrying
capacity was obtained by multiplying the EI95 target value by the ratio of [9.36x10°
km?/4.43x10° km®], where the former figure is the European land area and the latter is

that of the U.S.
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Table 2.12 Preliminary U.S. Carrying Capacity Based on EI95°s Target Values
(Source: Dickinson et al. 2001)

EI95 Target Value Modified Carrying Capacit, .

Impact category (Eur%pe) (U. ggcali ) pactty Unit
Acidification 5.6E+09 1.2E+10 AP kg/yr
Eutrophication 3.8E+09 8.0E+09 NP kg/yr
Heavy metals 5.4E+06 1.1E+07 Pb-eq kg/yr
Carcinogens 5.4E+05 1.1E+06 PAH-eq kg/yr
Winter smog 9.4E+09 2.0E+10 SO,-eq kg/yr
Summer smog 3.6E+09 7.5E+09 POCP kg/yr
Pesticides 1.9E+07 4.1E+07 Active ingredient Kg/yr

2.5.3 Summary

As stated, the concept of environmental carrying capacity is rather new. Therefore, only
a few studies focusing on the evaluation of the environmental absorption capacity are
available. This section has provided a background and a review of the available
information, approaches, and methodologies that can be used as the carrying capacity or
used to evaluate the carrying capacity. The methodologies that have been reviewed are
the works by Goedkoop (1998) for EI95, by Hauschild and Wenzel (1998) for EDIP, and
by Dickinson et al. (2001), which was originally intended for the STM at the early
development stage. In addition, other potential methodologies that may be used to
evaluate carrying capacity for some impact categories are also reviewed.

There are some limitations in applying the EI95’s target values for the STM.
First, the target values were derived on an emission basis, which is different from the
carrying capacity concept. Second, they lack scientific rigor in selecting reduction
factors. Third, the target value relevant to resource availability is not included. And
fourth, they are strictly Europe-based. The modified EI95’s target values for U.S. by

Dickinson et al. (2001) also share these limitations except the last one.
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The EDIP’s carrying capacity was derived from the damage-oriented method
while the EI95’s target values were based on the distance-to-target method. The major
advantage of the EDIP’s carrying capacity is that the damage-oriented carrying capacity
fits well with the definition of the carrying capacity in the STM context. However, the
carrying capacity for acidification and nutrient enrichment is based on a Denmark and
European scale. Another limitation is that some key impact categories such as resource
consumption and human health impact are not included in the EDIP’s carrying capacity.

However, it can be concluded that there has been no set of carrying capacity
estimates that fits STM perfectly. The major types of carrying capacity estimates that
suit the STM’s need will be ones that are U.S. based (or at least U.S. inclusive) so that the
STM can be applied initially for U.S. businesses. Furthermore, they should be a based on
a damage-oriented evaluation with scientific rigor so the STM is more useful to the LCA
practitioners than other LCIA methods. Therefore, a set of carrying capacity estimates

that meets these characteristics will be beneficial for the STM applications.

2.6 Summary of Literature Review and Problem Statements
Even though there are a number of environmental performance evaluation frameworks
available for reporting environmental performance indicators, there is no single standard
approach or even a perception of one. The areas that need to be advanced to make the
use of environmental performance assessment more universal are: need for a more
standardized and practicable approach, need for the measurement of sustainability, need
for the use of the life cycle assessment approach, and need for a narrower but deeper

analysis of environmental impacts.
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LCA has the advantage over other frameworks and approaches because it takes
into account the life cycle considerations. Furthermore, a narrow and in depth analysis of
environmental impacts can be accomplished through the LCIA. A few LCIA methods
have been proposed and developed, however, none of them is yet universally accepted as
a standard. A research topic receiving attention is the search for a standard LCIA method
that offers a meaningful single score. By using a single score, the comparison among
products, services, or materials is more comprehensible than by using multiple indicators
of individual impact categories, e.g., the superiority among alternatives is clear cut.
Furthermore, the overall sustainability superiority of a product may also be identified.

A few available LCIA methods that offer single scores have some drawbacks that
need to be improved. The major disadvantages of these methods drawn from the
literature review are: subjectivity of weighting procedure, weighting factors are not
flexible, need of metrics/indicators relative to sustainability, limited impact categories,
and the units of these single scores are difficult to understand. Hence, there are
opportunities for increasing the LCIA sophistication and utility by addressing these
issues. The STM is an LCIA method that has been developed in an attempt to bridge the
gaps. The STM is expected to advance LCIA development by dealing with the following
technical features: combining economic and environmental evaluations, measuring the
environmental impacts related to sustainability, assessing environmental impacts without
a subjective weighting procedure, being flexible in the selection of impact categories, and
providing environmental condition assessment

Carrying capacity is essential to the STM because it is used to calculate the key

environmental performance indicators. The credibility of the STM is based heavily on
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the soundness of the methodologies used in the carrying capacity estimates. Therefore, it
is important to develop the most scientifically sound carrying capacity estimates using
reliable supporting documents so that the application of the STM is favorable over other
LCIA methods. Consequently, the use of LCA may also be more universal.

This research is motivated by the need to create scientifically-based
methodologies to estimate carrying capacity as soundly as possible. These carrying
capacity estimates will strengthen the advantages of the STM over other LCIA methods.
Moreover, the use of the STM in conjunction with these appropriate carrying capacity

estimates will extend the utility of single scores in LCA.



CHAPTER 3

OBJECTIVES AND HYPOTHESES

3.1 Objectives

The primary objective of this research is to develop methodologies for estimating
environmental carrying capacity values based on strong environmental engineering and
scientific principles. The impact categories taken into account are the ones commonly
used in LCA including global warming, stratospheric ozone depletion, acidification,
eutrophication, photochemical ozone formation, human toxicity, eco-toxicity, and
resource depletion. To accomplish this objective, several sources of available and
accessible information as well as science and engineering methods are reviewed and
applied to estimate a set of carrying capacities. Once determined, the carrying capacity
estimates in this research are compared to the values derived by different concepts
available in the literature. It is not necessarily expected that this comparison will show
exact compatibility because some of the carrying capacities have been developed for
other times and places. Furthermore, the approaches used are also different.

The carrying capacity is intended to be used to derive a set of reference values for
the Sustainability Target Method or the STM. Hence, the secondary objective of this
research is to demonstrate the application of the estimated carrying capacity in
conjunction with the STM in environmental performance evaluations. To accomplish
this objective, various LCA case studies are conducted using the STM in conjunction
with the carrying capacity estimates developed in this research. The results are compared

to those obtained from other LCIA methods.

66
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3.2 Hypotheses
This research is an exploratory study that attempts to develop methodologies for carrying
capacity estimates. Consequently, the hypotheses need to be formulated accordingly. In
addition, the hypotheses need to be developed on the basis of an assessment to illustrate
the advantages and disadvantages of the use of STM in conjunction with the carrying
capacity estimates in order to implement an LCA compared to that of other LCIA
methods. The significance of this research is its ability to strengthen the STM valuation
by providing a set of scientifically sound carrying capacity estimates. Therefore, the

hypotheses developed for this research are:

1. A set of carrying capacity values can be estimated from the approaches developed in
this research, providing that the best available data and resources from public
reports and existing studies are used.

Since the concept of environmental carrying capacity is rather new, consensus
approaches that can be used to estimate carrying capacity for various types of
environmental impacts are yet to be available. Therefore, the focus of this research is to
develop feasible approaches for carrying capacity estimates at this early stage. It might
be noted that a complete and comprehensive set of carrying capacity values may never be
obtained. Acquiring of the most rigorous information and data surely requires a great
amount of resources. Therefore, this research has set a criterion for developing
approaches that are transparent and easy to apply. The information and data used for
carrying capacity estimates should also be available to the public. This will also
demonstrate that a set of carrying capacity estimates is not too difficult to build where the

time comes, that the STM is used in other parts of the world where data and information
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is scarce. Less scientifically sound carrying capacity estimates may be used in the STM
at an early stage to promote its use. However, STM users should work toward a more

sophisticated set of carrying capacity estimates afterwards.

2. The carrying capacity values estimated here should be significantly different from the
values derived by different concepts available in the literature.

It should be noted here that the term “carrying capacity” in the context of this
research is defined as the capacity of the earth to absorb or tolerate potentially stressful
burdens imparted at various scales and locations, that is, to accommodate the stresses
without showing permanent damage (Yossapol et al. 2002). Therefore, an output-related
carrying capacity may be derived from the threshold emission amount of the constituent
of concern that begins to worsen an environmental attribute. As presented in Chapter 2,
however, the EI95 target values (Goedkoop 1998) and the EDIP carrying capacity
(Hauschild and Wenzel 1998) were derived from the known or estimated emission
amount of the constituent of concern. The carrying capacity of the same geographical
scale estimated in this research, i.e., from the “receptor-side”, and the ones derived from
the different concept in the literature, i.e., from the “emission-side”, should therefore be
different. And this difference should be significant because it is conservatively assumed
here that the pollutant emissions today are already exceeding the environmental carrying
capacity.

This hypothesis can be examined by comparing the carrying capacity values
estimated in this research to the ones in other works, which are the studies by Goedkoop
(1998) to determine the European target values for EI95, by Hauschild and Wenzel

(1998) to determine the Denmark/Europe/Global carrying capacity for EDIP, and by
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Dickinson et al. (2001) to modify the EI95 target values to the U.S.-based target values in
the early stages of the STM development. The comparisons are discussed mainly in
terms of the difference in the carrying capacity values and their characteristics. An
explanation of the discrepancy or the concordance are provided. Moreover, the

methodologies as well as their advantages and disadvantages are also discussed.

3. The STM, in conjunction with the carrying capacity values developed here, can be
used to conduct an LCA to identify superiority among alternatives in the same fashion
as do other LCIA methods. The results obtained from the STM should show similar
trends in terms of significant impacts.

This hypothesis can be examined by using the STM to evaluate the environmental
performance of three case study situations. The first case study is the comparison of
environmental perfoimance at the process level (four alternatives of energy generation
sources) while the second case study is the comparison at the supply-line level (four basic
material productions). Last, the third case study is the evaluation of the environmental
performance at the product level (a household coffee maker). The results of these three
case studies are compared with those of other LCIA methods (EI95, EI99, EPS, and
EDIP). The comparisons are discussed mainly in terms of the contributions of individual
environmental impacts to the overall single scores for all case studies and in terms of the
change in the ordinal ranking of environmental performance for the first two case studies
(four energy generation sources and four basic material productions). These comparisons
are also made through a qualitative assessment to demonstrate the values and
characteristics of the STM and other LCIA methods. A major characteristic of the STM

compared to the other LCIA methods is its capability to identify the environmental
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performance of products related to sustainability as an absolute metric. Even though the
other LCIA methods consist of intrinsic subjective judgment in weighting procedure, the
value judgment is somehow perceived from the seriousness of ongoing environmental
problems. Therefore, the concordance in terms of the contributions of individual

environmental impacts to the overall single scores should be observed.

4. By conducting LCA case studies, the advantages and disadvantages from using STM
in conjunction with the carrying capacity values developed here can be identified.

In Chapter 2, the characteristics of the STM have been presented. However, a
thorough analysis of all three case studies should emphasize the advantages and reveal
any disadvantages. The analysis should be made for not only the LCA results but also on
the way the LCA is conducted. The analyses will be made for the LCA case studies

conducted using the STM as well as other LCIA methods.

5. The STM single scores are sensitive to different carrying capacity values. In other
words, a range of carrying capacity values also gives a possibly wide range of STM
results.

The validation of this hypothesis can be demonstrated by a sensitivity analysis of

a case study. The results, i.e., the ordinal ranking in terms of environmental performance

of alternatives, which is due to a marginal change in individual carrying capacity values,

can be investigated. The criterion of the sensitivity analysis is the alteration in ordinal
ranking of the case study alternatives corresponding to the change in carrying capacity
values. This hypothesis will be valid should the ordinal ranking in terms of

environmental performance of alternatives be shifted when the carrying capacity values
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are varied. A conclusion that can be drawn from this finding will be how the carrying
capacity plays a significant role in the application of STM and its results. A rough or less
sophisticated carrying capacity may lead to a bias and misleading results for the
superiority in terms of environmental performance among product alternatives. This
would demonstrate that the credibility of the STM valuation is based heavily on the
soundness of carrying capacity estimates. A scientifically sound carrying capacity

therefore would be needed in order to minimize any bias.

3.3 Basic Principle of Practicality
The implementation of the above hypotheses and the development of the STM approach
need to be guided by an additional operational principle. A goal of the STM, and of LCA
in general, is to develop tools that are of practical use to product and process designers in
making choices that leads to sustainable products and practice. Therefore, the carrying
capacity approach must be easily implemented by skilled individuals, not necessarily

environmental professionals, using information and data that is easily available.

3.4 Summary
The objectives of this research are twofold: to develop and evaluate environmental
carrying capacity based on environmental engineering and science principles and to
demonstrate the application of the estimated carrying capacity in conjunction with the
STM in environmental performance evaluation. There are five hypotheses developed for

this research.
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1. A set of carrying capacity values can be estimated from the approaches developed in
this research, providing that the best available data and resources from public reports
and existing studies are used.

2. The carrying capacity values estimated here should be significantly different from the
values derived by different concepts available in the literature.

3. The STM, in conjunction with the carrying capacity values developed here, can be
used to conduct an LCA to identify superiority among alternatives in the same
fashion as do other LCIA methods. The results obtained from the STM should show
similar trends in terms of significant impacts.

4. By conducting LCA case studies, the advantages and disadvantages of use of the
STM in conjunction with the carrying capacity values developed here can be
identified.

5. The STM single scores are sensitive to different carrying capacity values. In other
words, a range of carrying capacity values also gives a possibly wide range of STM
results.

The scope of this research is developed with an aim to examine these hypotheses.

After the carrying capacity is developed, the hypotheses are examined by case studies.

The outcome of the examination of these hypotheses should provide a significant

contribution to research on LCA development.



CHAPTER 4

METHOD

4.1 Less-is-Better and Only-Above-Threshold
Typical LCI data do not provide information on spatial and temporal variations. This
absence limits the ability of LCIA to predict actual impacts or relate a burden to actual
impact (Potting et al. 1999). Usual LCIA methods overcome the limitation by following
a source-oriented or less-is-better approach. A comparative assessment between the
differences in emissions of alternatives can be made by using either the impact category
basis or the single score basis. The alternative with the smallest emissions is obviously
the best one. Figure 4.1 presents an example of a comparative assessment of alternatives
within an impact category. In this example, substances A through D are aggregated to
produce a single score. The aggregation can be made after characterization factors or
potential impacts are applied to all substances. Alternative 2 is the best in terms of

environmental performance because of its smallest aggregated environmental emissions.

[ Substance A
O Substance B
@ Substance C
B Substance D

Aggregated emission

Alternative 1 Alternative 2 Alternative 3

Figure 4.1 Example of a comparative assessment
of product alternatives within an impact category
following the less-is-better approach.
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As pointed out by Potting et al. (1999), the less-is-better approach might result in
a poor correspondence between the expected actual impact and the impact predicted by
the LCIA. They also criticized the less-is-better approach in terms of its inability to
discriminate between processes with emissions causing concentrations below and above a
threshold level, which is the intensity level that is just barely perceptible. An approach
that may be used for an improved impact assessment is the only-above-threshold
approach (White et al. 1995 as cited in Potting et al. 1999).

In the only-above-threshold approach, the actual environmental impacts posed by
an environmental burden are identified and compared to a threshold level. The major
characteristic of this approach is the ability to distinguish between processes with
emissions causing environmental intensities below and above a threshold level (Potting et
al. 1999). In the only-above-threshold approach, additional information about actual site
conditions is needed to predict whether or not an emission from a process exceeds
threshold levels. It is likely advantageous to practice the LCA with help from
environmental fate and transport modeling as used in risk assessment and environmental
impact assessment (Assies 1998; Owens 1999). The relation between LCA frameworks

using the less-is-better and the only-above-threshold approaches are shown in Figure 4.2.

Goal and scope definition

y

Risk assessment
Envirc tal impact nent

A 4

Life cycle inventory

Only-above-threshold

Life cycle impact assessment

Less-is-better

Figure 4.2 The relation between the less-is-better and the
only-above-threshold LCA frameworks. (Source: Potting et al. 1999)
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The major advantage of the less-is-better approach is its limited requirement for
information which makes the approach simple to use and allows the assessment of
processes without knowing spatial and temporal variations. The major advantage of the
only-above-threshold approach is its accuracy in predicting actual impact because it takes
into account these variations as well as environmental background information.
Furthermore, it provides more meaningful results for impact assessment in terms of
damage endpoints and implies the degree of environmental harm (Assies 1998).
However, Heijungs and Huijbregts (1999) criticized the only-above-threshold approach
because using environmental modeling for each impact category in every LCA would be
very time consuming and cost prohibitive. Table 4.1 summarizes the advantages and
disadvantages of the less-is-better approach compared to the only-above-threshold
approach.

Table 4.1 Summary of Advantages and Disadvantages between the Less-Is-Better

Approach and the Only-Above-Threshold Approach
(Source: Assies 1998; Heijungs and Huijbregts 1999; Potting et al. 1999)

Advantage/Disadvantage Less-is-better Only-above-threshold
Correspondence between predicted and actual impact No Yes
Ability for temporal and spatial variations No Yes
Implies degree of environmental harm No Yes
Limited requirement for data and less time spent Yes No
Ability to assess “non-defined” processes Yes No
Simplicity of use Yes No

4.2 Threshold-Oriented Carrying Capacity Evaluation Technique
The STM methodology (Appendix A) may be compatible with the only-above-threshold
approach, where the sustainable level in the environmental performance evaluation of a
system is analogous to the circumstances when the threshold level is being reached in the

only-above-threshold approach. In the STM, the sustainable level is used not only as an
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indicator of the physical endpoint, which is of direct societal concern, it is also used as
the common criterion for human heath, natural environment, and natural resources.

An assessment to compare the environmental performance between alternatives
can be made using the sustainable levels as the benchmarks. The better alternative is the
one that is associated with less environmental harm compared to its sustainable level.
Figure 4.3 illustrates a comparative assessment of product alternatives in the STM. In
this illustration, Alternative 2 is the most preferable alternative in terms of environmental
performance (0.3X related to sustainability target threshold) while Alternative 3 is the
least preferable alternative since its environmental performance exceeds the sustainability
target threshold (1.2X). From this example, not only the alternative that has the better
environmental performance is identified, but the alternative performance related to the

sustainable level is also evaluated.

0.9X

Environmental performance

-

Alternative 1  Alternative 2 Alternative 3

Figure 4.3 An assessment of alternative related
to the sustainable level in the STM.
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Even though the STM may be analogous to the only-above-threshold approach,
there is a slight difference in terms of impact assessment. The feature of the only-above-
threshold approach not necessary for the STM is the assessment of the actual
environmental impacts due to various degrees of environmental burdens. This is because
the STM does not need to investigate what are the actual environmental impacts posed by
all levels of burden, rather the STM relates environmental impacts to the sustainable level
or the threshold level. The STM indicators are interpreted in terms of the degree of
environmental harm incurred as a function of the sustainable level. This comparison can
be made by assuming that there is a linear relationship between the environmental cause
and the resulting effect (see Figure 4.4). This characteristic is advantageous because this
cause-effect linear relation needs an impact assessment to be evaluated only once at the
sustainable level for an impact category. This impact assessment will identify the
environmental burden (cause) resulting in the environmental condition (effect) at the

threshold level.
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Figure 4.4 The assumption of linear relation between
environmental burden (cause) and condition (effect)
used in the STM.
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By assuming a linear relation between the cause and effect, the following

equation can be established for a given emission-related impact category:

Environmental burden Environmental concentration (4.1)
Carrying capacity Threshold level

This equation is the anchor of the approaches used to evaluate the emission-
related carrying capacities in this research. It indicates that the sustainability of a system
can be determined either from the cause (pollutant emission) or the effect (environmental
concentration). Therefore, an environmental performance assessment of a system can be
made by calculating its environmental emission compared to its carrying capacity.
A carrying capacity can be evaluated from the burden that causes the environmental
condition reaching the threshold level. This threshold-oriented carrying capacity
evaluation technique, hereafter referred to as the “threshold-oriented technique”, is used
in the context of emission-related carrying capacity evaluation throughout this research.

Risk assessment is explicit in the STM calculation while the environmental
impact assessment is used in the carrying capacity evaluation. Usually, a non-
probabilistic risk assessment is expressed in terms of risk quotient (RQ) or hazard
quotient (HQ) (Murin et al. 1996; Hill et al. 2000; Morello-Frosh et al. 2000). The RQ or
HQ can be defined as the ratio between predicted environmental concentration (PEC) and
the threshold concentration (Predicted No-Effect Concentration-PNEC):

RO = PEC (4.2)
PNEC
In the STM, EE (Eco-Efficiency) is the practical absolute indicator calculated

relative to the sustainable level. This key indicator has the criterion for sustainability at
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EE > 100 %. A product with EE > 100 % indicates less impact than the sustainable level
while products with EE <100 % are not sustainable. Analogous to the risk quotient in
risk assessment, EE can also be used to interpret the degree of sustainability and a risk
quotient of a system (Table 4.2). A risk quotient can be thought of as a probability that a
system exceeds the sustainability level.  This interpretation appearing in an
environmental report may be more understandable to audiences than the current common

reporting style that is based on the comparative source-oriented or less-is-better approach.

Table 4.2 Risk Quotient of Sustainability in the STM

Eco-Efficiency (%) Degree of sustainability Risk quotient of sustainability

0.1 1,000 times worse 10°
1 100 times worse 10
10 10 times worse 10

100 Just sustainable 1
1,000 10 times better 107
10,000 100 times better 1072
100,000 1,000 times better 103

Environmental impact assessments are commonly used to identify the
environmental effects of an activity, usually at a specific location and at a point of time.
The major objectives of the environmental impact assessments are to consider all possible
issues associated with a proposed project and to provide the information to facilitate
decision-making. For this research, the environmental impact assessment is used in the
opposite way in evaluation of the carrying capacity. This technique can be referred to as
“inverse modeling” or “inverse calculation”. The carrying capacity is estimated on an
impact category or subcategory basis. In other words, the approach here is to consider
environmental impact scenarios and then to select a level of environmental challenge that

produces no un-correctible environmental damage.
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First, a perceptible damage function is identified (e.g., no change in global
temperature in the global warming impact). Then a specific environmental condition that
causes the damage is also identified and specified, which basically are represented by the
threshold levels in this case (e.g., an acceptable atmospheric CO, concentration that
causes no temperature change). The threshold levels are different and specific from place
to place and scale to scale according to the economic system available in the context of
the STM. Next, the area-specific and time-dependent information is gathered as
necessary and plugged into appropriate environmental fate and transport modeling to
investigate the cause of the defined threshold. The carrying capacity of an impact
category is derived here from an environmental burden that causes the environmental

condition to reach the defined threshold level (Figure 4.5).

Select the damage function

¥

Define the system boundary

v

Define the threshold level

< Collect infonnati&
y

Select an emission rate

Y

Simulate the cause-effect using environmental modeling Change emission rate

+ [y

Compare the environmental condition with the defined threshold

Predicted concentration = Defined threshold ? No

Yes

< Carrying capacity is the emission rate that
causes the defined threshold.

Figure 4.5 Schematic diagram illustrates the algorithm of the threshold-oriented
carrying capacity evaluation technique for emission-related impact category.
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However, the carrying capacity evaluation of some impact categories in this
research may omit some of the steps mentioned above if the perceptible and scientifically
based information is available. For example, the perceivable threshold levels for most
environmental systems are available through the literature, international agreements, and
regulations. Therefore, it is not necessary to estimate the acceptable threshold level from
hazard or toxicity assessment. Similarly, the cause-effect relation of the global warming
impact (the impacts caused by the emission of greenhouse gases) has been widely studied
and is available from the literature. In such cases, modeling for cause-effect relation of
greenhouse gas emission and its effect is not needed in this research and the carrying
capacity can be directly determined from the level of greenhouse gas emission that causes
the impact to reach the criterion threshold level.

The procedure of the threshold-oriented technique may also be adjusted from case
to case due to the limitation of information, resources, and environmental modeling.
Adjustments may be necessary in order to achieve an initial working set of carrying
capacity estimates, particularly when all of the desired information is not available. In
these cases the assumptions are noted and suggestions for future refinement of the
carrying capacity estimates are made. The details for carrying capacity evaluation of
consumption-related impact categories are slightly different from the emission-related

impact category and are described in more detail in Chapter 12.

4.3 Perception of Carrying Capacity Estimates
The approaches for carrying capacity estimates employ relevant environmental models to
simulate the effects of emissions on various types of environmental impacts. For

example, general circulation models (GCMs) may be used to simulate the effect of the
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earth’s surface temperature and atmospheric carbon dioxide concentration from the
emission of greenhouse gases. An acceptable “target level” of rising temperature and
increasing carbon dioxide concentration can then be made. This acceptable level will be
based on practical steps to mitigate the effects of such damage, however there cannot be a
realistic “sustainable level” because some damage will still occur. Hence, the
development and simulation of environmental models must be very precise and effective
because the stakes are very high. As a result, there are a number of international
cooperative activities working on issues such as global warming and stratospheric ozone
depletion, acidification, and eutrophication.

Therefore, as long as the international agreements on a well-defined “target
levels” are available, it is feasible to use them as a surrogate for the carrying capacity for
each respective impact category. However, the target levels are not available for all
impact categories under consideration because some environmental issues are locale-
dependent and the target value for some impacts has not been reached. As an example,
the Kyoto Protocol calls for the ratification, acceptance, and approval from the Parties to
the UNFCCC (United Nations Framework Convention on Climate Change) so that the
next steps for mitigation of the global warming issue can be progressed. However, even
though the criteria for the ratification have recently been fulfilled, agreements on the
details of greenhouse gas emission projection and implementation of mitigation are still
being worked out.

Another conclusion from reviewing how international agreements on
environmental issues are settled is the use of an approach similar to the threshold-
oriented approach to project the emission allowance. An allowable emission estimate

starts from defining the “target level” for the environmental concentration in question.



83

Next, an appropriate environmental model is used to predict the emission of the pollutant
that causes environmental concentrations to reach the target levels. Thus, the carrying
capacity is derived from the predicted allowable emission.

A single well-defined target level may be available from the literature or from
other studies. However, it is difficult to select the most publically appropriate one if they
are available from several sources. Hence, using the most perceived or acceptable target
level, which may be more or less stringent than the well-defined target level, may be
more appropriate. However, these target levels are used only if they were derived on a
scientific basis. In this research, the target levels are based primarily on an extensive
application of regulatory levels and standards. This application assumes that the
regulatory levels and standards are general agreements and are surrogates for non-
damage environmental health (only-above-threshold approach), which is fundamental to
the sustainability concept. Of course, regulatory levels are subject to change based on
new information and perspective. Such change may result in change to the acceptable
threshold levels as well. However, the assumption in this research is that this approach
provides a valid working level, realizing that additional data may later be required. Also,
the assumption of using regulatory levels as a surrogate of the entire environmental
systems is to be clearly stated.

Selecting appropriate environmental models and datasets is as important as the
selection of target levels. A sophisticated model should provide an accurate result, but
this is not guaranteed. Environmental modeling should also rely on the best set of
assumptions in order to yield a model that is both realistic and useful. It is very difficult
to assemble a complete, detailed description of all the environmental conditions. It is

thus necessary to make numerous simplifying assumptions or statements about the
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condition of the environment. However, an excessively simple model may be
misleading. Alternatively, an excessively detailed model may be too complex and thus
unlikely to be used. The estimates for carrying capacity should rely on simple but
applicable models yet should be transparent to LCA practitioners so that they can justify
the methodology or even make further modifications based on new data.

Environmental models range from very simple models that can be processed by a
handheld calculator to very complex models that require a large amount of time and
resources for their use. The selection of a model must be based on the purpose of the
work and the availability of resources. Other factors which must be taken into account
are: the level of detail and accuracy needed for the analysis, the degree of technical
competence used in the simulation modeling, and the detail and completeness of the
database. Appropriate data should be available before a model is chosen. A model that
requires detailed and precise input data should not be used if the data is not available.

There are several methodologies and approaches that can be used to estimate
carrying capacities depending on the individual impact category and its associated model
and threshold levels. The use of these methodologies and approaches requires scientific
judgment coupled with a reasonable time frame and sufficient resources. Therefore,
carrying capacity estimates in this research, although still at an early stage, have
employed transparent yet useful models presented in the following chapters. Moreover,
the carrying capacity estimates developed in this research are designed to provide usable

and comparative values that can be rationally modified when necessary.
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4.4 Economic Carrying Capacity and Natural Burden
The STM defines the economic carrying capacity (ECC) as the natural carrying capacity
(NCC) minus the natural burden (NB), ECC = NCC — NB (Dickinson et al. 2001). In
other words, ECC is the portion of the total carrying capacity that is available to industry
and commerce to support the needs of society. ECC is used as the reference in the STM
calculations. The natural burden is not a focus of this research. Consequently, the term
“carrying capacity” in this research is referred to as the economic carrying capacity. In
some applications, the natural burden may need to be discussed or considered.

Generally, environmental emission can be divided into natural emission (or
natural burden) and human-induced emission. It can be assumed that the human-induced
environmental emissions are always associated with economic value. Therefore, the
carrying capacity estimates in the following chapters are the ones that result from human
activities. The natural burden of the output-related impact categories, which is the
uncontrollable natural background emission such as natural emissions of greenhouse
gases, is difficult to estimate and therefore is not included in this research. In some
impact categories such as the toxicity impacts, it is assumed that the toxic substances are
solely released from human activities. As a result, the background concentrations of the
toxic substances accumulated by natural emissions are assumed to be insignificant and
can be negligible. Analogous to the output-related carrying capacity, the economic
carrying capacity for water consumption is the portion that is left over after the natural

take-out.
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4.5 Temporal and Spatial Variations in the STM and Carrying Capacity Estimates
An advantage of the STM is its potential to deal with temporal and spatial variations in
LCA. The temporal and spatial variations are taken into account where the
Environmental Impact (EI) is the aggregation of EI from several aspects or life cycle
stages of a system as illustrated below. EI is quantified by adding normalized

environmental aspect levels to obtain an aggregated quantity (Dickinson et al. 2001):

EI = + + +...+—— (4.3)
ARI ARZ AR3 ARN

Where Ay denotes an Aspect Level (e.g., kWh/year for energy, Ib/year for consumption)
and Agy is the Aspect Reference Level indicating the level at which the aspect would
have a significant environmental impact.

In an LCA context, LCI typically presents the data in terms of impact associated
with a process or product. The EI per unit production rate can be expressed as

(Dickinson et al. 2002):

(4.4)

Where P is the production rate and A’y is the aspect quantity per product unit (An/P).
For each aspect, the reference level Ag depends on the environmental impacts caused by
the aspect, the associated carrying capacities, and the relationship of Vr (the Value
Reference Level corresponding to the Aspect Reference Levels) to total economic output.
For each impact, part of the economic carrying capacity can be associated with the
reference firm in the same proportion as the ratio of Vr to total global or regional
economic output, depending on the geographical scale of the impact. This is the “Impact

Reference Level”, Ir (Dickinson et al. 2001):
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Iry (Global) CCGlobal,N x Vr/GGP (45)

or Iry (Regional) = CCationain * Vr/ GDP (4.6)

Where CCgioban and CChnationain are the carrying capacities at the global and
national scales respectively. GGP (Global Gross Product) and GDP (Gross Domestic
Product) are total global and national economic product ($/yr) respectively. The above
equations demonstrate the relationship between an Impact and its corresponding carrying
capacity. They also demonstrate that the boundary or scale of an economic value and the
Impact must correspond to each other. In other words, the carrying capacity must be
evaluated for the same year and at the global or national scale that is in accord with the
GGP or GDP, respectively. The temporal dimension of an Environmental Impact (EI)
can be addressed by using a carrying capacity and the GGP or GDP that are based on the
same year. For an input-related Environmental Impact, the spatial dimension can be
addressed by evaluating the carrying capacity specifically at the national scale depending
on where the resource is extracted. However, the spatial dimension for an output-related
Environmental Impact can be addressed through three different steps for the impact
categories that are local or regional rather than global issues.

- First, the carrying capacity (CC) is evaluated specifically from nation to nation
depending on where the system is taking place.

- Second, site-dependent impacts that take into account the fate, transport, and
exposure of the pollutant emission may be applied.

- Third, a locally-specific carrying capacity that takes into account the sensitivity of the
receiving environment may be applied.

For the first step, an output-related carrying capacity at the national scale can be
evaluated following the algorithm described in Section 4.2. An important assumption

made here is that this carrying capacity can be calculated from an assumed uniform
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pollutant emission over the areas across a national boundary. In other words, areas across
a national boundary are assumed to be a part of the unit receiving environment. The site-
dependent and locally-specific considerations in the second and third steps may provide a
better picture depending upon the availability of information. A site-dependent Impact
(I'n) can be determined by applying a site factor (SF) that includes transport, fate and
exposure factors, I'y = IyxSF. A locally-specific carrying capacity (CC’) can be
determined by assuming that a nation has the same degree of environmental sensitivity to
the impact as the area where the system to be evaluated resides.

Among the output-related impact categories studied in this research, the adverse
impacts posed by emissions of greenhouse gas (global warming) or ozone depleting
substances (stratospheric ozone depletion) are considered to be operable on a global
scale, i.e., any place on the earth will experience the same effect. Analogously,
photochemical ozone formation, acidification, and eutrophication impact categories are
considered to be operable on a regional or continental scale while human toxicity and
eco-toxicity impact categories are considered to be functioning at a local scale. For
resource depletion, which is an input related-impact category, the impacts can be on a
national scale or a global scale considering that the trades of resources can be made
globally. However, within a single analysis care should be taken to make certain that the
scale selected truly reflects the sources used for the product or process.

Basically, the Environmental Impact of a product is the aggregation of multiple
life cycle stages, ranging from the extraction of materials to the end-of-life management
of the product. For the entire spectrum of aspects and life-cycle stages of a product,

process, or service, the overall Environmental Impact should take into account the
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temporal variation and spatial variations, e.g., when and where those life-cycle stages
took place.

The time and spatial variations in a complex system such as an entire corporation
can also be dealt with in a similar manner to that discussed above. Conducting an
environmental performance evaluation using the STM for a corporation level is more
complex than one at the supply line level because the corporate level deals with more life
cycle environmental aspects. To illustrate this point with an example, a manufacturing
firm imports different parts from several locations for its assembly lines. These parts
were manufactured at supply line levels at specific sites. An STM implementation of a
part of a supply line deals only with the carrying capacity associated with a specific site.
When conducting an environmental performance assessment for the manufacturing firm,
the temporal as well as the spatial variations must be taken into account. Furthermore,
environmental aspects associated with the manufacturing firm itself must also be
included. These environmental aspects can include material consumption, electricity
consumption, and waste generation.

The STM implementation at the corporate level involves carrying capacity with
temporal and spatial variations. The variations in carrying capacity depend on the
specific time and place where the products at the supply line level were manufactured. In
addition, the variations in carrying capacity also depend on the number of aspects to be
considered. More details on the preceding manufacturing processes of those products at

the supply line level result in more variations in carrying capacity.



4.6 Summary

This chapter has discussed the commonly used less-is-better approach for LCA. Due to
some limitations of this approach, LCIA development may need to shift to a more
reliable approach, the only-above-threshold approach in order to provide information
about the “distance” a product must go before it can be seen as sustainable. The STM is
compatible with the only-above-threshold, where the sustainable level is analogous to the
threshold level. Risk assessment is utilized in the interpretation while environmental
impact assessment is utilized in the carrying capacity evaluation.

The threshold-oriented technique is developed exclusively for the evaluation of
the carrying capacity in the context of the STM. This technique can be thought of as an
“inverse modeling” or “inverse calculation” of the environmental impact assessment. For
the first step of this technique, a perceptible damage function is identified. Then a
specific environmental condition that causes the damage is also identified and specified
as the threshold level. Next, the location-specific and time-dependent information is
collected and put into an appropriate environmental model to investigate the pollutant
emission rate. The carrying capacity is, therefore, an emission that causes the
environmental condition to reach the threshold level. However, the results of the
carrying capacity evaluation may be adjusted from case to case as new information
becomes available that changes the limitations of information, resources, and
environmental modeling.

The value of the STM is based on the soundness of the carrying capacity
estimates. Therefore it is important to develop reliable and rational carrying capacity
estimates based on the best available consensus scientific approaches or agreements.

Where available, international agreements, regulatory levels, or consensus emission
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target levels may be used as the carrying capacity or used to estimate the carrying
capacity. It should be noted that some carrying capacity estimates cannot be
accomplished at this stage because they require a great amount of time and resources to
do so. Scarcity of information and scientific-based approaches also hinders the study.
When this is true, approximations and assumptions have been made; these are carefully
noted and represent areas where additional work and modification will be necessary in
the future.

Selecting appropriate environmental models and datasets is also important.
Environmental modeling should rely on the best set of assumptions that yields a model
that is both realistic and useful. However, an excessively detailed model will be too
complex and thus unlikely to be used. Furthermore, it is not economical to do so. On the
other hand, an excessively simple model may be misleading. Carrying capacity estimates
should rely on simple but applicable models, yet should be transparent to users so that
they can justify the methodology or can make further modifications should they be
required. Therefore, carrying capacity estimates in this research have employed

transparent yet useful models as seen and demonstrated in the following chapters.



CHAPTER 5

GLOBAL WARMING IMPACT

5.1 Overview

Global warming or the greenhouse effect is created by an accumulation of CO,, methane,
water vapor, and other greenhouse gases in the atmosphere of the earth, which traps the
heat that radiates from the earth’s surface back into space. By absorbing infrared
radiation, greenhouse gases (GHGs) impact the flow of natural energy through the
climate system. The climate must somehow adjust to the higher concentrations of GHG
in order to maintain the balance between the energy arriving from the sun and the energy
escaping back into space. There is a growing consensus within the scientific community
that GHGs of manmade origin are responsible for the global warming impact currently
observed (Houghton et al. 2001). Many GHG-emitting activities are essential to the
global economy and a fundamental part of modern life. Carbon dioxide from the burning
of fossil fuels is the largest single source of GHG emissions from human activities. The
annual global CO, emissions from fossil fuel consumption have been increasing, reaching
5.4 Gt C/yr in the 1980s and 6.3 Gt C/yr in the 1990s (Marland et al. 2002).

Ideally, the carrying capacity for CO, should be estimated from the absorption
capacity of the major global sinks, i.e., oceans and lands. However, it is difficult to
model a global carbon balance because it is not static in time and there are a large number
of factors involved. The current air-ocean flux of human-induced GHG was estimated at
0.6 to 2.8 Gt C/yr (Takahashi et al. 1997, Houghton et al. 2001; Sarmiento and Gruber
2002; Jacobson et al. 2003; McNeil et al. 2003) while the air-land flux was estimated at

0.8 to 1.4 Gt C/yr (Houghton et al. 2001). Sarmiento and Gruber (2002) estimated a
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higher air-land flux at 1.9 Gt C/yr mentioning that the re-growth of farmlands and forests
are the major sinks. Potter et al. (2003) estimated the land sinks for North America,
Eurasia, and the southern hemisphere between 0.5-0.9 Gt C/yr.

Hauschild and Wenzel (1998) suggested a uniform estimate of the environmental
carrying capacity assessed from the balance of the carbon cycle to be 3.8 Gt C/yr for
LCA purposes, which is at the high end of the range mentioned above. The impairment
of ecosystems and the increase in global temperature can also be used as indicators in
setting up a target threshold level. In EI95, the target for GHG emissions was defined as
5% impairment of the ecosystems and an increase of mean global temperature of 0.1 °C
per decade (Goedkoop 1998). At this impairment level, a reduction factor of 2.5 was
selected to calculate the target value from the estimated European 1990 emission of 0.65
Gt GWP/yr'. As a result, the European target value of 0.26 Gt GWP/yr is used in EI95.

The carrying capacity for the global warming impact can be estimated following
the threshold-oriented technique. This requires that the threshold level be identified in
order to calculate the carrying capacity. The carrying capacity for the global warming
impact may have been exceeded already since it is believed that climate change has
already taken place because of massive emissions of GHGs. As a result, the threshold
level should be determined from a stabilization level that mitigates the damage seen
already due to human-induced GHG emissions. This chapter presents an overview of the
future emission and mitigation scenarios for GHG emissions. The possible stabilization
levels are reviewed and a threshold level is specified. The carrying capacity can be

determined from the emission scenario that maintains the specified threshold level.

! GWP denotes global warming potential which is often referred to as CO,-equivalent.
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5.2 Greenhouse Gas Emission and Mitigation scenarios

5.2.1 Greenhouse Gas Emission Scenarios

A greenhouse gas emission scenario can be defined as a description of potential future
human-induced emissions based on multiple driving forces including economic factors,
demographic factors, policy factors, technological factors, and human responses (Metz et
al. 2001). The Intergovernmental Panel on Climate Change (IPCC) developed an earlier
set of reference emission scenarios, known as IS92, in an attempt to project future climate
effects from its previous assessment reports. The IS92 consists of six different pathways
or scenarios of which scenario IS92a is the mid-range scenario assuming the best
estimate value of climate sensitivity (Houghton et al. 1996). The 1S92a projects the
human-induced GHG emissions approximately at 20 Gt C/yr in 2100 (Houghton et al.
2001). A general circulation model (GCM) consisting of an atmospheric circulation
model and an ocean circulation model, predicted that the IS92a would result in an
increase in global mean surface temperature relative to 1990 of about 2.5 °C by 2100, an
increase in average sea level of about 0.30 meter, and an increase in average CO;
concentration to the level of about 750 ppmv (Houghton et al. 2001).

The increasing political and research interest in global warming has led to an
extensive number of emission scenarios. As a result, a database was developed to collect,
manage, and analyze the emission scenarios to enable researchers to access and identify
the strengths and weaknesses of the scenarios for further improvement (Morita and Lee
1998). Over 400 emission scenarios from this database were reviewed and evaluated by
a team appointed by IPCC (Nakicenovic et al. 1998). Six modeling teams of specialists

from 18 countries then developed a total of 40 scenarios contributing to IPCC based on
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the scenarios from the database (Nakicenovic 2000a). The new set of emission scenarios
was later summarized in the form of four “marker scenarios” published in the Special
Report on Emissions Scenarios (SRES) by IPCC, which was intended for use in the
following assessment report (Nakicenovic 2000b). The new set of emission scenarios
consists of four scenario families (A1, A2, B1, B2), each of which has a theme called a
storyline that describes future trends of scenario factors and key parameters. The family
Al was divided into three distinguishable groups (A1FI, A1T, and A1B) based on
sources of energy used and technologies involved. Consequently, there are six
illustrative SRES scenarios developed, each of which, as well as other IPCC scenarios, is
considered equally probable (Nakicenovic 2000b). A short description of these SRES

scenarios is presented in Table 5.1.

Table 5.1 Description of the IPCC-SRES Emission Scenarios
(Source: Houghton et al. 2001)

Al. The Al scenarios all describe a future world of very rapid economic growth and global population that peaks in mid-century
and declines thereafter, and the rapid introduction of new and more efficient technologies. Major underlying themes are
convergence among regions, capacity building, and increased cultural and social interactions, with a substantial reduction in
regional differences in per capita income.

The difference between the AIFI, AlB, AIT and scenarios is mainly in the source of energy used to drive this expanding
economy.

ATFI: Fossil-fuel Intensive, coal, oil, and gas continue to dominate the energy supply for the future.

Al1B: Balance between fossil fuels and other energy sources

AlT: emphasis on new Technology using renewable energy rather than fossil fuel.

A2. The A2 scenario describes a very heterogeneous world. The underlying theme is self-reliance and preservation of local
identities. Fertility patterns across regions converge very siowly, which results in continuously increasing global population.
Economic development is primarily regionally oriented and per capita economic growth and technological change are more
fragmented and slower than in other storylines.

B1. The B1 storyline and scenario family describes a convergent world with the same global population that peaks in mid-century
and declines thereafter, as in the Al storyline, but with rapid changes in economic structures toward a service and information
economy, with reductions in material intensity, and the introduction of clean and resource-efficient technologies. The emphasis is
on global solutions to economic, social, and environmental sustainability, including improved equity, but without additional
climate initiatives.

B2. The B2 storyline and scenario family describes a world in which the emphasis is on local solutions to economic, social, and
environmental sustainability. It is a world with continuously increasing global population at a rate lower than A2, intermediate
levels of economic development, and less rapid and more diverse technological change than in the Bl and Al storylines. While
the scenario is also oriented toward environmental protection and social equity, it focuses on local and regional levels.
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Compared to the IS92 scenarios, the SRES scenarios cover a larger range of
emission distribution as well as relative future climate change predictions (Table 5.2).
A study by Dai et al. (2001a) found that a variant IS92a emission scenario by including
the initial business-as-usual (BAU) pathway in the emission profile provided future
climate profiles similar to that to those of the SRES A1 family.

Table 5.2 Projected Manmade Greenhouse Gas Emissions and Predicted Temperature

and Sea level rise According to [PCC Emission Scenarios
(Source: Houghton et al. 1996; 2001)

Approximated values in 2100
IPCC Scenario - . Increased temperature Sea level rise
GH(GGte[g;;i;mS O, c(c;r;relr‘l,t)ratlon relative to 1990 level relative to 1990 level
0) (m)
1990 level 7 360 - -
1S92a 20 750 2.5 0.30
1S92b 18 650
1S92¢ 5 500
1S92d 10 550 1.0-3.5 0.1-0.95
1S92e 36 900
1S92f 26 700
AIlFI 28 950 4.5 0.50
AlT 4 600 2.5 0.35
AlB 13 700 3.0 0.35
A2 29 850 3.5 0.40
Bl 5 550 2.0 0.30
B2 13 600 2.5 0.35

The most probable emission scenario has not been decided even though different
reference emission scenarios have been developed; as a result, the uncertainty of the
scenarios in terms of probability distributions is not provided. There are some attempts
to take into account the uncertainties of parameters in the climate modeling. One of
which is the study by Stott and Kettleborough (2002) that considered the uncertainties of
GHG origins. They predicted that the global-mean surface temperature would rise from
0.3-1.3 °C relative to 1990 level for a short-term prediction (2020-2030). A study by

Webster et al. (2002), was an attempt to include the uncertainties of GHG emissions, and



97

found that the SRES scenarios were biased towards the higher temperature because of the
strongly optimistic assumptions about the reductions in sulfur emissions. On the other
hand, Knutti et al. (2002) concluded from their study considering the uncertainty analysis
of radiative forcing and climate sensitivity that the SRES scenarios might significantly

underestimate the probability of a strong warming.

5.2.2 Greenhouse Gas Mitigation Scenarios
A mitigation scenario can be defined as an emission scenario that assumes policies to
mitigate climate change (Metz et al. 2001). Mitigation scenarios are developed to
investigate the stabilization level that would prevent damage or future damage to climate
systems caused by human-induced GHG emissions. According to the IPCC, mitigation
scenarios can be classified into four categories based on type of mitigation: concentration
stabilization scenarios (the most widely developed), emission stabilization scenarios, safe
emission corridor scenarios, and other mitigation scenarios (Metz et al. 2001).

The IPCC developed a set of illustrative pathways for stabilizing CO; level at
350, 450, 550, 650, and 750 ppmv over the next three hundred years (Houghton 1994).
The emission profiles of these mitigation scenarios, known as WGI (Work Group I) or S
(Special) scenarios, were constructed based on the IS92a reference emission scenario.
A simple climate model was used to make temperature and CO, concentration projections
(Harvey et al. 1997; Houghton et al. 2001). Stabilization levels were set to be reached at
different time spans from 2100 to 2250. The CO, emissions at 2300 are projected at the
levels of approximately 1 to 5 Gt C/yr compared to the 1990 level (7 Gt C/yr). Similar
climate profiles were obtained using a complex general circulation model by Dai et al.

(2001a; 2001b; 2001c) for the 550 ppmv emission scenario.
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Wigley et al. (1996) revised the WGI scenarios by adding an additional economic
constraint that the emission profiles initially track a BAU pathway, which is an
idealization of the assumption that the initial departure from BAU would be slow
compared to the immediate reduction in emissions for the WGI scenarios. The emission
and CO; concentration profiles according to these scenarios, known as WRE (Wigley,
Richels, and Edmonds) scenarios, are slightly higher than those of the WGI scenarios in
the early years due to the BAU constraint. However, time periods to reach stabilization
levels and CO; emission levels for 2300 for both sets of scenarios are alike.

More than 150 out of 500 emission scenarios collected in the SRES database were
identified as mitigation scenarios (Metz et al. 2001). Approximately half of them are
concentration stabilization scenarios and most of these use atmospheric CO;
concentrations of 550 ppmv as the target stabilization level. Following the previous
illustrative example used in the IPCC studies on mitigation scenarios, these studies
adopted a common concentration of 550 ppmv. However, there is no consensus, policy,
or agreement implying that this CO, concentration level is the most desirable one.

Following the publishing of the SRES, an evaluation process for the SRES-based
mitigation scenarios (the so-called post-SRES mitigation scenarios) based on
concentration stabilization was prepared (Morita et al. 2000). A total of 76 post-SRES
mitigation scenarios with CO; stabilization concentrations of 450, 550, 650, and 750
ppmv were evaluated by nine modeling teams. The year 2150 was selected as the target
year to reach the stabilization levels. An assessment of the post-SRES emission scenarios
was published in a recent IPCC report (Metz et al. 2001). Again, the IPCC has not drawn

a conclusion as to which would be the best or the most probable mitigation scenario.
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5.3 Threshold Level for Carrying Capacity Estimate
The ultimate objective of the United Nations Framework Convention on Climate Change
(UNFCCC) and the IPCC is to stabilize the atmospheric CO, concentrations at a level
that would prevent dangerous human interference with the climate system. Even now,
“dangerous” remains undefined, and no official body has taken responsibility to provide a
definition. This is because there are still some uncertainties on the scientific aspects of
the cause-effect relationship between GHG emissions and climate change (Karl 2001).
The IPCC has concluded that defining “dangerous” is a political decision.

For carrying capacity estimation, CO, concentration is used as the endpoint
indicator for the threshold level selection, following most of the mitigation scenarios
studied by the IPCC. For each CO; stabilization level, the range of costs and benefits of
climate change may be evaluated in terms of sea level rise, water stress, biodiversity,
social and economic impacts, and possibilities for adaptation. Any political decision on
the dangers of GHG concentrations would have an influence on the emissions control
policies of all countries, as it would ultimately set an absolute level of emissions globally.

The benefits of stabilizing atmospheric GHG concentrations will be affected by
climate sensitivity. The range of benefits arising from the different stabilization levels
varies according to uncertainties about climate sensitivity. A summary of the benefits of
the stabilization of atmospheric GHGs is discussed below (Watson 2001).

Stabilization at 750 to 1000 ppmv. Significant impacts associated with warming up to
3 °C would not be prevented. For average to high climate sensitivity, global mean
warming would exceed 4 °C, with land areas generally much warmer, resulting in many

severe effects and posing risks of large scale, high impact events in future centuries.
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Stabilization at 550 to 650 ppmv. Stabilization in this range may significantly lessen
and possibly avoid some of the impacts associated with warming greater than 3 °C for
average to low climate sensitivity. However, it would not prevent the substantial impacts
associated with the warming up to 3 °C, such as the loss of some unique vegetation
systems, extensive coastal wetland loss, decreases in crop yields, and other adverse
impacts. There is a risk of warming by more than 3 °C for high climate sensitivity.
Stabilization at 450 ppmv. Stabilization at this level is likely to limit global warming to
less than 3 °C, even for high climate sensitivity. The impacts for 3 °C warming may be
significantly reduced and some may be avoided. However, there would still be risks for
impacts associated with warming less than 3 °C. The benefits of stabilization at 450
ppmv are clearly greater than those for stabilization at higher concentrations.

However, it should be emphasized that the earth’s carrying capacity to absorb
human-induced GHG emissions may have been exceeded already because it is believed
that climate change has already taken place. It is assumed for this research that global
warming is the sole effect from human-induced GHG emissions and the global warming
will not encounter any further damage if CO;, concentrations are limited to the pre-
industrial level of 280 ppmv' (Houghton et al. 2001). Therefore, the pre-industrial CO,
concentrations can be considered as the stabilization level or the threshold level for
estimating the carrying capacity for global warming impact. The carrying capacity can
be adopted from the GHG emissions in the mitigation scenario that lowers the CO;
concentrations to 280 ppmv and allows the climate to recover to the pre-industrial

situation. Should this stabilization level not be viable, a more viable one may be used.

! The average atmospheric CO, concentration in 1998 was 365 ppmv.
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5.4 Carrying Capacity Estimate

A mitigation scenario from the literature for the atmospheric CO; stabilization level of
280 ppmv is not currently available. However, a mitigation scenario can be simulated
and its consequent climate sensitivity can be interpolated using the Java Climate Model
(JCM)'. In this research, mitigation scenarios in this model are estimated based on the
mid-range 1S92a reference emission scenario. The results from the simulation using the
JCM shows that the stabilization at 280 ppmv is not a viable option because the natural
sink sources do not have sufficient capability to reduce the atmospheric CO; to reach the
pre-industrial level of 280 ppmv. This simulation assumes that the technologies for
carbon capture and sequestration will not be available in the future. By using the JCM, it
is found that the most conservative yet viable mitigation scenario is the stabilization level
at 380 ppmv. Even though this 1s a viable option, an immediate cut of global GHG
emissions must be made to make it practical. This outcome seems to be unrealistic.
However, it illustrates a possible pathway of achieving the most conservative option that
considers the natural absorption capacity to slow and minimize future climate change.

It is assumed in this research that the CO; stabilization level at 380 ppmv is the
sustainable level considering that it is the most conservative yet also feasible mitigation
scenario. The carrying capacity is defined as the annual allowable human-induced GHG
emissions following the mitigation scenario with the stabilization level at 380 ppmv.
According to this scenario, the GHG emissions must be cut immediately from the current
level to about 3 Gt C/yr in 2010 and 2 Gt C/yr in 2020. At this emission projection, the

temperature will be stabilized at +0.9 °C (2060) relative to 1990 level and the

' JCM (Matthews 2003a; 2003b) is a simple model for simulating climate situations forced by GHG
emissions. The JCM is developed following the principles described in Harvey et al. (1997).
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atmospheric CO, concentrations will reach the stabilization level within a few years from
now. Figure 5.1 and Figure 5.2 depict the profiles for GHG emissions, average
atmospheric CO, concentration, temperature change, and sea level rise read from the

results obtained from the JCM. In this figures, dashed lines are for zero emissions.
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Figure 5.1 Greenhouse gas emission profiles at different mitigation scenarios (left
panel) and CO; concentration profiles for stabilization level at 380 ppmv (right panel).
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In LCIA, the quantification of greenhouse gas emissions is usually expressed in
terms of CO; equivalents (CO,-eq) (Goodkoep 1998; Goedkoop and Spriensma 2001;
Guinee 2001; Hauschild and Wenzel 1998). The conversion of GHG emissions reported

in Gt C to kg CO;-eq can be made simply by using the following equation:
kg COyeq = Gt C x 44/12 x 10" (5.1)

The emission of other GHG emissions can be characterized relative to CO;-eq
using the Global Warming Potentials or GWPs, which are used to compare the ability of
each greenhouse gas to trap heat in the atmosphere relative to CO, (Houghton et al. 2001;
Pennington et al. 2000; WMO 1994; 1998a; 2003; Sygna et al. 2002). GWP values are
summarized in Table C.1 Appendix C. GWPs have units of kg CO,/kg GHG;, where i
represents a species of GHG. The time horizon of 100 years is often used as the
reference for GWPs (Houghton et al. 2001; Fearnside 2002). A simple equation is used

to characterize the amount reported in kg of GHG relative to kg of CO,-eq:

kg COz-eq = GWP; x kg GHG; (5.2)

5.5 Summary
A time-dependent carrying capacity for GHG emission is estimated from the mitigation
scenario that stabilizes the atmospheric carbon dioxide concentration at 380 ppmv. The
emission levels in this mitigation scenario may not be realistic. However, it illustrates a
possible pathway of achieving the most conservative option that considers the natural
absorption capacity to minimize the future climate change. At this emission projection,

the temperature will be stabilized at +0.9 °C (2060) relative to the 1990 level and the
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atmospheric CO, concentrations will reach the stabilization level within a few years from
now. The carrying capacity is estimated annually up to the year 2100 as shown in Table

5.3 but the annual carrying capacity from 2010 to 2100 can be estimated from Figure 5.1.

Table 5.3 Carrying Capacity for Greenhouse Gas Emissions

Year | GtC/yr |102kg CO,-eq/yr| Year | GtC/yr |10 kg COp-eqfyr
2000 8.0 29.3 2010 2.7 9.9
2001 7.0 25.7 2020 2.1 7.7
2002 6.0 22.0 2030 1.8 6.6
2003 5.0 18.3 2040 1.6 5.9
2004 4.0 147 2050 14 53
2005 35 12.8 2060 13 438
2006 33 12.1 2070 1.2 44
2007 3.1 11.4 2080 1.1 42
2008 2.9 10.6 2090 1.0 3.9
2009 2.8 10.3 2100 1.0 3.7

Because of the importance of the global warming risk potential, a large number of
investigations are expected to be conducted in the near future. These new findings will
obviously influence the view of the IPCC and other scientists. For example, the new
findings may lead to a more stringent upcoming greenhouse gas limitation and mitigation
policy, which is currently debatable due to the scientific uncertainties. More refined
climate models may also lead to the revision of greenhouse gas emission and mitigation
scenarios. The damage assessment may be refined and a consensus on threshold level
may be identified. As a result of these new findings, the carrying capacity may need to
be refined accordingly. Future IPCC assessment reports are a source of information that
will be useful for the refinement of the carrying capacity.

One factor that may be considered for this carrying capacity estimate is any future
international protocol on GHG limitation. The emission level established by any such
international agreement may not account for the natural absorption capacity, but 1t would

reflect the political, social, and practical basis that is acceptable to the LCA community.



CHAPTER 6

STRATOSPHERIC OZONE DEPLETION IMPACT

6.1 Overview

Stratospheric ozone depletion is the thinning of the ozone layer in the stratosphere, the
region between 10 to 50 kilometers above the earth’s surface. About 90% of the
atmospheric ozone is in the stratosphere while the remaining 10% is in the troposphere,
residing in the surface to 10 kilometers in the atmosphere (WMO 2003). A thin ozone
layer allows more radiation, especially ultraviolet-B, to reach the earth and cause adverse
impacts. For humans, overexposure to ultraviolet can lead to skin cancer, eye damage,
and a weakened immune system (Slaper et al. 1996; 1998; Caldwell et al. 2003; De Gruijl
et al. 2003). For ecosystems, ultraviolet exposure can lead to the reduction of crop yield
and damage to both terrestrial and aquatic ecosystems (Hansen et al. 2001; Velders et al.
2001; Hader et al. 2003). Ultraviolet also causes damage to air quality and outdoors
materials such as woods and plastics (Andrady et al. 2003; Solomon et al. 2003; Zepp et
al. 2003). In contrast to global warming caused by GHG emissions, Shindell (2001)
pointed out that ozone depletion had cooled the global temperature by about 0.1 °C.

Stratospheric ozone depletion is caused by the presence of chlorofluorocarbons
(CFCs) and other ozone-depleting substances (ODSs) in the stratosphere. Chlorine and
bromine are the primary atmospheric halogens responsible for the depletion of
stratospheric ozone, with bromine nearly 50 times more potent than chlorine for
destroying ozone (Daniel et al. 1999; WMO 2003). The only known natural sources of

ODSs are the emissions of methyl bromide (CH3;Br) from the oceans and biomass
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burning. However, if the natural methy] bromide emissions were the sole source of ODS,
the ozone would not be depleted (WMO 1998b). The formation of ozone and its
destruction by chlorines and bromines in the stratosphere can be expressed by the
following elementary reactions, in which Z denotes chlorine or bromine and Av denotes

ultraviolet light (Chapman 1930; Molina and Rowland 1974; Wofsy et al. 1975):

0+0 2> 0 (6.1)
O+ 0; > O3 (62)
0+ 0; > 20, (6.3)
Os 2> 0:+0 (6.4)
203 -> 30; (6.5)
Z0 + 0 > Z+0; (6.6a)
Z + O3 2> Z0+0; (6.6b)
0;+0 2> 20, (6.6¢)
HO,+Z0 =2  HOZ+ 0, (6.7a)
HOZ + hv - OH+Z (6.7b)
Z+ 03 >  Z0+0; (6.7¢)
OH + O3 2> H,0+0; (6.7d)
203 > 302 (6. 78)

Recently, stratospheric chlorine from ODSs has been declining. On the other
hand, bromine is increasing because of its continued production as allowed under the

Montreal Protocol (WMO 2003), an international agreement designed to protect the
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ozone layer. Montzka et al. (2003) conclude that the trends for currently observed total
halon concentrations are increasing, which are consistent with the halons scenarios
developed according to the Montreal Protocol. Despite this, the projections suggest that
the accumulation of stratospheric halons will be decreasing in the coming years. In the
tropics, ozone levels are typically between 250 and 300 DU' year round. An ozone hole,
which is defined as a section of the atmosphere with an ozone layer less than 220 DU, has
been observed in the Antarctic. A recent study by Shindell and Faluvegi (2002) shows
that ozone depletion in this century may have been 50% more than previously
acknowledged.

Hauschild and Wenzel (1998) estimated the environmental carrying capacity
using a sustainability emission level of ODSs. They assumed that the sustainability
emission level was the atmospheric concentration of chlorine that would not cause ozone
holes over the Antarctic. They used the atmospheric chlorine concentration levels for the
year 1970, which was 1.5-2.0 ppbv, as the critical level. The year 1970 was a pre-CFC
period and the ozone holes had not been observed at that time. However, since the
emission and consumption inventory of ODS was not available for 1970, they estimated
the ODS emissions by assuming a mutual ratio between the atmospheric concentrations
and the emission rates for the years 1970 and 1990. Using this mutual correlation, the
uniform sustainable level of ODS emission was determined from the estimated 1970
global emission rate which was 281x10° kg CFC1 1-eq/yr.

For EI95, Goedkoop (1998) derived the critical emission level of ODSs according
to the Montreal Protocol. A reduction factor of 100 was used to estimate the critical level

from the 1990 emission level. This factor was used to ensure that the probability of death

' 100 DU (Dobson Unit) is equal to 1 mm. of ozone layer at the standard temperature and pressure.
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would be less than one case per million people per year. At this impairment level, a
European target value of 4.6x0° kg ODP/yr* was calculated from the European 1990
emission of 4.6x10® kg ODP/yr.

The carrying capacity for stratospheric ozone depletion impact can be estimated
following the threshold-oriented approach in a similar manner to the one noted by
Hauschild and Wenzel (1998), based on the emissions agreed upon in the Montreal
Protocol. This chapter presents the background of the Montreal Protocol and its
amendments and adjustments and the ODS production scenario which can be adopted as
the time-dependent carrying capacity. Like the global warming impact, the carrying
capacity for stratospheric ozone depletion impact may have been exceeded already. As a
result, the threshold level can be determined from a level that allows recovery from the
damage due to past ODS emissions. Also in this chapter, the possible endpoint indicators

are reviewed, a threshold level is specified, and the carrying capacity is determined.

6.2 The Montreal Protocol
Ozone depletion was first noticed by the NOAA and NASA in the 1970’s. Since then,
federal agencies have become increasingly aware of the effect. The first mitigation
measure was issued in 1975 by the state of Oregon to ban CFCs in aerosol sprays (NSC
2000). The Ozone Protection Amendment was passed as part of the Clean Air Act in
1977. Also in 1977, UNEP hosted the first international meeting on ozone depletion. In
1987, the Montreal Protocol called for a freeze on the production and use of halocarbons
at 1986 levels by mid-1989, and over the next 10 years a reduction in CFC production by

half (UNEP 2000a). However, there were still concerns that the measures called for in

% ODP denotes ozone depleting potential which is often referred to as CFC11-equivalent.
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the protocol were insufficient. The following amendments and adjustments have been
made (London-1990, Copenhagen-1992, Vienna-1995, Montreal-1997, and Beijing-
1999) to shorten the time span for the ozone layer to recover. Basically, the Montreal
Protocol and its amendments and adjustments have projected the ODS emission scenario
based on the remaining stock and the necessity of use. Figure 6.1 presents the emissions

of major ODSs projected by the Montreal Protocol and its amendments and adjustments.
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Figure 6.1 The emissions of major ODSs projected by the Montreal Protocol and its

following amendments and adjustments.
(Source: WMO 1998a)
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The WMO has defined the meaning of “recovery” by indicating that full recovery
occurs when chlorine loading returns to the pre-1980 level of 2 ppbv, which is considered
to have been the loading when the Antarctic ozone hole was first apparent (WMO
1998a). Recently, it has been found that there has been a response (recovery), from the
peak of ozone depletion in 1994, as a result of the ODS cuts following the ratification of
the Montreal Protocol (WMO 2003). According to the emission projection agreed to in
the Montreal Protocol, the use of ODSs will be phased out with the expectation that the
ozone layer can recover to the pre-CFC period by 2050 (Rosenfield et al. 2002; WMO
2003). If ODSs continued to be emitted without the control of the Montreal Protocol, the
ozone depletion would be 10 times worse than the current level (WMO 1998a).

However, it should be noted that many factors, in addition to halogen loading,
influence ozone distribution in stratosphere. For example, the atmospheric
concentrations of many gases are changing, with consequent impacts on ozone transport,
temperature, and chemistry (Shindell 2001; Randeniya et al. 2002). As a result of a
variety of influences, different time frames for ozone recovery are estimated. Some
studies indicated that the ozone layer would recover fully after 2050 (Dvortsov and
Solomon 1998; Montzka et al. 1999; Shindell et el. 1998; Shindell 2001) or that the
recovery would even be delayed until after 2100 (Randeniya et al. 2002). On the other
hand, some studies suggested that recovery may be reached before 2050 (Nagashima et

al. 2002; Schnadt et al. 2002).
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6.3 Threshold Level for Carrying Capacity Estimate
It should be noted that the earth’s carrying capacity to absorb the emissions of ODSs may
have been exceeded already since the start of the CFC-period. Therefore, environmental
conditions in the pre-1980 levels can be considered as the stabilization level or the
threshold level for estimating the carrying capacity.

An issue for measuring the impacts associated with ozone depletion is the
selection of an endpoint indicator. A common measure allows consistent discussion
about the relationship between ozone depletion and impacts. Some possible indicators
include: the ultraviolet index, the thickness of the ozone layer, the size of the ozone hole,
and the tropospheric and stratospheric chlorine/bromine loadings. Among these
indicators, ultraviolet seems to be less used because ultraviolet changes are not caused by
ozone depletion alone (McKenzie et al. 1999; 2003). The thickness of the ozone layer is
typically expressed in terms of Dobson Unit (DU) (Shindell et al. 1998). The size of an
ozone hole is the area mainly in the Antarctic where the ozone layer is thinner than 220
DU (Austin et al. 2003). Tropospheric chlorine/bromine loading is the approximation of
ODS abundance in the troposphere, which relates to the future loading for the
stratosphere (CMDL 2001). Stratospheric chorine/bromine loading is basically the
measure of the ODS in the stratosphere as is described more fully below (Daniel et al.
1995; Montzka et al. 1996; Wuebbles and Kinnison 1996).

The chlorine/bromine loading is an indicator that is widely used in ozone
depletion studies (WMO 2003). This indicator is often expressed in terms of equivalent
effective stratospheric chlorine, denoted EESC (Daniel et al. 1995; Montzka et al. 1996;

Wuebbles 1996). EESC is an index developed to represent the potential damage caused
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by a given mixture of ODS to stratospheric ozone. EESC can also be thought of as the
mechanism by which the effect of increasing chlorine/bromine loading results in

decreasing ozone concentrations.

6.4 Carrying Capacity Estimate

The economic carrying capacity for ODS emissions can be estimated by assuming that
ozone depletion is the sole effect from ODS emissions. So, if the human-induced ODS
emissions are limited to the pre-1980 level, the ozone layer will be allowed to recover to
the pre-1980 level as well. The ultimate goal of the ozone depletion issue is to pose no
further damage, which means zero emission of human-induced ODS should be achieved
in the future. In such a case, the carrying capacity of ODS emissions should be assumed
to be zero emission and therefore any facility that releases an ODS can be considered to
be non-sustainable. Practically, there are still some ODSs remaining in storage and in use
for essential purposes such as medical and agricultural applications.

In an effort to achieve the zero emission goal for human-induced ODS emission,
international agreements must be maintained and regulations must promulgated to ensure
that these ODSs will be replaced by non-ODSs eventually. According to the Montreal
Protocol and its amendments and adjustments, ODSs are scheduled for production cuts,
emission cuts, freezes, and eventual phasing out sequentially by specific chemicals on the
part of all signatory countries. The carrying capacity for human-induced ODS emissions
is therefore adapted from the amounts projected by the Montreal Protocol and its
amendments and adjustments. This projection will allow the damages to recover within a

desirable time frame, which is 2050 in this case.
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From the LCIA perspective, ozone depletion impact is considered to be a
homogeneous impact category in which several burdens can be aggregated due to their
additive effect to ozone depletion impact (Assies 1998). For the carrying capacity
estimate, the emissions reported in the Montreal Protocol (Figure 6.1 shown before) must
be aggregated to become a single value relative to a reference substance. This can be
carried out using ozone depletion potential (ODP), which is a relative measure that
compares the expected impact on ozone per unit of mass emission of an ODS to the
impact of the same unit mass of CFC-11, integrated over time (Wuebbles 1983; Daniel et
al. 1995). OPDs are summarized in Table C.2 Appendix C (UNEP 2000b). ODPs have
units of kg CFC-11/kg ODS;, where i represents a species of ODS. A simple equation is
used to characterize the amount reported in kg of ODS relative to kg of CFC11-eq, the
reference ODS widely used in LCIA (Goodkoep 1998; Goedkoop and Spriensma 2001;

Guinee 2001; Hauschild and Wenzel 1998; Pennington et al. 2000):

kg CFCl1-eq = ODP; x kg ODS; (6.8)

Figure 6.2 depicts the time-dependent carrying capacity calculated from the
emissions reported in the Montreal Protocol. The sensitivity of endpoint indicators

according to this emission scenario is presented in Figure 6.3 and Figure 6.4.
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Figure 6.2 Carrying capacity for ODS emissions
estimated from the Montreal Protocol.
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Figure 6.3 Ozone hole area at the Antarctic. Left panel is the observed data and right

panel is the projection according to the emissions delineated in the Montreal Protocol.
(Source: WMO 2003; Austin et al. 2003)
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Montreal Protocol.
(Source: WMO 2003; Austin et al. 2003)

6.5 Summary

The carrying capacity is estimated by assuming that ozone depletion is solely an effect of

ODS emissions. If the ODS emissions are limited to the pre-1980 level, the ozone layer

will be allowed to recover to the pre-1980 level as well. The Montreal Protocol and its

amendments and adjustments stipulate that ODSs be scheduled for production cuts,

emission cuts, freezes, and eventual phasing out. Analogous to the carrying capacity for

global warming impact, the time-dependent carrying capacity for stratospheric ozone

depletion impact is adapted from the amounts projected by the Montreal Protocol. In this

research, the carrying capacity is estimated for up to the year 2100 (Table 6.1).



Table 6.1 Carrying Capacity for Ozone-Depleting Substance Emissions

Year | kilotonnes CFC-11/yr (10° kg CFC-11/yr)| Year | kilotonnes CFC-11/yr (10° kg CFC-11/yr)
2000 348 2010 169
2001 330 2020 48
2002 319 2030 23
2003 307 2040 15
2004 298 2060 3
2005 276 2080 1
2006 251 2100 1
2007 228

2008 204

2009 187
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The projected emission of ODS may not be the theoretical “sustainable level”

because it takes into account several practical factors.

The carrying capacity for the

emission of ODS should be revised accordingly in line with other future findings.

Recently, UNEP and WMO have been cooperating in addressing the ozone depletion

issue. As a result, scientific assessment reports have been published and updated

periodically (by NOAA, NASA, UNEP, WMO, and EC). Future research supported by

these organizations and agencies as well as the political issues related to ozone emission

limitation are sources that will be useful for the refinement of the carrying capacity.



CHAPTER 7

ACIDIFICATION IMPACT

7.1 Overview

Acidification is a decline in the ability of ecosystems to neutralize acid deposition, which
in turn lowers the pH of lakes and soils. Susceptibility to acidification is affected by the
level of acid deposition, and by the natural buffering capacity of the systems in question.
Acidification in lakes causes the dissolution of soil minerals, lowered dissolved organic
matter due to coagulation and sedimentation, deposition of sulfate ions along with
ammonia and nitrate ions, which provide a certain degree of nitrogen enrichment in lakes
(Gorham 1998). Acidification can diminish the ability of lakes and streams to sustain the
survival of fish and aquatic species. Calcium and magnesium are depleted from forest
soil; saturated nitrate is leached out to streams and lakes (Gorham 1998; Mill 2001).
Acidification also impairs visibility and causes the erosion of rocks and manmade
materials. Acidification is a serious problem in industrialized regions of the eastern U.S.,
Europe, the former Soviet Union, Southeast Asia, and China (Kuylenstierna, et al. 2001;
Bouwman et al. 2002). Galloway (1995) has predicted that in the future Asian emissions
of acidifying compounds will equal or exceed those of Europe and North America
combined.

The main causes of acidification are airborne sulfur and nitrogen compounds
emitted by anthropogenic sources (Galloway 2001). The largest source of anthropogenic
sulfur emissions is sulfur dioxide (SO;) emission caused by combustion of fossil fuels.
Natural sources of sulfur emissions include volcanoes and oceans. The most important

anthropogenic nitrogen emissions are nitrogen oxide (NO) and nitrogen dioxide (NO,),
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together denoted as NOx (Bouwman et al. 2002). The major sources of nitrogen are fossil
fuel combustion, biomass burning, and microbiological gas generation in soils (Oliver et
al. 1998). In the atmosphere, these pollutants undergo interaction with atmospheric
moisture to become acids and impact the terrestrial and aquatic ecosystems through wet
deposition (rain, snow, fog, and mist) as well as dry deposition (acidic dust and particles).
Acid deposition is the transfer of strong acids and acidifying compounds from the
atmosphere to the earth’s surface (Driscoll et al. 2001).

From the LCIA perspective, Hauschild and Wenzel (1998) determined the
environmental carrying capacity from the pre-1890 emission levels of 6.2x107 kg SO,/yr
for Denmark and 2.42x10° kg SO,/yr for Europe. These values were obtained using a
model to determine the deposition scenarios for acidification of forest systems in
Scandinavia. The results showed that the area that did not exceed the critical load
(discussed further) for any forest system during the pre-industrial scenario from around
1840 (Sverdrub et al. 1990 as cited in Hauschild and Wenzel 1998).

The target load for EI95 was calculated according to its impact on the ecosystem.
In EI95, it was assumed that the European ecosystem impairment was estimated to be
less than 5 % if the acidifying substance emissions were reduced by a factor of 10
(Goedkoop 1998). As a result, the European target value of 5.6x 10° AP kg/yr' was used
in EI95. Dickinson et al. (2001) subsequently estimated a value of U.S. carrying capacity
for acidification impact by multiplying the normalized EI95’s target value by the U.S.
land area resulting in a carrying capacity value of 1.2x10'" AP kg/yr.

Potting et al. (1998) and Huijbregts et al. (2001) attempted to take into account

the spatial variation in the characterization of acidification potential. A regional air

' AP = Acidification potential (equivalent to SO;)
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transport model was used to determine the source-receptor relationship. The site factors
were assigned according to the contribution of locally specific emissions to the sensitivity
of the European ecosystems. A similar method has been used for the characterization of
acidification potential of U.S. emissions (Bare et al. 2002; Norris 2002; EPA 2003a).
However, the U.S. characterization factors do not take into account the sensitivity of the
ecosystems because the information is not as well documented as in Europe.

This chapter presents background on the international and U.S. policies on acid
deposition control, as well as a feasible method for determining carrying capacity
estimates. Estimating the carrying capacity for acidification impact from the emission
target levels is also elaborated. A method to estimate a region-specific carrying capacity
is developed as well as a method to include site factors in the characterization of

acidification potential.

7.2 Acid Deposition Control Policies

7.2.1 International Policies and the Critical Load Approach

European countries have attempted to address acidification problems since the 1960s.
The original concept of using a uniform maximum allowable mass deposition rate of 20
kg wet SO4*/ha/yr was first recognized as an interim target load (Nilsson and Grennfelt
1988). Subsequently, site-specific critical loads were increasingly used. During the
1970s, the hypothesis was confirmed that air pollutants could travel several thousands of
kilometers before deposition and damage occurred. This necessitated cooperation at the
international level to solve the acidification problem. As a response, a Convention on

Long-Range Transboundary Air Pollution (CLRTAP) was first held in 1984 supported by
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European governments, the European Community (EC), and the United Nations
Economic Commission for Europe (UNECE). In 1985, member countries implemented
the First Sulfur Protocol calling for a 30% reduction from 1980 emission levels. Through
this convention, member countries also agreed that the critical load approach discussed
below provided an effective scientific approach for devising strategies for the abatement
of acid deposition. Moreover, these countries set long-term goals for meeting the critical
load for SO, and NOx.

A critical load was defined by the convention as the maximum amount of
acidifying deposition an ecosystem can tolerate in the long-term without being damaged
(UN 1998). The concept behind critical loads is based on a dose-response relationship
where damages to an ecosystem are caused by a certain load of pollutant. The systems
with the highest sensitivity can only be protected at the critical load level. Steps involved
in defining and implementing critical loads usually include 1) resource identification and
characterization, 2) identification of regions or functional subregions, 3) characterization
of deposition within subregions, 4) definition of assessment endpoints, 5) selection and
application of models, and 6) mapping projected environmental responses (Strickland et
al. 1993). A target load may be less rigorous than the critical load because it incorporates
social, policy, economic, and related considerations along with scientific findings (EPA
1995a; Gorham 1998). Therefore, target loads can be either higher or lower than the
critical load values. Target loads are used in order that emissions can be reduced
accordingly to meet the targets and limit the amount of damage.

The critical load approach has been applied to strategies for emission reduction
under two sulfur protocols of the CLRTAP: the 1994 Oslo Protocol on Further

Reductions of Sulfur Emissions and the 1999 Protocol to Abate Acidification,
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Eutrophication and Ground-level Ozone (UNECE 2003). The aim of the protocols is to
control and reduce sulfur emissions in order to protect human health and the environment
from adverse effects, in particular, acidifying effects. The participating states agreed that
the deposition of oxidized sulfur compounds in the long term would not exceed critical
loads for sulfur. The sulfur protocols set emission reduction targets and timeframes
based on the country’s specific SO, emission baseline and contribution to the regional
impact on the sulfur load. European critical load maps for sulfur provided the analytical
tool for establishing emission thresholds and reductions goals in the ECE region (Gregor
et al. 2001; Grennfelt 2001 et al.). Figure 7.1 depicts the use of critical load maps in the

abatement strategies.

National critical load
&level maps

l Comparison European
European critical load P concentration and
& level maps deposition data

European mapping of
critical load level Air pollutants
exceedances emission data
Emission reduction Integrated assessment > Optimized emission
costs > models reduction scenarios

Figure 7.1 Use of critical load maps in abatement strategies.
(Source: Gregor et al. 2001)

Recently, 20 countries of the UNECE region, including Canada, the U.S., and EU
have ratified the sulfur protocol. European policy makers have proposed that critical
loads should not be exceeded anywhere in Europe by 2015 (Skeffington1999). Other
than Europe and Canada, the critical loads have been studied and mapped across Asian

countries such as China (Duan et al. 2000; Shah et al. 2000; Hao et al. 2001a; 2001b; Tao
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and Feng 2001; Ye et al. 2002), India (Satsangi et al. 2003), Japan (Fumoto et al. 2001;
Hayashi and Okazaki 2001), South Korea (Park and Lee 2001), Russia (Semenov et al.
2001), and Thailand (Milindalekha et al. 2001). There is also a plan to map the critical
load for developing countries in Asia, southern Africa and Latin America (Hicks et al.
2001). There are numerous methods that are available for estimating critical loads; the
steady-state mass balance approach (SSMB) (Posch et al. 1999: Henriksen and Posch
2001) is the most widely used one (Skeffington 1999; Aherne and Farrell 2002).

Basically, scientists run models that take into account soil chemistry, rainfall, and
topography to calculate the amount of acid substance that can be absorbed before the
system reaches critical levels. In order to obtain values for the critical loads, an
ecosystem has to be chosen and then a suitéble indicator is selected to represent the
ecosystem. A chemical limit is subsequently defined as the concentration at which the
critical level of indicator is exceeded. In forests the indicators may be plants, and in
freshwaters they may be aquatic biota. The magnitude of a critical load depends on the
characteristics and conditions of the target ecosystem and receptor, e.g., the buffer
capacity at a given location. Thus critical loads differ locally reflecting specific
conditions that exist there.

The critical loads can be very low for a very sensitive ecosystem and higher for a
more tolerant one. There are also some uncertainties associated with indicators, observed
data, and approaches used for the critical load estimate (An et al. 2001; Hall et al. 2001).
In Europe, the maximum critical loads for sulfur vary from less than 200 eq/ha/yr to more

than 1,500 eg/ha/yr (3.2-24.0 kg S/ha/yr)'. For nitrogen, it varies from less than 200

' 16 kg S/ha/yr = 1,000 eq/ha/yr
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eq/ha/yr to more than 1,000 eq/ha/yr (2.8-14.0 kg N/ha/yr)! (Gregor et al. 2001). There
has been less than 5% exceedance of the acidity critical load across Europe recently;
decreasing from about 30% in 1980, due to effective measures in place. In the eastern
Canada, the critical loads of different watersheds vary from less than 8 kg SO4*/ha/yr to
more than 20 kg SO4>/ha/yr (2.7-6.7 kg S/ha/yr)? (Fenech 1998; Ouimet et al. 2001).

In the U.S., a survey was conducted to investigate the acidity in some eastern
lakes in the late 1980s. Critical loads for sulfate deposition were calculated for some of
these lakes based on the criteria of maintaining pH above 5.3 (Table 7.1). There was also
a study to estimate critical loads for Maryland streams (Janicki et al. 1991). In this study,
the critical load is defined as the rate of sulfur and nitrogen deposition that results in
stream pH less than the critical pH values of 5.3 to 6.5. Critical load for the Appalachian
Plateau, Coastal Plain, and some portions of the Blue Ridge Mountains is 0.5 keq/ha/yr (8
kg S/ha/yr). In contrast, the Valley and Ridge, Piedmont, and portions of the Blue Ridge
regions have critical loads of more than 2.0 keq/ha/year (32 kg S/ha/yr). For two
hardwood forests in New Hampshire and the Adirondack Mountains, critical loads for
nitrogen deposition with respect to acidity ranged from 0 to 630 ea/ha/yr or 0 to 8.82 kg

N/ha/yr (Pardo and Driscoll 1996).

Table 7.1 Estimated Critical Loads for Some U.S. Eastern Lakes
(Source: Henriksen and Brakke 1988)

Subregion Criticag loads Subregion Critica; loads
(kg SO4“/halyr) (kg SO4“/halyr)
Adirondacks 19-34 Maine 36-38
Catskills/Poconos 46-60 Northeastern Minnesota 62-63
Southern New England 27-35 Upper peninsula of Michigan 20-25
Central New England 46-57 Upper Great Lakes 31

' 14 kg N/ha/yr = 1,000 eq/ha/yr
21 kg S/ha/yr = 96/32 kg SO,*/ha/yr
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Studies made in the early 1990s focused on the feasibility of adopting the critical
load approach for U.S. atmospheric deposition calculations (Hicks et al. 1993; Holdren et
al. 1993; Hunsaker et al. 1993; Strickland et al. 1993). A conceptual framework for
adopting the critical load approach Was laid down. However, in 1995, a report was
prepared for Congress on the feasibility of adopting acid deposition standards (EPA
1995a). The report concluded that it was feasible to establish the standard, however,
there were two critical areas of uncertainty in standard setting at that time, namely, policy
decisions or goals for protecting sensitive systems and scientific uncertainties. Therefore,
the effects of acid deposition have been the focus of the subsequent research rather than
the calculation of the critical loads (Sullivan 2000). The study of critical loads in the
U.S. is in its infancy stage because the current policy aims at reducing emissions rather

than focusing on receptor-oriented considerations.

7.2.2 U.S. Policy
In 1980, Congress passed the Acid Precipitation Act. This act allowed a period of ten
years to study and examine the relationships among pollutants, their sources and effects
on the environment and human health. The National Acid Precipitation and Assessment
Program (NAPAP) was established to coordinate and administer the study. Significant
conclusions from the 1990 NAPAP Reports and Integrated Assessment are: 1) effects of
acid deposition and its precursor emissions are broad, 2) acid deposition is a regional
scale effect, and 3) the inventories show that two-thirds of SO, emissions and one-third of
NOy came from electric power generation (NAPAP 1991; 1998).

Following the report of the NAPAP, Congress passed the Federal Acid Deposition

Control Program as Title IV of the Clean Air Act Amendments of 1990 (CAAA 1990).
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The objectives of Title IV were threefold: 1) focusing on reducing the national SO, and
NOy emissions rather than relying on regionally variable deposition standards and state-
by-state implementation plans 2) translating a 10 million short tons of SO, reduction goal
into a nationwide cap on emissions from electric generating sources and allowing
industry 20 years to achieve it, and 3) providing a new tool to achieve the reduction-an
innovative market-based allowance trading program, where one allowance is a limited
authorization to emit one ton of SO, (NAPAP 1998).

To comply with Title IV, reductions of 10 million short tons of SO, and 2 million
short tons of NOy, compared to 1980 levels were mandated (EPA 1997a). In contrast to
the typical command-and-control approach to regulation, Congress adopted a market-
based “Cap and Trade” approach (NAPAP 1998). The “Cap and Trade” approach in
Title IV allowed industry some flexibility in using compliance methods. They could
install pollution control equipment, switch fuel, conserve energy, rely more on renewable
resources, trade SO, allowances, or any combination of these approaches.
Implementation of Title IV was divided into two phases. Phase I, which lasted from
1995 to 2000, aimed to cut the emissions of the 110 major energy utilities in the Midwest
region. Phase II, 2000-2010, was designed to cap the emissions of the other 2,000
utilities across the nation. The largest emission reductions will be in the highest emitting
regions (Ohio, Indiana, West Virginia, and western Pennsylvania) (NAPAP 1998).

Recently, researchers have reported trends in pollutant emission data in an effort
to evaluate the effectiveness of Title IV in solving the acid deposition problem. Shannon
(1999) reported that the emission of SO, in the U.S. and Canada fell by about 28% from
1980 to 1995. Lynch et al. (2000) and Butler et al. (2001; 2003) concluded that a

significant reduction of SO, emissions had been observed for most states in the eastern
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U.S. However, only a few states showed a significant decline in NOx levels. Kelly et al.
(2002) reported that S and N concentrations and deposition declined for a period of 12
years (1988-1999) in southeastern New York. A survey by EPA showed that the water
resource conditions in some sensitive areas have been improving (EPA 2003b). Table
7.2 presents the improvement of water resource conditions in some acid-sensitive regions
subsequent to the implementation of Title V. These results support the conclusion that
Phase I of Title IV has effectively reduced acid rain in the eastern U.S. However, during
the early years of such a reduction program, observable responses by the environment

may be minimal, mostly due to the inherent time lags for the ecosystems to recover.

Table 7.2 Improvement of Water Resource Conditions in Acid-Sensitive Regions
(Source: EPA 2003b)

. L . Change in
Acid Neutralization Class Number of Sites Acid Neutralization Caf;aci ty (ANC),(neg/L )
Acidic ANC <0 peg/L 26 +1.29
Low ANC 0 <ANC <25 peg/L 51 +0.84
Moderate ANC 25 < ANC <200 peg/L 43 +0.32
‘ Population Acidic in the past . 2002 Status
Region Size % Acidic Time Changein ANC | o 5 igic
(peqg/L/year)
New England 6,834 Lakes 5.6 % 1991-94 +0.3 55%
Adirondacks 1830 Lakes 13.0 % 1991-94 +0.8 8.1%
North Appalachians 42,426 km 11.8% 1993-94 +0.7 8.5%
Ridge/Biue Ridge 32,687 km 5.0% 1987 -0.0 5.0%
Upper Midwest 8,574 Lakes 2.9% 1984 +1.0 0.9 %

7.3 Threshold Level for Carrying Capacity Estimate
The transport of acidic species is considered to be long-range in the scale of regional to
sub-continental and continental scales depending on the moderate atmospheric lifetime of
the pollutants. Thus, whenever regional critical loads are available, they will be used as
the threshold levels for estimating region-specific carrying capacity. However, the

critical loads for all U.S. regions are not available. The development of the critical loads
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across the U.S. would require a massive multi-year effort due to incomplete data,
especially for soil chemistry. In the future, the mapping of critical loads may be carried
out using one of the broad range of methods available as discussed in Subsection 7.2.1.
The regional-specific carrying capacity can then be estimated from the critical loads by
applying them in a long-range atmospheric transport model to investigate the source-
receptor relationship.

In this research, the emission target levels, which are less rigorous than using the
critical load approach, are selected as the approach for carrying capacity estimate instead.
It is assumed for the carrying capacity estimate that the emission target levels according
to Title IV of the CAAA 1990 are the spatially uniform desirable emission levels. It is
expected that the emission projection according to Title IV would result in the mitigation
of impacts to various degrees for the eastern U.S. For instance, sulfur deposition in some
sensitive areas would be reduced by 30-50% in 2010 compared to the 1985 levels, the life
span of sensitive cultural materials would be expanded by 30-40%, and the number of

lakes unsuitable for aquatic biota would be reduced by about 10% (NAPAP 1991).

7.4 Carrying Capacity Estimate

7.4.1 Carrying Capacity Estimate

Should the critical loads be used, a source-receptor relationship would be required to
determine the carrying capacity in terms of allowable emissions. The use of a long-range
transport atmospheric model coupled with a critical load map would provide a regional
scale source-receptor relationship. The adoption of the emission target levels thus

eliminates this modeling step. According to Title IV, the 2010 target emission levels of
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SO, and NOy are limited at 10 and 2 million tons less than the 1980 levels respectively.
Assuming that the 1980 emission levels of SO, and NOy are approximately 26 and 27
million short tons per year, the constant U.S. carrying capacities are therefore 16 and 25
million short tons per year for SO, and NOyx emissions respectively. However, EPA
estimated that actual emissions, especially NOyx, were less than the designated target

levels after the enforcement has started (Figure 7.2).
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Figure 7.2 Actual national emissions of SO, and NOy.
(Source of data: EPA 2003c)

From the LCA perspective, acidification impact is considered a homogenous
impact category, in which several burdens can be aggregated due to their additive effect
to the acidification impact (Assies 1998). Likewise, the emissions for both SO, and NOy
can be lumped together to become a single carrying capacity. This can be made using
acidification potentials, denoted as AP (Hauschild and Wenzel 1998; Potting et al. 1998;
Huijbregts et al. 2001a; Bare et al. 2002; Norris 2002). For the characterization, SO; is
used as a basis for determination of acidification potentials. The method of establishing

acidification potentials for acidifying substances is based on stoichiometric
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considerations and it is widely used in LCA studies (Hauschild and Wenzel 1998). AP
values are summarized in Table C.3(a) Appendix C (Norris 2002).

Acidification potentials have units of kg SOy/kg AS;, where AS; is the acidifying
substance i. A simple equation is used to characterize the amount in kg of acidifying
compound relative to kg of SO,-eq, the reference acidifying compound widely used in
LCIA (Goedkoop 1998; Hauschild and Wenzel 1998; Pennington et al. 2000; Goedkoop

and Spriensma 2001; Guinee et al. 2001):
kg SO;z-eq = AP; x kg AS; (7.1)

By using the above equation, a single carrying capacity for acidification impact
can be determined (Table 7.3). Table 7.3 also presents the carrying capacity normalized
by the U.S. land area (9.4x10° km?). This figure is in the middle range of the critical
loads for some U.S. eastern lakes, in the high end of the critical loads for Europe, and
relatively high compared to the Canadian critical loads for some sensitive areas. This
carrying capacity is equivalent to 9.34x 10" eq/year, which is about two times lower than
the U.S. normalization value (2.08x10'% eq/year) derived from 1999 emission data for
used with TRACI (Bare et al. 2006). This means that the current U.S. emissions already

exceed the environmental carrying capacity.

Table 7.3 Summary of the Carrying Capacity for Acidification Impact

Target emission (year 2010) U.S. carrying capacity Critical load range
according to Title IV kg SO,-eq/yr' | kg SOy/ha/yr | kg S/ha/yr (kg S/ha/yr)
SO, U.S. eastern lakes 8.5 -31.5
6
16x10° short tons/year Appalachian plateau 8.0
3.04x10"° 323 16.2
NO, Europe 32-24.0
25x10° short tons/year Canada 8-20

! 1 short ton = 907.2 kg, APyox = 0.7 kg SO,/kg NO,
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7.4.2 Region-Specific Carrying Capacities

The spatial variation in terms of the receiving environment can be addressed by the
assessment of region-specific carrying capacities. Generally, the causes of the
acidification are twofold: the intrinsic low acid neutralization capability (i.e., the critical
load) of an area and the high acid deposition to that area. Since not all of the regional
critical loads for the U.S. are available, the current acid deposition rates are used as an
indicator of the seriousness of the acidification problem to weight the region-specific
carrying capacity. This approach assumes a uniform critical load across the U.S.
Furthermore, it is also assumed that the acidification in the sensitive areas (e.g., the
Adirondacks, the Southern Blue Ridge, Appalachian Mountains) is caused by the past
cumulative acid load. This assumption implies that the load to the sensitive areas (where
the acidification problem is serious) should be lowered to allow the ecosystems to
recover. The field data on current acid load maps also supports this assumption. As can
be seen from Figure 7.3, high acid loads are clustered along the ncrtheast states, which
are facing serious acidification problems.

U.S. states are divided into six regions for acidification classification (Figure 7.4):
Northeast (EPA regions 1, 2, 3), Southeast (4), Midwest (5, 7), Southwest (6), Rocky
Mountain (8), and Western (9, 10). The data on acid deposition were obtained from the
National Atmospheric Deposition Program (NADP 2003). Total acid wet deposition is
assumed to be the sum of sulfate and nitrate wet depositions. Region-specific factors can
* be determined from the distance-to-average multiplication/reduction factors using the

equation:

RFR = Davg/DR (7 2)
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Where RFr is a region-specific factor, D,y is the U.S. average acid deposition, and Dg is
the total acid deposition for region R. Table 7.4 summarizes the calculations of region-

specific factors and region-specific carrying capacities for the U.S.

Hydrogen ion concentration as pH from measurements
made at the Central Analytical Laboratory, 2002

Sites not pictured:
AKO1 53
AKO3 5.1
CASS 6.2
Higg 4.7
Viot 4.8

i
Hydrogen ion wet deposition from measurements
made at the Central Analytical Laboratory, 2002

Sites not pictured:
AKO1 0.02 kgtha
AKOZ 0.04 kgiha
CAS5 < 0.01 kg/ha
HI8S 0.54 kg/ha
viot 0.13 kgtha

Figure 7.3 pH and acid loading maps.
(Source: NADP 2003)
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Figure 7.4 EPA regions.
(Source: EPA 2003d)

Table 7.4 Calculations of Region-Specific Factors and Region-Specific Carrying

Capacities for the U.S.
Region EPA Region State
Northeast 123 CT DC DE MA MD ME NH NJ NY PA RI VAVT WV
Southeast 4 AL GA FL KY MS NC SC TN
Midwest 57 IA IL IN KS MI MN MO NE OH WI
Southwest 6 AR LA NM OK TX
Rocky Mountain 8 CO MT ND SD WY UT
Western 9 10 AK AZ CA HI ID NV OR WA
Sulfate wet | Nitrate wet | Ammonia wet Total acid Region- Region-specific
Region (S04 (NO;) (NHy) wet deposition | specific | carrying capacity
kg/ha/yr kg/ha/yr kg/ha/yr (keq/ha/yr)’' factor (kg SOy/yr)
Northeast 16.9 13.9 2.7 0.734 0.61 1.86E+10
Southeast 14.4 10.0 2.2 0.590 0.76 2.31E+10
Midwest 12.3 11.7 3.8 0.668 0.67 2.04E+10
Southwest 81 &i 22 0.428 1.05 3.19E+10
Rocky Mountain 2.0 3.6 1.2 0.170 2.64 8.02E+10
Western 1.7 2.1 0.6 0.105 4.30 1.31E+11
Average 9.2 8.2 2.1 0.449

1 keq =48 kg SO.* = 62 kg NO;" = 17 kg NHy
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7.4.3 Spatial Distributions of Emissions

Since acidifying substances (ASs) are transported and distributed on a regional scale, the
spatial differentiation should be taken in account. Potting et al. (1998) and Huijbregts et
al. (2001) have developed an approach for LCIA application to characterize AS emitted
in Europe by using a long-range transport model coupled with the sensitivity of the
receiving environment (e.g., the critical loads of ecosystems). For the U.S., a similar
approach has been adopted for the Tool for the Reduction and Assessment of Chemical
and Other Environmental Impacts-TRACI (Bare et al. 2002; Norris 2002; EPA 2003a).
However, the sensitivities of ecosystems cannot be considered because there is no
regional database of receiving environments (Norris 2002). The site-dependent
characterization factors (termed as site factors hereafter) in TRACI are basically the fate
factors that take into account the transport of a pollutant under site-specific atmospheric
pathways and chemistry processes. A higher site factor indicates more deposition of
pollutant and more contribution to acidification impact on North America. The states
along the eastern seaboard have lower site factors than the mid-continent states because
some portions of pollutants are transported and deposited offshore (Norris 2002). By
using the site factors, the overall site-dependent characterization for an emission of an AS

can be modified from Equation (7.1) and is expressed as:

kg SOz-eq = SF gciqg XAP; % kg AS; (7. 3)

Where SFaciq is a site factor for an emission of an AS from a U.S. site. Table C.3(b) in
Appendix C presents the site factors for the state and regional levels. The average site
factor for the U.S. is 1.0 and should be used where the actual site cannot be identified

precisely.



134

7.5 Summary

The carrying capacity for acidification impact is estimated from the U.S. target levels
according to Title IV of the Clean Air Act Amendments of 1990. Title IV requires the
reduction of 10 million short tons per year of SO, and 2 million short tons per year of
NO4 by 2010 compared to 1980 annual emission levels. Target levels for national SO,
and NO, emissions are estimated at 16 and 25 million short tons per year in 2010,
respectively. It is expected that the emission projection according to Title IV of CAAA
of 1990 would result in the mitigation of impacts to various degrees for the eastern U.S.,
where acidification is a serious environmental issue. For instance, sulfur deposition in
some sensitive areas would be reduced by 30-50% in 2010 compared to the 1985 levels,
the life span of sensitive cultural materials would be expanded by 30-40%, and the
number of lakes unsuitable for aquatic biota would be reduced by approximately 10%
(NAPAP 1991).

The emission levels according to Title IV are considered as the uniform carrying
capacity and they can be aggregated to become a total allowable emission of 3.04x10"
kg SO,/yr. This carrying capacity is about six times greater than the previous value used
with the STM derived by Dickinson et al. (2001), which is 1.2x10'° SO, kg/yr and was
based on the European calculation. Also this carrying capacity, when converted to 32.3
kg SO,/ha/yr or 16.2 kg S/halyr, is in the middle range of the critical loads for some U.S.
eastern lakes, in the high end of the critical loads for Europe, and is relatively high
compared to the Canadian critical loads for some sensitive areas.

Acidification is considered as a regional impact. Region-specific carrying
capacities are estimated by applying region-specific factors. The region-specific factors

are weighted according to the seriousness of the acidification problem among regions
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using the current field data of acid wet deposition as the indicator. By applying the
region-specific factors, the regions susceptible to acidification have lower carrying
capacities than the more tolerant ones. The region-specific carrying capacities can then

be calculated and summarized in Table 7.5.

Table 7.5 Carrying Capacities for Acidifying Substance Emissions

Region Region-specific carrying capacity (kg SO,/yr)
Northeast 1.86E+10
Southeast 2.31E+10
Midwest 2.04E+10
Southwest 3.19E+10
Rocky Mountain 8.02E+10
Western 1.31E+11
U.S. Average 3.04E+10

Site-dependent characterization factors (site factors) are also needed in order to
characterize an emission of acidifying substances from a specific location in the U.S.
Site factors are basically the fate factors that take into account the transport of a pollutant
under the site-specific atmospheric pathways and chemistry processes. A higher site
factor indicates more deposition of pollutant and more contribution to acidification
impact on North America. By applying the site factors and chemical characterization
factors, the overall characterization of acidifying substances can be calculated.

The carrying capacity for acidification impact can be refined to reflect changes in
policy on acid deposition control and new scientific findings. Another means to refine
the carrying capacity is the use of a long-range transport model coupled with a soil-water
chemistry model. This approach is likely to be more accurate and sophisticated than
simply using the target levels; but the use of this sophisticated approach is less feasible
because it is very complex, costly, and time-consuming. However, it may be employed

in the future should a more refined carrying capacity be needed.



CHAPTER 8

EUTROPHICATION IMPACT

8.1 Overview

Eutrophication is a process that can be defined as an increase in the rate of supply of
organic matter to an ecosystem (Nixon 1995 as cited in Pinckney et al. 2001). Excessive
fertility in surface waters results in heavy growth of undesirable weeds and
phytoplankton, particularly of blue-green algae (Pitois et al. 2001). The endpoint of
eutrophication, or nutrient enrichment, is depletion of oxygen associated with the
decomposition of dead biomass. With the depletion of dissolved oxygen in water, there
is a loss of biodiversity because some aquatic biota cannot survive (Pinckney et al. 2001)
under very low or near anaerobic conditions. The crops of phytoplankton often clog the
filters of water treatment plants and make the treatment of water more costly (Pitois et al.
2001). Some organic substances produced by the phytoplankton can pass through the
filters at water treatment plants and cause unpleasant tastes and odors.

Some phytoplankton such as blue-green algae (cyanobacteria) can produce
neurotoxins and hepatotoxins that are harmful to animals and pose serious health hazards
to humans (Carpenter et al. 1998; Pitois et al. 2001). These toxins cannot be removed by
conventional treatment and disinfection processes used in most public drinking water
supplies. Eutrophication does not only pose a health hazard, but also affects the aesthetic
quality and the supply of water, as well as the use of water for fisheries, industry, and
recreation (McDowell et al. 2003). Degradation of water resources due to eutrophication
can be considered as the loss of natural systems, their component species, and the

amenities that they provide (Carpenter et al. 1998).

136
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The essential elements needed by aquatic biota are C, H, O, some macronutrients,
and trace elements. Carbon is the most important among these elements. However,
carbon compounds are easily soluble in water and it is unlikely to be a limiting factor
(Pitois et al. 2001). Hydrogen and oxygen are also present in waters at significant
concentrations high enough to not be a limiting reactant. Phosphorus is often considered
as the primary limiting factor in the growth of phytoplankton in surface waters (Carpenter
et al. 1998; Mihalyfalvy et al. 1998; Drolc and Koncan 2002; Mainstone and Parr 2002;
Turner et al. 2003). This is because P is typically in shortest supply among the essential
elements in surface waters and generally has the greatest potential to limit plant growth
(Finnveden and Potting 1999). An additional amount of P, if it is the limiting nutrient,
will lead to increased growth, however, additional amounts of other nutrients will not
since they are already in amounts in excess of the growth needs. An ideal stoichiometric
atomic ratio of C:N:P at 106:16:1 (Redfield ratio), is widely accepted as the ratio for the
growth of phytoplankton (Pinckney et al. 2001). According to this ratio, nitrogen is the
secondary limiting nutrient for the eutrophication. Some studies, however, consider that
N is the limiting nutrient for eutrophication in estuaries, coastal seas, and marine
ecosystems (Carpenter et al. 1998; Tusseau-Vuillemin et al. 1998; Pahlow and Riebesell
2000; Pinckney et al. 2001; Tusseau-Vuillemin 2001; Mainstone and Parr 2002;
Arhonditsis et al. 2003).

Eutrophication caused by excessive loadings of phosphorus and nitrogen nutrients
is a major cause of water impairments in the U.S. (EPA 1996; 1999a; 2003c).
Phosphorus and nitrogen inputs to surface waters come from both point and nonpoint
sources. Nonpoint contributions are the dominant source of nutrient inputs causing

eutrophication in the U.S. (Carpenter et al. 1998). Nonpoint P and N result primarily
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from agricultural and urban activities (Sharpley et al. 2001). Other nonpoint sources
include runoff, septic tank leachate, atmospheric deposition, and other activities on land
(Carpenter et al. 1998; Pitois et al. 2001). Point sources include wastewater effluent,
storm sewer outfalls, and runoff from waste sites (Carpenter et al. 1998; Pitois et al.
2001). It has been observed that eutrophication is becoming widespread in coastal seas
and estuaries around the world (Carpenter et al. 1998, Pinckney et al. 2001; Arhonditsis
et al. 2003). Natural sources of P and N include the drainage of watershed areas, the
direct atmospheric deposition onto water surfaces, and the internal recycling from lake
sediments (Pitois et al. 2001). The distinction between natural sources and anthropogenic
sources is not usually obvious (Pitois et al. 2001). However, the loadings from natural
sources are often considered to be very low compared to those of anthropogenic origin’
(Ahl 1998 as cited in Pitois et al. 2001; Carpenter et al. 1998; Pinckney et al. 2001; Pitois
et al. 2001; Sharply et al. 2001).

From an LCA perspective, eutrophication has been recommended as one of the
impact categories for European practice (Fennveden and Potting 1999; Huijbregts and
Seppala 2000; 2001; Huijbregts et al. 2001a). The impacts of eutrophication can involve
scales as Iarge as continents (Finnveden and Potting 1999; Huijbregts and Seppala 2000;
2001; Huijbregts et al. 2001a; Norris 2002). In EI95 (Goedkoop 1998), the target value
for eutrophication impact was determined by considering the critical concentrations of
phosphates and nitrates in surface water to be 0.15 and 2.2 mg/l, respectively. It was
assumed that eutrophication would not occur at these critical concentrations. The
reduction factor of 5 from the 1990 nitrogen nutrient emission was selected based on the
fact that critical concentrations of both phosphates and nitrates in some important rivers

in Europe were exceeded more than five times (Goedkoop 1998). As a result, the
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European target value of 3.8x10° NP kg/yr (NP = Nutrification potential, equivalent to
PO, ") was used in EI95. Dickinson et al. (2001) estimated a value of the U.S. carrying
capacity for eutrophication impact by multiplying the normalized EI95’s target value by
the U.S. land area translating to a calculated carrying capacity value of 8.0x10° NP kg/yr.
Hauschild and Wenzel (1998) determined the environmental carrying capacity for
Denmark using a method similar to the one in EI95 with reduction factors ranging from 5
to 20 for various types of nutrients. The Danish carrying capacities for total P and N
were therefore estimated at 5.7x10° and 3.0x107” kg /yr, respectively.

For a local watershed area, the locally specific carrying capacity may be estimated
using a model assessment. The carrying capacity for a regional scale is more generic, but
it is difficult to assess because no such model covers all the variety of water resources.
This is because the rate of eutrophication depends on a complex relation between several
factors including water chemistry and depth, water inflow, mineral content or buffering
capacity, and the biota of the water.

This chapter elaborates the selection of the threshold level and carrying capacity
estimate using total maximum daily load, TMDL. A method that takes into account site

factors in the characterization of eutrophication potential is also presented.

8.2 Threshold Level for Carrying Capacity Estimate
For some countries in Europe, the critical load mapping has been extended to nitrogen
loads for eutrophication (see also Subsection 7.2.1). Typically, the critical load of N to
protect forest soils (terrestrial eutrophication) is much greater than that for the protection
of surface water (aquatic eutrophication) (NPS 2002). In Ireland, an estimate using an

empirical approach showed that the critical loads for eutrophication were in the range of
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8 to 25 kg N/ha/yr with an average of 10 kg N/ha/yr covering most of the country
(Aherne and Farrell 2000). A similar range (2.8 to 28.0 kg N/ha/yr) was mapped for the
UK (Hall et al. 1998). Agren (2001) suggested the critical load for Europe should be in
the range of 2 to 5 kg N/ha/yr for natural forests. UNECE (1996) also suggested the
critical loads for N affecting nutrient imbalance to semi-natural terrestrial and wetland
ecosystems were in the range of 10-30 kg N/ha/yr. For 95% prevention of
eutrophication, critical loads of 3-10 kg N/ha/yr have been established for Europe (Posch
et al. 1999). In the U.S. where the critical load concept is not as widely studied as in
Europe, Pardo and Driscoll (1996) suggested a range of 0 to 1,450 mol/ha/yr (20.3 kg
N/ha/yr) for the critical loads for N with respect to eutrophication for study areas of
forests in New Hampshire and New York.

Typically, the quality of waters in the U.S. is protected through development of
individual states’ pollution control strategies. These strategies are constructed to achieve
the Water Quality Standards (WQS) established for rivers, lakes, estuaries and coastal
waters (EPA 2003e). National drinking water standards for nitrate and nitrite, which
have direct impacts to human health by causing blue-baby syndrome among other things,
are established at 10 mg-N/I and 1 mg-N/1, respectively (EPA 2002a). The ambient water
quality criterion of 10 mg-N/1 is also adopted from the national drinking water standards
(EPA 2003f). However, a drinking water standard has not been established for P because
it is not considered to be directly toxic to animals and humans (at least in the phosphate
form) (Carpenter et al. 1998; EPA 2002a).

For eutrophication impact, EPA has initiated development of chemical-specific (P
and N) numeric water quality criteria designed to be the basis of control of excessive

nutrients in surface waters (EPA 2002a; 2003e). Water quality criteria for P and N have
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been developed for 14 different ecoregions (EPA 1998a). Other criteria for excessive
nutrient presence include chlorophyll-a, turbidity, and secchi depth. These criteria have
been developed using a regional and waterbody-specific approach (EPA 1998a). Table
8.1 is a summary of the recent EPA recommended ecoregional nutrient criteria for lakes
& reservoirs, and rivers & streams (Figure 8.1 is the ecoregion map). These criteria were
derived from the conditions of the water resources that do not encounter eutrophication
impairment. These criteria are used to establish state water quality standards for nutrient
enrichment. The waters where the nutrient standards are exceeded are defined as

impaired waters according to the Clean Water Act 303(d).

Table 8.1 Summary of the Ecoregional Nutrient Criteria
(Source: EPA 2003g)

Lakes & Reservoirs
Aggregate Ecoregion Total P Total N Chlorophyll-a Secchi depth
() (mg/l) (mg/l) (m)
II Western Forested Mountains 875 0:10 1.90 4.50
I  Xeric West 17.00 0.40 3.40 2.70
IV Great Plains Grass and Shrublands 20.00 0.44 2.000 2.00
V  South Central Cultivated Great Plains 33.00 0.56 2.300 1.30
VI Corn Belt And Northern Great Plains 37.50 0.78 8.59 1.36
VII Mostly Glaciated Dairy Region 14.75 0.66 2.63 { 333
VIII Nutrient Poor Largely Glaciated Upper Midwest and Northeast 8.00 0.24 2.45 4.93
IX Southeastern Temperate Forested Plains and Hills 20.00 0.36 493 1.53
XI  The Central and Eastern Forested Uplands 8.00 0.46 2.79M 2.86
XII Southeastern Coastal Plain 10.00 0.52 2.60 2.10
XII1 Southern Florida Coastal Plain 17.5¢ 1.27 12.35@ 0.79
XIV Eastern Coastal Plain 8.00 0.32 2.90 4.50
Rivers & Streams
Aggregate Ecoregion Total P Total N Chlorophyli-a Turbidity
(ug/) (mg/l) (mg/) (FTUNTU)

I  Willamette and Central Valleys 47.00 0.31 1.80 4.25

II  Western Forested Mountains 10.00 0.12 1.08 1.30®
III  Xeric West 21.88 0.38 1.78 234
IV Great Plains Grass and Shrublands 23.00 0.56 2.40 421
V  South Central Cultivated Great Plains 67.00 0.88 3.00 7.83
VI Corn Belt And Northern Great Plains 76.25 2.18 2.70 6.36

VII Mostly Glaciated Dairy Region 33.00 0.54 1.50 1.70®
VIII Nutrient Poor Largely Glaciated Upper Midwest and Northeast 10.00 0.38 0.63 130
IX Southeastern Temperate Forested Plains and Hills 36.56 0.69 0.93M 5.70
X  Texas-Louisiana Coastal and Mississippi and Aliuvial Plains 128.00 0.76 2.10M 17.50

XI  The Central and Eastern Forested Uplands 10.00 0.31 1.610 2309

XII Southeastern Coastal Plain 40.00 0.90 0.40 1.90%
XIV Eastern Coastal Plain 31.25 0.71 3.750 3.04

Note: (1) Spectrophotometric method, (2) trichromatic method, (3) NTU
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Draft Aggregations of Level III Ecoregions
for the National Nutrient Strategy

33

Gilametie and Central Vadloys
I, Western Forested Mouniains
1 Xewie West
IV, Great Plains Grass and Shrublands
Y, South Central Cultiveted Sreat Plains
V1 Corn Beli sndNoethern Great Flains
Vil Mostly Glaciated Dairy Region
VI Nutriemt Poor Largety G i Upper Midwest and Netrhewst
. IX. Southeastern Temperate Forested Plains and Hills
X Texas-Louisiana Coastal and Mississippi Alfuviad Plaing
BN XT Central and Eastern Porested Updands
g X1 Southern Consial Plain
X1 Southern Florida Constal Plain

XIV Eastern Coastal Plain

Figure 8.1 U.S. ecoregion map.
(Source: EPA 2003g)

It is assumed for this research that eutrophication is the effect of human-induced
nutrient (P and N) inputs and that eutrophication will not occur if the concentrations of
total P and N are limited to the recommended level. Therefore, the concentrations of P
and N according to the recommendation criteria are selected as the desirable or threshold
levels for estimating the carrying capacity for eutrophication impact. The carrying
capacity can be adopted from the TMDLs developed as an attempt to maintain the water
quality criteria, or other available allowable emissions of P and N, where TMDLs have

been established.
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8.3 Carrying Capacity Estimate

8.3.1 Carrying Capacity Estimate Using TMDL

Under requirements of Section 303(d) of the Clean Water Act, the states are directed to
identify and list impaired waters and implement their total maximum daily load (TMDL)
programs (NCR 2001). The objective of a TMDL program is to improve water quality
through control of both point and nonpoint sources of pollution. Information in a TMDL
specifies a pollutant budget that must be achieved to maintain water quality standards and
to allocate pollutant loads. States must submit TMDLs for approval by EPA. Although
TMDL development has been progressing since 1972, not many TMDLs have been
assessed until recently. Recent legal actions have forced EPA and states to develop more
TMDLs (EPA 2006). It is estimated that over 40,000 TMDLs for 25,000 waters must be
developed over the next 10 tol5 years to meet current guidelines (NRC 2001; Borsuk et
al. 2002). Currently, the TMDL program is applied to several pollutants such as
sediment, pathogens, nutrients, metals, temperature, pH, and pesticides.

There is no specific model or method to assess a TMDL. A state has to develop
TMDLs using methodologies that fit its impaired waters. Typically, a model is used to
determine the total daily load to maintain a state’s water quality standard for a pollutant
under consideration. Bringing forward approximate values for point and nonpoint
sources of the pollutant, and a margin of safety, the TMDL can then be calculated (EPA
2003h). A margin of safety estimate is required to ensure that an impaired water will
meet its designated uses. The margin of safety is based on uncertainties in the model and
analytical assumptions, observed data, and natural variability (Lee and Jones-Lee 2002).

The TMDL can be generically described by the following equation (EPA 1999a):
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TMDL =LC = X WILA + X LA + MOS 8.1)

LC is the loading capacity or the greatest loading a water can receive without violating
water quality standards. WLA is the waste load allocation or the portion of the TMDL
allocated to existing or future point sources. LA is the load allocation or the portion of
the TMDL allocated to existing or future nonpoint sources and natural background. MOS
is the margin of safety to compensate for uncertainty about the relationship between
pollutant loads and receiving water. TMDL can be expressed in terms of mass per time,
toxicity or other appropriate measures.

As mentioned, the ecoregional water quality criteria for nutrients have been
mapped. These nutrient criteria are used to establish a state’s water quality standards.
Impaired waters due to nutrient enrichment can then be identified. Recently, over 5,000
waters are listed as impaired due to nutrient enrichment but only about 1,300 TMDLs
have been approved (EPA 2003h). Phosphorus and nitrogen concentrations are the major
indicators used in these TMDL assessments. Figure 8.2 shows the correlation plot
between TMDL for nutrients (P and N) and watershed area of the impaired waters. The
data were obtained from approximately 200 TMDL reports and assessments across the
U.S. made available online (Appendix D). Although the rate of eutrophication and
nutrient absorption capacity depends on complex characteristics among watersheds; the
trends for both P and N in Figure 8.2 indicate good correlations between TMDL and

watershed area. In other words, TMDL varies due to the size of the watershed.
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Figure 8.2 Correlations between TMDL and watershed area for phosphorus nutrient
(left panel) and nitrogen nutrient (right panel).

The economic carrying capacity for eutrophication impact can be estimated using
TMDL based on the assumptions that: 1) TMDL for nutrients of a watershed depends on
its size (this correlation is illustrated in Figure 8.2); 2) TMDL data from the available 200
reports and assessments represent the eutrophication phenomena (in terms of dose-
response relationship) surface waters across the U.S.; 3) the nutrient loadings from
natural sources are very limited, and can be negligible, compared to those from human
activities; and 4) the TMDL amount is totally due to human activities. The latter two
assumptions may cause the carrying capacity to be overestimated if the nutrient loadings
from natural sources be significant. From these assumptions, a simple means to estimate
a TMDL or carrying capacity of a watershed is to use the average relationship between
TMDL and watershed area, expressed in terms of a critical load (e.g., kg P/km*/yr). This
critical load is analogous to the term used internationally to determine allowable loadings
of pollutants for acidification and eutrophication impacts. The U.S. carrying capacity for

both P and N can then be calculated from the critical load using equation:
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|

US. CC (kg/yr) = Critical Load (kg/kmz/yr) x U.S. Area (km’) (8.2)

Basically, an average critical load (arithmetic mean) can be used to calculate the
carrying capacity. However, in this research the median critical load derived from
probability analysis is used instead to minimize the bias due to outlier data. Furthermore,
the probability function associated with the carrying capacity estimate in this research can
also be determined. This probability function may be useful for further uncertainty
assessment. Figure 8.3 presents the log normal probability plots for P and N critical
loads and probability function (Z-score). The critical loads are determined for different
probabilities: 50™ percentile, 50% confidence interval (25" — 75™ percentiles), and 95%
confidence interval (2.5™ -97.5" percentiles). The carrying capacities for P and N can
then be calculated using Equation (8.2) as presented in Table 8.2. At the 50 percentile,
the U.S. carrying capacities for P and N are 3.24x10® kg P/yr and 2.95x10° kg N/yr,
respectively. These carrying capacities are calculated using the U.S. land area of 9.4x10°
km?. And these carrying capacities are much higher than the U.S. normalization value
(5.02x10° kg N/year) derived from 1999 emission data for used with TRACI (Bare et al.
2006). This means that the current U.S. emissions do not exceed the environmental
carrying capacity. Since eutrophication is considered to affect areas as large as regional
and continental scales, only the national level carrying capacities are determined.

A locally specific carrying capacity (watershed level) may be estimated using the
local critical load. However, it is not appropriate to evaluate state-specific carrying
capacities because of insufficient data, i.e., TMDL, which are still available only for
limited areas. State-specific carrying capacities derived from insufficient TMDL data

may result in atypical values of carrying capacity.
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Figure 8.3 Log normal probability plots for critical load and probability function
(Z-score) for phosphorus (left panel) and nitrogen (right panel).

Table 8.2 Carrying Capacity Estimates at Different Probabilities.

Probability Phosphorus Nitrogen

percentile Critical load Carrying capacity Critical load Carrying capacity

(kg P/km*/yr) (kg P/yr) (k&N/ka/yr) (kg N/yr)

2.5 2.55 2.40E+07 13.89 1.31E+08

25 14.09 1.32E+08 107.49 1.01E+09

50 34.49 3.24E+08 314.12 2.95E+09

75 84.41 7.93E+08 917.98 8.63E+09

97.5 465.62 4.38E+09 7103.30 6.68E+10

From the LCA perspective, eutrophication impact is considered a homogenous

impact category, in which several burdens from nutrient emissions can be aggregated due

to the assumption that P and N compounds have an additive effect to the eutrophication

impact (Assies 1998). For LCIA, the Redfield ratio and the limiting nutrient concept are

accepted as a method to derive the characterization factors (also known as nutrification

potentials, nutrient enrichment potentials, and nutrient factors) to express the contribution

of P and N emissions to biomass production in terms of the equivalent emission of a

reference substance (Goedkoop 1998; Hauschild and Wenzel 1998; Huijbregts and
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Seppala 2001; Goedkoop and Spriensma 2001; Norris 2002). This method implies that
the characterization factors of the substance that is the limiting nutrient (which is P in this
case) are greater than those of the other (which is N) by a number that is equal to N:P in
the Redfield ratio (Norris 2002). For example, P has the potential to cause eutrophication
as high as 16 times of that of N due to the Redfield ratio of C:N:P = 106:16:1.

In this research, however, the cross-species aggregation between P and N is not
recommended. This is due to the spatial and temporal variations of the N:P ratio in
various water bodies (Pinckney et al. 2001; Norris 2002; Turner et al. 2003).
Furthermore, the additive effect due to the P and N loadings seems to be less logical,
especially for the STM, where the impact assessment is based on a damage-oriented
approach rather than an emission-oriented approach used in other LCIA methods. As a
result, the carrying capacity estimates for P and N are not aggregated and they are
counted as impact subcategories.

The amount of an emission must be expressed in the form of its contribution to
the effect, which in this case is in the form of P or N compound. Hauschild and Wenzel
(1998) suggested a simple approach for estimating eutrophication potentials using the
number of moles of P or N that can be released into the environment from one mole of
the P or N compounds in question. Hence, a eutrophication potential (EP) can be

calculated for P and N compounds as (Hauschild and Wenzel 1998):

EP(P) = px30.97 (8.3)
MW,
EP(N) = nx140I (8.4)

Mw;
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Where p and n represent the number of moles of P and N compounds respectively while
30.97 and 14.01 are the atomic masses of P and N respectively. MW; is the molecular
weight of the substance in question, i. Norris (2002) and Karrman and Jonsson (2001)
also suggested that eutrophication potentials for BOD and COD, which are often present
in LCI, should be made available because they contain the essential elements (and may
be nutrients) that contribute to eutrophication impact. Table C.4(a) in Appendix C
summarizes eutrophication potentials for P and N compounds as well as BOD and COD.
These characterization factors are widely used in LCIA (Goedkoop 1998; Goedkoop and
Spriensma 2001; Huijbregts and Seppala 2001; Norris 2002). Eutrophication potentials
have units of kg P/kg Nutrient; or kg N/kg Nutrienti, Simple equations are used to

characterize the amount in kg of nutrient i relative to kg of P-eq or N-eq:

kgP-eq EP(P); x kg Nutrient; (8.5)

kgN-eq EP(N); x kg Nutrient; (8.6)

8.3.2 Spatial Distributions of Emissions

The transport of nutrients is complex and difficult to assess (Finnveden and Potting 1999;
Norris 2002). Nutrients can be emitted to both air and water. Nutrients in water can be
transported half-way across a continent while nutrients in air can be transported across a
region (Norris 2002). Impacts can occur in many different types of terrestrial and aquatic
systems over scales as large as continents (Finnveden and Potting 1999; Huijbregts and
Seppala 2000; 2001; Huijbregts et al. 2001a; Norris 2002). The fate and transport
processes depend on site-specific characteristics of the emitting source and environmental

pathways. The impacts depend on background loads and concentrations and sensitivities
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of different ecosystems. It is assumed for this research that 100% of nutrient releases to
water have reached aquatic environments. However, not all of air emissions reach water
resources. A factor that takes into account the probability of an air emission reaching
aquatic environments is required for site-dependent characterization.

Huijbregts and Seppala (2000) have developed an approach for LCIA application
to characterize nutrients emitted in Europe by using a long-range transport model
integrated with the sensitivity of the receiving environment (e.g., the critical loads of
ecosystems). For the U.S., a similar approach has been adopted for the Tool for the
Reduction and Assessment of Chemical and Other Environmental Impacts-TRACI (Bare
et al. 2002; Norris 2002; EPA 2003a). However, the sensitivities of ecosystems are not
considered in this approach (Norris 2002). The site-dependent transport factors in
TRACI take into account the transport of nutrients by means of air and water pathways.
This tool assumes that 100% of nutrient releases to water have reached aquatic
environments. The transport factors for air emission express the probability that a
nutrient arrives in an aquatic environment initially by an air pathway (Bare et al. 2002).
A higher transport factor indicates more deposition of the nutrient from air transport over
water resources. The transport factors were developed based on water budget analysis
and nutrient fate and transport modeling (Norris 2002). By using the transport factors for
air emission, the overall site-dependent characterization for an emission of P nutrient and

N nutrient can be modified from Equation (8.5) and (8.6) and is expressed as:

kgP-eq = EP(P);x ( SFgutroairx kg Nutrient; ,» + kg Nutrient; yaer) 8.8)

kgN-eq = EP(N);x ( SFguroarx kg Nutrient;,, + kg Nutrient;yaer) (8.9)
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Where SFeyyo air is a site-specific transport factor for an emission of nutrient from a U.S.
site by means of air emission. Table C.4(b) in Appendix C presents the transport factors
for air emission at the state and regional levels. The average transport factor for air

emission for U.S. is approximately 0.07.

8.4 Summary

The carrying capacity for eutrophication impact is estimated using the critical load
concept. The critical loads for eutrophication are adopted from TMDL reports from 27
states available online. Generally, TMDLs are reported for impaired waters only. The
carrying capacity estimate in this research is derived from the available TMDL reports
assuming that the impaired waters can be representative of all other waters. And the U.S.
carrying capacity for phosphorus nutrient is 3.24x10® kg P/yr or 9.9x10® kg PO43'/yr1
while the carrying capacity for nitrogen nutrient is 2.95x10° kg N/yr.

From the LCA perspective, several burdens from nutrient emissions may be
aggregated due to the assumption that P and N compounds have an additive effect to the
eutrophication impact. In this research, however, cross-species aggregation between P
and N is not recommended. This is due to the spatial and temporal variations of the N:P
ratio in various water bodies (Pinckney et al. 2001; Norris 2002; Turner et al. 2003).
Furthermore, the synergistic and additive effects due to the P and N loadings seem make
aggregation less logical for the STM, where the impact assessment is based on a damage-
oriented approach rather than an emission-oriented approach used in other LCIA
methods. As a result, the carrying capacity estimates for P and N are not aggregated and

they are counted as impact subcategories.

"1 kg P/yr = 95/31 kg PO, /yr
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For comparison purposes, the carrying capacity values for both phosphorus and
nitrogen may be aggregated using nutrient factor (Huijbregts and Seppala 2001) to
become a single carrying capacity of 2.23x10° kg PO, '/yrl. This aggregated value can
be thought of as the national allowable P and N emissions to prevent eutrophication. This
value is about four times less than the previous carrying capacity value estimated by
Dickinson et al. (2001) for STM application (8.O><109 kg PO,>/yr). The average critical
load for nitrogen estimated from TMDL is 314.1 kg N/km*/yr or 3.14 kg N/ha/yr. This
value is around the low end of critical loads for eutrophication reported in Europe. It is
also about six times less than the value reported for study areas of forests in New
Hampshire and New York.

The carrying capacity for eutrophication impact can be refined when better
methodologies and new scientific findings become available. Further improvement could
come from the evaluation of locally-specific carrying capacities. A locally-specific
carrying capacity can be determined from the source-receptor or dose-response
relationship that is the result of water pollution modeling. Another means to refine the
carrying capacity is to update the TMDL information. Although TMDL development has
been progressing since 1972, not many TMDLs have been assessed until the past few
years. Recently, legal actions have forced EPA and states to assess more TMDLs.

A large number of TMDLs is thus expected to be developed in the next 10 tol5 years.

! Nutrient factor for Total N = 0.42



CHAPTER 9

PHOTOCHEMICAL OZONE FORMATION IMPACT

9.1 Overview

Ozone (03) is a photochemical oxidant and the major component of photochemical ozone
formation (also known as photochemical smog, Los Angeles smog, and summer smog)
(Lu and Turco 1996). Summer smog contrasts with winter smog, or London smog,
which is caused by a mixture of high levels of particles, carbon monoxide, nitrogen
oxides and sulfur dioxide (Bower et al 1994). Ozone in photochemical smog is a major
environmental concern because of its adverse impacts on human and ecological health.
Ozone causes human and animal health problems by impeding lung function and
damaging the respiratory system and causing problems to plants by damaging their leaves
(Sillman 1999; Madden and Hogsett 2001; Laurence and Andersen 2003; Manning
2003). High levels of tropospheric or ambient ozone are responsible for most violations
of the National Ambient Air Quality Standards (NAAQS) in the U.S. (EPA 2000a;
Cynthia-Lin et al. 2001). Tropospheric ozone is also a major urban air pollutant in other
regions such as Europe and Asia (Monks 2000; Huang et al.2001; Derwent et al. 2003;
Fuhrer and Booker 2003).

Tropospheric ozone is produced by chemical reactions of emitted primary
pollutants. Volatile organic compounds (VOCs) and nitrogen oxides (NOy) are the two
primary precursors for ozone formation, which also requires the presence of sunlight.
The chemical reaction mechanisms of ozone formation are complex and are considered to

lack certainty (Dodge 2000; Sadanaga et al. 2003). However, basic photochemical
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reactions involving the formation of tropospheric ozone are (Atkinson 2000; Dodge

2000; Guicherit and Roemer 2000; Jenkin and Clemitshaw 2000; Sadanaga et al.2003):

Photolysis of O3
O3 + hy >  0ofD)+0, (A<330nm) 9.1)
O('D) + H,0 >  20H 9.2)
Photolysis of NO,
NO; + hy >  NO+OFP) (A<420mm) (9.3)
OfP) + 0, + M >  O03+M (M = air) (9.4)
0; + NO >  NO;+O0; (9.5)

Degradation of non-methane VOC

RH + OH >  R+H0 (9.6)
R+ 0+ (M) 2> RO+ (M) 9.7)
RO, + NO - RO +NO;, (9.8)
RO + 0; -  HO,+ RCHO 9.9)
HO; + NO >  OH+NO;, (9.10)
2NO; + hy > 2NO+20¢P) (9.3)
OCP)+0;+(M) >  Os+ (M) 9.4)
RH + 40, + hv > RCHO + H,0 + 20; 9.11)
Degradation of methane
OH+ CH,(+Oy) 2  CH;0;+ H50 9.12)
In the presence of CO

CO + OH (+03) >  CO,+ HO; (9.13)
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Large quantities of VOCs are emitted into the troposphere from anthropogenic
and biogenic or natural sources (Atkinson 2000; Sawyer et al. 2000). The estimated
global emissions of methane, which is less active in photochemical ozone formation than
most VOCs, are approximately 155-240 million tones/year from natural sources such as
wetlands and 350-375 million tones/year from anthropogenic sources such as ruminants,
rice paddies, landfills, and the combustion of fossil fuels (Atkinson 2000). Non-methane
volatile organic compounds (NMVOC) are also emitted into the troposphere from a
variety of anthropogenic sources, including combustion of fossil fuels, fuel storage and
transport, solvent usage, emissions from industrial operations, landfills, and waste
facilities (Sawyer et al., 2000). The estimated U.S. and global emissions of NMVOC are
approximately 20 million tonnes of carbon/year and 60-140 million tonnes of
carbon/year, respectively, from anthropogenic sources and 30-45 million tonnes of
carbon/year and 1,150 million tonnes of carbon/year, respectively, from natural sources
(Atkinson 2000; Guenther et al. 2000).

Natural sources of tropospheric NOy are the emissions from soil and the formation
in situ from lightning (Atkinson 2000). Major anthropogenic sources of tropospheric
NOy are the emissions from fossil fuel combustion (Atkinson 2000; Sawyer et al. 2000).
The estimated U.S. and global emissions of NOy are approximately 1 million tonnes/year
and 10 million tonnes/year (as N), respectively, from natural sources, and 6 million
tonnes/year and 40 million tonnes/year (as N), respectively, from anthropogenic sources
(Atkinson 2000; Guenther et al. 2000). In urban areas, NMVOC and NOy from
anthrbpogenic sources dominate over NMVOC and NO, from natural sources and vice

versa in rural areas (Atkinson 2000).
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From the LCIA perspective, methodologies for assessing the photochemical
ozone formation impact have neglected NOy entirely. There are a few LCIA studies
focusing on the value that is similar to the carrying capacity estimate for VOC emission.
The VOC emission target value for EI95 was calculated according to the impact on crops
(Goedkoop 1998). The acceptable level for ozone concentration was 0.03 ppm under
which crop damage would not occur. It was estimated that the level of the summer smog
ozone should be reduced by 90% from the existing level of 0.3 ppm to the target level of
0.03 ppm. With this ozone reduction rate, VOCs and NOy, which are the primary
photochemical smog precursors, must be reduced by 60-70%. Hence, the reduction
factor of 2.5 from the current emission of VOCs was applied and used in EI95
(Goedkoop 1998). As a result, the European target value of 3.56x10° POCP kg/yr' was
used. Dickinson et al. (2001) estimated a subsequent value of U.S. carrying capacity for
photochemical ozone formation impact by multiplying the normalized EI95’s target value
by the U.S. land area resulting in a carrying capacity value of 7.52x10° POCP kg/yr.

Two different possible methods to determine carrying capacity for photochemical
ozone formation were mentioned by Hauschild and Wenzel (1998), namely the use of a
threshold value and pre-industrial emissions. For the threshold value approach, the types
of assumptions required for VOCs and NOy emissions are: 1) a threshold value of ozone
in ambient air, 2) the total volume of air in which ozone is diluted, 3) the average lifetime
of ozone, 4) the average annual transport of ozone down from the stratosphere, 5) a fixed
background concentration of NOy, 6) the ozone formation efficiency of ethylene, 7)
natural emissions of VOCs, and 8) import and export of air pollution in the area.

Hauschild and Wenzel (1998) also pointed out that the carrying capacity could be

! POCP = Photochemical ozone creation potential (equivalent to C;Hy)
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considered for both VOCs and NOy. For the estimate on a pre-industrial basis, the
carrying capacity could be defined from the natural state, where the carrying capacity
would be a pre-industrial emission scenario.

This chapter presents an approach for carrying capacity estimation. This
approach uses OZIPR (Gery and Crouse 1990; Shodor 1997), a photochemical model, to
calculate the critical emissions of the major ozone formation precursors (VOCs and
NO,). The carrying capacity estimate for photochemical ozone formation impact using
the OZIPR results coupled with the threshold levels is also elaborated. Methods for the
characterization of VOC’s are discussed and the factor for characterizing a non-specific
VOC to the reference species (CoH,) is estimated. Lastly, a method to include the site
factor in the characterization of photochemical ozone formation potential for VOC

emissions is also discussed.

9.2 Approach

The carrying capacity for photochemical ozone formation can be estimated using the
threshold-oriented technique discussed in Section 4.2, Chapter 4. The development of
the methodology to evaluate the carrying capacity in this chapter is an original
contribution of this research.

A general step for evaluating the carrying capacity for photochemical ozone
formation impact using the threshold-oriented technique is as follows.
1. Selection of a desirable threshold level.
2. Selection of an appropriate photochemical model and gathering data.
3. Simulation of emission-concentration relationships using the photochemical model.

The emission is of the precursor pollutants to be evaluated for the carrying capacity,
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i.e., VOC and NO,. The concentration is of the pollutant selected as the indicator for
photochemical ozone formation impact, e.g., ozone.

Determination of the critical emission rates for the precursor pollutants that result in
the concentration of the indicator not exceeding the desirable threshold level. The
emission rates may be for the entire national scale or per unit area that can be scaled
up to the national scale.

Determination of the national scale carrying capacity for the precursor pollutants
from the critical emission rates.

The algorithm for the carrying capacity estimation using photochemical modeling

(OZIPR) in the threshold-oriented method is presented in Figure 9.1.

Model .
Input precursor emission
Input Data rate

Decrease precursor . . Increase precursor
L OZIPR Simulati ] e
emission rate ¥ ulation emission rate

A

Ozone = NAAQS
Conc. Level

No

Ozone > NAAQS
Conc.

Ozone < NAAQS
Conc.

Calculate carrying capacity from
precursor emission rate

Figure 9.1 Algorithm for carrying capacity estimation using threshold-oriented
technique for photochemical ozone formation impact.
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9.3 Threshold Levels for Carrying Capacity Estimate
An issue for measuring the impacts associated with photochemical ozone formation is the
selection of an endpoint indicator. A common measure allows consistent discussion
about the relationship between photochemical ozone formation and its impacts. The
name of the impact itself is instructive of the indicator that should be used. Ozone, a
photochemical oxidant and the most prominent constituent of photochemical smog, is
used as the endpoint indicator for threshold level selection. Ground level ozone is
regulated through the National Ambient Air Quality Standard (NAAQS).

The original NAAQS for ozone, set in 1979, was a 1-hr average of 0.12 ppm not
to be exceeded more than three times in three consecutive years. Based on review of
scientific evidence linking ozone exposure and adverse effects on human health and
welfare, in 1997 EPA revised the standard to an 8-hr average of 0.08 ppm based on the
three-year average of the annual fourth-highest daily maximum 8-hr average ozone
concentrations measured at each monitor within an area (Federal Register 1997). As of
1998, 51 million persons lived in areas violating the old standard while approximately
130 millions persons lived in areas violating the new standard (EPA 2000a).

Following a lawsuit by environmental groups, EPA and environmental groups
agreed to a schedule for EPA to promulgate air quality designations for the 8-hr ozone
standard by April 2004. In this research, the carrying capacity is evaluated based on both

old and new ozone standards.
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9.4 Photochemical Ozone Modeling

9.4.1 Photochemical Model

An important step in the threshold-oriented technique is the selection of an appropriate
photochemical model. Similar to other pollutant transport phenomena in environmental
media, photochemical ozone formation is a complex process; it consists of a large
number of parameters which vary in properties and characteristics both spatially and
temporally. However, the estimates for carrying capacity should rely on simple but
applicable models yet should be transparent to users, especially LCA practitioners who
come from a variety of disciplines, so that they can justify the methodology or even make
further modifications should they be required. The factors that must be considered in the
selection of an environmental model are: the level of detail and accuracy needed for the
analysis, the technical validity of the simulation modeling, the resources available, and
the detail and accuracy of the data used in the modeling. Furthermore, the model should
be a generic one that can be applied on a larger scale, i.e., the national scale. Appropriate
data should also be available before a model is chosen. A model that requires detailed,
precise, input data should not be used if these data are not available.

There are a variety of mathematical models used to describe the relationship
between the precursor pollutants and the formation of photochemical ozone. Simple box
or zero-dimension models (Schere and Demerijian 1978 as cited in Jin and Demerjian
1993; Gery et al. 1989) have been used to predict pollutant concentrations in an area
where pollutants are emitted and undergo chemical reactions. Transport into and out of
the box by meteorological processes and dilution is taken into account. Three-

dimensional Eulerian grid-based models, which account for emissions, chemistry, and
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dispersion simultaneously, are used to assess more realistic pollutant transport and
concentrations. The Eulerian grid-based models can be separated into the urban-scale
models, where the horizontal size of each grid is of the order of a few kilometers (UAM-
Urban Airshed Model: Reynolds et al. 1973; SAI 1999, CIT-California Institute of
Technology model: McRae et al. 1982; Russell et al. 1988, SMOG-Surface Meteorology
and Ozone Generation model: Lu et al. 1997a; 1997b) and the regional-scale models,
where the scale is of the order of 15-130 kilometers (RADM-Regional Acid Deposition
Model: Chang et al. 1987, CMAQ-Models-3/Community Multiscale Air Quality
modeling system: EPA 1999b). The Eulerian grid-based models are considered the most
accurate means of predicting concentrations of pollutants. They have been primarily
used by states and federal agencies for developing emission control strategies to reduce
ambient ozone concentrations to a level below the NAAQS. However, these models are
burdensome to run because they require considerable expertise, high costs, and an
extensive computing process. Based on the criteria discussed above and the availability
of the database for modeling, the EPA’s OZIPR model (Gery and Crouse 1990) is used to
estimate the carrying capacity for photochemical ozone formation precursors in this

research.

9.4.2 Description of Model and Database Used in Carrying Capacity Estimate

The OZIPR (Ozone Isopleth Plotting model for Research) is a modified version of the
OZIP (Ozone Isopleth Plotting model: EPA 1989a), which is a city-specific model which
is used to fill the gap between more sophisticated photochemical dispersion models and
proportional (rollback) modeling techniques. The OZIP can be used to simulate ozone

formation in urban atmospheres. OZIP is a one-dimensional photochemical box model
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with a time-varying box height (the mixing layer). This model calculates the maximum
1-hr average ozone concentrations given a set of input assumptions about initial precursor
concentrations, light intensity, dilution, diurnal and spatial emission patterns, transported
pollutant concentrations, and the reactivity of the precursor mix. The results of multiple
simulations are used to produce an ozone isopleth diagram for particular cities. This
isopleth diagram relates maximum ozone concentrations to concentrations of NMVOCs
and NOx. The diagram can be used in the Empirical Kinetic Modeling Approach
(EKMA: EPA 1989a) to calculate the emission reductions necessary to achieve air
quality standards.

The OZIPR (Gery and Crouse 1990; Shodor 1997) is an alternative version of the
OZIP model with more modifications for research purposes. OZIPR employs a
trajectory-based air quality simulation model, which, in conjunction with the EKMA,
relates ozone concentrations to levels of VOCs and NOy emissions. It is specifically
enhanced to provide an input of more parameters, but in a less rigid format. This model
was designed to predict surface ozone and other HAP concentrations. The model, which
is generally run for daylight hours on a single day basis, calculates solar radiation from
the zenith angle of the sun based on date, location, and time of day. Inputs include initial
concentrations and hourly emission rates for the relevant chemical species and the hourly
meteorological parameters for temperature, humidity, mixing heights, and pressure. The
hourly emissions input data typically can be obtained from emission inventories. The
model calculates ozone, total VOC, NOy, and other secondary pollutant concentrations.
An important option of the OZIPR is the varied initial concentrations for both VOC and

NOx that are required in order to plot the isopleth of the ozone concentration levels.
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To estimate the carrying capacity for VOC and NOx emissions, all input data
including the city-specific VOC emissions, existing pollutant concentrations, and
meteorological data are adopted from an EPA study to estimate the production of HAPs
(aldehydes in this case) using OZIPR (EPA 1999c). This EPA study focused on the use
of OZIPR to estimate some species of HAPs that are secondary pollutants from the
photochemical process. Ten cities across the U.S. were selected as the study areas:
Atlanta, Boston, Chicago, Denver, Houston, Los Angeles, Phoenix, Pittsburgh, Seattle,
and Washington DC (Figure 9.2). The input data are in the daytime basis. For each
study area, there are twelve sets of input data made for three typical days in various
seasons: winter (December-February), spring (March-May), summer (June-August), and
autumn (September-November). The methods for preparing the input data were

summarized in the EPA study (EPA 1999c).
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Figure 9.2 Study areas for an EPA study to estimate the production
of HAPs (aldehydes) using OZIPR model.
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9.5 Carrying Capacity Estimate

9.5.1 Emission-Concentration Relationship

Isopleth Plots

The simulation results are the numerical data for isopleth plots of the 1-hr average ozone
concentrations, VOCs, and NOy for 12 typical days (three typical days in a season) for
those ten cities. For each data set, VOC and NOy concentrations are varied (0 to 5 ppm
for VOC and 0 to 1 ppm for NOy) to provide the ozone concentrations in each mixture of
both primary pollutants. Figure 9.3 shows an example of an isopleth plot using the data
from the OZIPR simulation for a typical summer day in Chicago. The isopleth plots
demonstrate that the dependence of ozone formation on the changes in precursor
concentrations is complex and highly non-linear. The key results read from the isopleth
plots are the critical VOC concentration and critical NOy concentration, which are
defined as the lowest VOC and NO, concentrations (ppm), respectively, that cause ozone
concentration at a level as high as the selected threshold level. For example (Figure 9.3),
the critical VOC concentration reads 2.0 ppmC and the critical NOy concentration reads

0.1 ppm when the threshold level of 1-hr average ozone concentration is 0.12 ppm.
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Figure 9.3 Example of ozone isopleth plot
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The critical VOC and NOy concentrations are obtained for two regimes: the VOC-
sensitive regime and the NOy-sensitive regime. A critical VOC concentration for the
VOC-sensitive regime is obtained regardless of the available NO concentration and vice
versa for a critical NOy concentration. This assumption provides the conditions where
the emission of a precursor has the greatest effect on ozone formation. By this
assumption, the critical concentration of a precursor is determined based on the most
conservative scenario, where ozone concentrations will not exceed the threshold level in
any case. The results from the simulation show that the ratios between VOC and NOy at
the critical VOC or NOy concentrations are in the range of 5 to 20 (ppmv/ppmv), which is
in the typical range of observable atmospheric VOC/NOy (Shodor 1997). The
assumption that critical VOC or NOy concentration can be achieved regardless of
availability of the other precursor results in a conservative bias and produces a relatively
low estimate of carrying capacity. Practically, NOy emission sources are likely to be the
same as VOC emission sources; this makes atmospheric NOy concentration relatively
high in the presence of high VOC concentration (discussed in Section 9.1). However,
higher concentrations of VOC or NOy do not necessarily imply higher concentrations of
ozone because, as stated, the influence on ozone formation caused by the changes in

precursor concentrations is complex and highly non-linear (as illustrated in Figure 9.3).

Equivalence of 1-hour and 8-hour Ozone Threshold Levels

The OZIPR provides the results only for maximum ozone formation in terms of 1-hr
average concentration. Therefore, the critical VOC and NOy concentrations with regard
to the new ozone standard, 8-hr 0.08 ppm, cannot be determined unless the new standard

is compared to the concentration in terms of 1-hr average. An EPA study (EPA 2003i)
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determined the equivalent design values of 8-hour ozone for three key design values of 1-
hour ozone: 0.12 ppm (the old 1-hour standard level), 0.121 ppm (used in the 1-hour
classifications), and 0.125 ppm (the unrounded, lowest measurable value above the 1-
hour standard). Three types of equivalence were determined using the U.S. monitoring
data from 1998-2002: mathematical equivalence (regression analysis), stringency
equivalence (county count), and health protection equivalence (population count). Table
9.1 summarizes the results of the equivalence value of the 1-hr design values to the 8-hr
values. The interpolation of the equivalent values in Table 9.1 reveals that the 8-hr 0.08
ppm is equivalent to 1-hr average of approximately 0.11 ppm. Therefore, the 8-hr 0.08
ppm of ozone can be substituted by the 1-hr 0.11 ppm as the threshold level for the
evaluations of critical VOC and NO, concentrations, critical VOC and NOy emissions,
and VOC and NOy carrying capacity for photochemical ozone formation impact in this

research.

Table 9.1 Equivalence of 8-hour and 1-hour Ozone Design Values
(Source: EPA 2003i)

Mathematic Equivalence

1-h9ur value Years ) 95% confidence Equivalent 95% confidence
design value interval lower bound | 8-hour value | interval upper bound
1998-2000 0.089 0.090 0.090
0.12 1999-2001 0.089 0.089 0.089
2000-2002 0.088 0.089 0.089
1998-2000 0.090 0.090 0.091
0.121 1999-2001 0.089 0.090 0.090
2000-2002 0.089 0.089 0.090
1998-2000 0.092 0.092 0.093
0.125 1999-2001 0.091 0.092 0.092
2000-2002 0.091 0.092 0.092
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Table 9.1 Equivalence of 8-hour and 1-hour Ozone Design Values
(Continued)

Stringency Equivalence

1-hour value County count for 1- | Equivalent | County count for 8-

Years

design value hour value 8-hour value hour value
1998-2000 435 0.092 437
0.12 1999-2001 474 0.091 479
2000-2002 504 0.091 499
1998-2000 447 0.093 456
0.121 1999-2001 479 0.091 479
2000-2002 511 0.092 519
1998-2000 475 0.094 472
0.125 1999-2001 505 0.093 508
2000-2002 546 0.094 548

Health Protection Equivalence
Cumulative Cumulative

1-hour value . Equivalent .

design value Years pOlelli;ltlon count for 8-hour value population count for

-hour value 8-hour value

1998-2000 111,442,378 0.090 112,801,437

0.12 1999-2001 121,598,978 0.090 123,186,873

2000-2002 123,309,306 0.090 122,934,040

1998-2000 114,264,183 0.090 112,801,437

0.121 1999-2001 123,169,845 0.090 123,186,873

2000-2002 124,225,447 0.090 122,934,040

1998-2000 121,074,515 0.092 121,378,399

0.125 1999-2001 130,955,867 0.092 133,285,040

2000-2002 136,549,839 0.093 137,470,512

Critical VOC and NO, concentrations and Critical VOC and NO, emissions

Table 9.2 and Table 9.3 present the calculations of the critical VOC and NOy emission
rates, respectively. Note that the old ozone standard is 1-hr 0.12 ppm and the new
standard is 8-hr 0.08 ppm (calculated to be equivalent to 1-hr 0.11 ppm). Figure 9.4 and
Figure 9.5 are the plots of the critical VOC and NOy emission rates, respectively, for ten
cities. The critical emission of a precursor is the emission that results in the critical
atmospheric concentration of that precursor. The critical VOC and NOy concentrations
for both threshold levels (old standard and new standard) are read from the isopleth plots

for ten cities at various seasons. A critical emission rate is then calculated using the
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Empirical Kinetic Modeling Approach (EKMA-EPA 1989a). The EKMA is a procedure
that has been used to estimate emission reductions that are needed to achieve the design
level (i.e., the NAAQS) from the peak level (critical case) of ozone, and it is commonly
used in the control strategy options in state implementation plans (Finlayson-Pitts and
Pitts 2000). The standard level of ozone can be achieved by a percentage reduction of a
precursor emission from the existing rate (base case). This approach is based on the
assumption that the atmospheric concentration of a primary pollutant is directly
proportional to its emission. The calculation of the percentage reduction of VOC in

EKMA is expressed as (EPA 1989a):

Percentage Reduction of VOC Emission = VOCp—VOCc x 100 (9.14)
VOCp

Hence, the VOC emission for the critical case scenario can be calculated using the

equation modified from the above equation:

VOCE¢ = VOCc x VOCER 9.15)
VOCp

Where VOCEc is the critical VOC emission rate (kg/kmz/hr), VOCEg is the base case
VOC emission rate (kg/km?/hr), VOCc is the critical VOC concentration (ppmC), and
VOCs is the base case VOC concentration (ppmC).

Likewise, the NOy emission for the critical case scenario can be calculated from:

NOxEC = NOxc x NOxEg (9 16)
NOxB

Where NOXEc is the critical NOy emission rate (kg/km*/hr), NOxEg is the base case NO
emission rate (kg/kmz/hr), NOxc is the critical NOy concentration (ppm), and NOxg is the

base case NOx concentration (ppm).
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Base Case

Critical Case

1-hr 0.12 ppm ozone

8-hr 0.08 ppm ozone

Study Area | Season voc VOC Maximum 1-hr Ozone VOC Conc. | VOC Emission | VOC Conc. | VOC Emission
Conc. Emission Conc.
(ppmC) | (kg/km’/hr) (ppm) (epmC) | (kg/km’hr) | (ppmC) | (kgkm®/hr)

Autumn 0.20 9.2 0.066 1.02 46.9 0.86 395
Spring 0.20 9.5 0.091 0.51 242 0.40 19.1
Atlanta | Summer | 0.20 11.9 0.129 0.13 7.7 0.05 32
Winter 020 7.7 0.034 144 554 128 493
Average 9.6 33.6 27.8
Autumn 0.06 6.9 0.027 1.45 166.8 1.28 147.1
Spring 0.06 7.0 0.041 0.81 94.5 0.71 829
Boston | Summer 0.06 10.1 0.075 0.37 62.3 0.30 509
Winter 0.06 59 0.005 1.63 160.3 1.48 145.6
Average 7.5 121.0 106.6
Autumn 0.12 19.1 0.028 1.85 294.5 1.63 260.0
Spring 0.12 18.8 0.045 125 195.8 0.66 102.9
Chicago | Summer | 0.12 20.3 0.062 1.09 1844 0.91 153.7
Winter 0.12 18.3 0.013 1.97 300.4 1.76 269.1
Average 19.1 243.8 196.4
Autumn | 0.20 16.5 0.047 1.83 151.0 1.58 130.5
Spring 0.20 16.3 0.066 0.94 76.6 0.79 64.6
Denver | Summer | 0.20 17.5 0.101 0.41 359 0.30 259
Winter 0.20 15.6 0.024 426 3323 3.75 2923
Average 16.5 148.9 1283
Autumn | 0.30 9.6 0.073 0.97 31.0 0.82 26.3
Spring 0.30 9.8 0.087 0.57 18.6 0.45 14.6
Houston | Summer 0.30 12.0 0.137 0.18 72 0.11 4.5
Winter 0.30 79 0.043 2.06 54.2 1.80 474
Average 98 278 232
Autumn 0.50 7.5 0.075 1.40 21.0 1.19 17.8
Spring 0.50 7.5 0.134 0.41 6.2 0.35 5.3
Los Angeles| Summer | 0.50 8.1 0.160 027 44 0.22 35
Winter 0.50 7.1 0.049 2.04 29.0 1.80 25.5
Average 7.6 15.1 13.0
Autumn | 0.20 1.1 0.059 0.84 46 0.73 4.0
Spring 0.20 1.1 0.090 0.48 2.6 0.38 2.1
Phoenix | Summer | 0.20 15 0.124 0.17 1.3 0.11 0.8
Winter 0.20 0.9 0.034 1.42 6.4 1.27 5.7
Average 12 37 32
Autumn 0.20 72 0.044 1.28 46.1 1.13 40.5
Spring 0.20 6.9 0.067 0.79 273 0.68 233
Pittsburgh | Summer | 0.20 82 0.105 0.37 15.2 0.26 10.6
Winter 0.20 6.7 0.023 2.11 70.7 1.88 63.0
Average 7.3 39.8 344
Autumn 0.06 47 0.023 1.42 111.2 1.26 98.8
Spring 0.06 4.6 0.046 1.12 85.9 097 74.1
Seattle | Summer | 0.06 5.7 0.070 0.42 39.9 0.34 325
Winter 0.06 43 0.001 258 184.9 233 167.i
Average 4.8 105.5 93.1
Autumn 0.15 242 0.043 0.86 138.7 0.76 1229
. Spring 0.15 24.0 0.062 0.65 104.0 0.56 89.2
Wasgggw“ Summer | 0.15 26.5 0.103 026 459 0.19 338
Winter 0.15 223 0.016 1.37 203.7 1.24 184.5
Average 243 123.1 107.6
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Base Case Critical Case
1-hr 0.12 ppm ozone 8-hr 0.08 ppm ozone
Study Area | Season NOx N.O’.( Maximum 1-ir Ozone NOx Conc. | NOx Emission { NOx Conc. | NOx Emission
Conc. Emission Conc.
(ppm) | (kg/km’/hr) (ppm) (pm) | (kg/kmhr) | (@pm) | (kg/km’/hr)
Autumn | 0.04 39 0.039 0.13 13.0 0.12 11.8
Spring 0.04 39 0.049 0.10 10.0 0.09 9.1
Atlanta | Summer | 0.04 42 0.058 0.09 9.1 0.08 83
Winter 0.04 4.0 0.037 0.15 14.5 0.13 13.1
Average 4.0 11.6 10.6
Autumn | 0.02 3.7 0.019 0.15 26.9 0.13 24.1
Spring 0.02 38 0.029 0.09 16.7 0.08 153
Boston | Summer | 0.02 42 0.034 0.07 15.4 0.07 14.2
Winter 0.02 38 0.016 0.19 358 0.17 31.7
Average 39 237 21.3
Autumn | 0.04 8.0 0.031 0.18 358 0.16 323
Spring 0.04 8.1 0.039 0.14 27.6 0.12 249
Chicago | Summer | 0.04 79 0.076 0.12 243 0.10 20.3
Winter 0.04 11.5 0.026 0.24 67.9 0.21 60.0
Average 8.9 38.9 344
Autumn | 0.03 11.2 0.020 0.23 84.3 0.20 74.5
Spring 0.03 11.3 0.032 0.13 47.0 0.11 42.6
Denver | Summer| 0.03 124 0.041 0.10 392 0.09 355
Winter 0.03 11.8 0.020 0.30 1182 028 110.1
Average 11.7 722 65.7
Autumn 0.03 4.0 0.031 0.13 172 0.11 154
Spring 0.03 4.1 0.036 0.11 14.5 0.10 133
Houston | Summer | 0.03 47 0.056 0.07 10.5 0.06 9.5
Winter 0.03 5.3 0.020 0.23 40.1 0.20 354
Average 4.5 20.6 184
Autumn | 0.06 3.0 0.048 0.17 82 0.15 7.5
Spring 0.06 3.0 0.120 0.06 3.0 0.05 2.7
Los Angeles| Summer | 0.06 33 0.134 0.05 29 0.05 2.7
Winter 0.06 29 0.038 0.24 11.5 0.20 100
Average 3.1 6.4 5.7
Autumn | 0.03 0.7 0.037 0.11 24 0.10 22
Spring 0.03 0.7 0.045 0.09 2.0 0.08 1.8
Phoenix | Summer 0.03 0.8 0.056 0.07 1.8 0.06 17
Winter 0.03 0.6 0.026 0.16 33 0.14 29
Average 0.7 24 22
Autumn | 0.03 22 0.030 0.14 9.8 0.13 9.0
Spring 0.03 22 0.038 0.10 7.5 0.09 6.8
Pittsburgh | Summer | 0.03 23 0.035 0.11 8.6 0.10 7.7
Winter 0.03 30 0.019 025 24.7 0.22 22.0
Average 24 12.6 11:4
Autumn | 0.02 1.5 0.019 0.14 10.6 0.13 9.7
Spring 0.02 1.5 0.021 0.13 9.7 0.12 89
Seattle | Summer | 0.02 1.6 0.034 0.08 6.1 0.07 5.5
Winter 0.02 14 0.010 045 30.8 0.33 22.7
Average 1.5 143 11.7
Autumn 0.03 12.7 0.041 0.09 39.8 0.09 36.0
. Spring 0.03 12.8 0.046 0.08 35.0 0.07 319
W*’s]g‘(‘;g“’“ Summer | 0.03 13.6 0.053 0.07 31.8 0.06 289
Winter 0.03 14.7 0.027 0.16 77.1 0.14 69.1
Average 135 459 41.5
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Figure 9.4 Seasonal and average critical VOC emission for ten cities. Left panel is for
the old ozone standard (1-hr 0.12 ppm) while the right panel is for the new ozone
standard (8-hr 0.08 ppm).
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Figure 9.5 Seasonal and average critical NOy emission for ten cities. Left panel is for
the old ozone standard (1-hr 0.12 ppm) while the right panel is for the new ozone

standard (8-hr 0.08 ppm).



172

9.5.2 Carrying Capacity Estimate

The simulation using the OZIPR for the base case scenario reveals that ozone
concentrations have already exceeded the standard under existing emission conditions in
some areas. In such cases, the critical VOC or NOy emission is lower than the VOC or
NO, emission of the base case (the existing emission rate). These areas are Atlanta,
Houston, and Phoenix in the summer, and Los Angeles in the spring and summer (see
also Table 9.2). For the NOy-sensitive regime, Los Angeles is the only city that ozone
concentrations have already exceeded the standard under existing emission conditions. It
should be noted that the cities in lower latitudes (Atlanta, Houston, Los Angeles, and
Phoenix) tend to have low critical VOC and NOy emissions due to their higher average
temperature and sunlight intensity.

If the assumption is made that the atmospheres of these ten cities represent the
atmospheric conditions across the U.S., a national scale carrying capacity for VOC and
NO, emissions can be estimated using critical VOC and NOy emission rates obtained
from OZIPR simulations. The seasonal critical VOC emission rates obtained from the
OZIPR simulations range from 1.3 kg/km’hr (Phoenix-summer) to 332.3 kg/km?/hr
(Denver-winter) with the arithmetic mean of 83.1 kg/km?/hr when the threshold level is
the old ozone standard. These values are 0.8, 292.3, and 70.4 kg/kmz/hr, respectively,
when the threshold level is the new ozone standard. The seasonal critical NOy emission
rates range from 1.8 kg/km?hr (Phoenix-summer) to 118.2 kg/km?/hr (Denver-winter)
with the arithmetic mean of 24.0 kg/km*/hr when the threshold level is the old ozone
standard. These values are 1.7, 110.1, and 21.6 kg/kmz/hr, respectively, when the

threshold level is the new ozone standard.
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The deviation of the critical emission rates among U.S. cities is due to the spatial
variability of multiple parameters (temperature, humidity, pressure, sunlight intensity,
mixing height, existing VOC and NOy emissions and concentrations), and it is difficult to
relate the critical VOC emission to every parameter or even some key parameters such as
the average temperature, light intensity, and mixing height. However, the national scale
carrying capacity can be estimated from the median critical VOC and NOy emission rates
derived from probability analysis for those ten cities. The median critical emission rates
derived from probability analysis is used, instead of the arithmetic means, so the bias due
to outlier data is minimized. Furthermore, the probability function associated with the
carrying capacity estimate in this research can also be determined. This probability
function may be useful for further uncertainty assessment. Upon the availability of the
median critical VOC and NOy emission rates, the carrying capacities for VOC and NOy

can then be calculated using the following equations:
US. CCyoc = Critical VOC Emission Rate (kg/km’/hr) x U.S. Area (km?) (9.17)

US. CCyox = Critical NO, Emission Rate (kg/km’/hr) x U.S. Area (km®) (9.18)

Figure 9.6 and Figure 9.7 present the log normal probability plots for VOC and
NOx critical concentrations and probability function (Z-score). The critical VOC and
NO, emission rates are determined for different probabilities: 50™ percentile, 50%

confidence interval (25™ — 75% percentiles), and 95% confidence interval (2.5M -97.5"

percentiles).
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Figure 9.6 Log normal probability plots for critical VOC emission and probability
function (Z-score) when threshold levels are 1-hr 0.12 ppm ozone (left panel) and 8-hr
0.08 ppm ozone (right panel).
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Figure 9.7 Log normal probability plots for critical NOy emission and probability
function (Z-score) when threshold levels are 1-hr 0.12 ppm ozone (left panel) and 3-hr
0.08 ppm ozone (right panel).
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The carrying capacities for VOC and NOx can be calculated using Equation
(9.17) and Equation (9.18), respectively. These are presented in Table 9.4 (for VOC) and
Table 9.5 (for NOy). At the 50" percentile, the U.S. carrying capacities for VOC and
NOy are 1.66x10' kg/yr and 5.98x10"! kg/yr, respectively, for the threshold level of 1-hr
0.12 ppm ozone and 1.34x10" kg/yr and 5.40x10"! kg/yr, respectively, for the threshold
level of 8-hr 0.08 ppm ozone. It should be noted that the emissions of VOC and NOy can
be in reality from both anthropogenic and natural sources. As a result, the carrying
capacity values estimated in Table 9.4 and Table 9.5 are the natural carrying capacities

that account for both sources. The calculation of the economic carrying capacity, which

is used in the STM context, is made in Subsection 9.5.4.

Table 9.4 U.S. Carrying Capacity Estimates for VOC Emission at Different Probabilities

Old ozone standard as the threshold New ozone standard as the threshold
Probability (1-hr 0.12 ppm) (8-hr 0.08 ppm)
percentile Critical emigsion rate carryli\jlagu(l:l;;lyaci ty Critical emission rate cmﬁt‘iﬁmi ty
kg/km?/yr kg/km*/yr
(kg/kam Ty (kg/yn) (el ) (kg/y)
2.5 2.12 1.75E+11 1.51 1.25E+11
25 14.64 1.21E+12 11.31 9.32E+11
50 40.25 3.31E+12 32.49 2.68E+12
75 110.71 9.12E+12 93.27 7.68E+12
97.5 763.00 6.28E+13 697.78 5.75E+13

Table 9.5 U.S. Carrying Capacity Estimates for NOx Emission at Different Probabilities

Old ozone standard as the threshold New ozone standard as the threshold
Probability (1-hr 0.12 ppm) (8-hr 0.08 ppm)
. .. . Natural . .. Natural
percentile Critical emlgsxon rate carrying capacity Critical emlszsmn rate carrying capacity
(kg/km®/yr) (kg/yn) (kg/km®/yr) (ke/yr)
2.5 1.58 1.30E+11 1.44 1.19E+11
25 6.78 5.58E+11 6.13 5.05E+11
50 14.53 1.20E+12 13.11 1.08E+12
75 31.16 2.57E+12 28.01 2.31E+12
97.5 133.52 1.10E+13 119.32 9.83E+12




176

9.5.3 Characterization of Volatile Organic Compounds

The procedure to estimate the carrying capacity for VOC emission has been presented in
the previous sections. However, the unit of the estimated carrying capacity is in
kilograms of “typical” VOC per year. It is necessary to characterize the carrying capacity
by a common unit or an equivalent unit before applying it to LCA practice. Similarly, a
VOC emission from a source needs to be characterized by a common or equivalent
species as well.

The sources of VOC can be automobile exhaust, vapors from cleaning solvents,
and other industrial or household emissions. Individual VOCs can differ significantly in
their effects on ozone formation due to differences in their reactivity and associated
reaction rates. Therefore, a reactivity scale, in which the ranking is based on the amount
of ozone formed from each VOC, is required for LCA. Two widely-used methods for the
characterization of VOCs in terms of ozone formation are the MIR (Maximum

Incremental Reactivity) and the POCP (Photochemical Ozone Creation Potential).

Maximum Incremental Reactivity (MIR)

MIR has been developed as a reactivity scale that accounts approximately for all factors
and it is based on photochemical model calculations using typical U.S. atmospheric
conditions (Carter 1994; 1995; 2000; Carter et al. 1995). MIR approximates the potential
of different VOCs to form ozone under conditions where the availability of NOy does not
limit ozone formation. MIR is basically defined as the change in the amount of ozone
caused by a species of VOC being added, divided by the amount of added VOC
(Equation (9.19)). This can also be thought of as the partial derivative of ozone with

respect to the emission of the VOC.



177

MIR = A0y AVOC (9.19)

The incremental reactivities depend significantly on the environmental conditions,
particularly on the availability of NOy. In general, VOCs tend to have the largest
incremental reactivities under relatively high NOx conditions, and have much lower
reactivities under conditions of limited NO,. Other environmental aspects, such as the
nature of other organics, dilution, and humidity, can also be important in affecting VOC
reactivities. The fact that incremental reactivities depend on environmental conditions
means that no single scale can predict incremental reactivities. Thus the concept
“reactivity scale” has been used to simplify the complexities of the effects of VOC
emissions on ozone formation (Carter 1994). The incremental reactivities were obtained
from both computer modeling and experimental results in several scenarios. Carter et al.
(Carter 1994; 1995; 2000; Carter et al. 1995) developed the maximum incremental
reactivity (MIR) scenarios by adjusting the NOy inputs so that the highest incremental
reactivity was achieved. These MIR scenarios represent NOy conditions where organic
emissions have the greatest effect on ozone formation. MIR has been used extensively
for LCA purposes, for example, in an LCA project of EPA that employs MIR to calculate
the photochemical ozone formation indicator (Bare et al. 2003; EPA 2000b; 2003g).

Photochemical ozone-forming potential for a VOC can be converted to a common
species, ethylene (C,Hs). Ethylene is one of the most common VOCs emitted from
automobile exhaust and it is widely used in LCA as a common reference VOC
(Hauschild and Wenzel 1998). A VOC species i can be converted to an “ethylene

equivalent” using the equation:

kg C>Hy-eq (MIR/MIR pyhyiene) x kg VOC; (9.20)
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MIR has a unit of g Os/g VOC. MIR value for ethylene is 9.078 kg. Therefore, Equation

(9.20) can be expressed as:

kg C>H,-eq = (MIR/9.078) x kg VOC; 9.21)

This equation can be used for the characterization of a VOC in terms of C;Hs-equivalent.
MIR values for VOCs have been updated and revised periodically using the results from
contributing research (Carter 2000). The most recent MIR list for approximately 700
VOCs has been available since November 2000 (Table C.5(a), Appendix C). The

average MIR for these 700 VOCs is 3.02 g O3/g VOC.

Photochemical Ozone Creation Potential (POCP)

POCP was originally developed to assess various scenarios for VOC emissions causing
regional scale ozone formation over periods of up to five days in northwest Europe
(Derwent and Jenkin 1991). POCP is very complicated and requires many reaction
mechanisms in the simulation using a photochemical trajectory model. The POCP value
for a particular VOC was calculated from the results of a separate model experiment,
each variant of which provided base case scenarios. In each separate model, a certain
amount of VOC emission was added and the resulting ozone increment was observed.
The ozone increment from the addition of the VOC was then compared to the reference
VOC, ethylene. The POCP for a particular VOC is defined as (Derwent et al. 1998):

POCP; = _Qzone increment with the i species x 100 % (9.22)
Ozone increment with ethylene
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POCP is widely used in Europe, including the establishment of air quality
standards for ozone by UNECE (Jenkin and Hayman 1999) and several LCA studies
(Goedkoop 1998; Hauschild and Wenzel 1998). Table C.5(b) (Appendix C) provides
POCP values for 120 VOCs estimated by Derwent et al. (1998). Similar to MIR, POCP
can also be used to convert a VOC emission to an “ethylene equivalent” in terms of

photochemical ozone-forming potential. The equation for this calculation is:

kg C:Hy-eq - POCP; xkg VOC; (9.23)

The major differences between MIR and POCP are threefold. First, POCP was
developed using European scenarios, while MIR was developed using North American
scenarios. Second, POCP is based on a photochemical trajectory model of VOC
transport over Europe, while MIR is based on a single box model for U.S. conditions.
Third, POCP was simulated for a time span of up to five days, while MIR was simulated
over a time span of one day. However, there is a reasonable correlation between POCP
and MIR values for VOCs in general (Jenkin and Hayman 1999). Both approaches tend
to give similar predictions with regard to the relative importance of different classes of
VOC. However, MIR is used in this research for the following reasons: it was developed
using U.S. atmospheric conditions, its scenarios represent NOy conditions where organic
emissions have the greatest effect on ozone formation, and its values are available for
approximately 700 VOCs, which is greater than the available number for POCP. The
characterization of a VOC in terms of C,Hy-eq, the reference VOC widely used in LCIA
(Goedkoop 1998; Goedkoop and Spriensma 2001; Guinee et al. 2001; Hauschild and

Wenzel 1998), can be made using Equation (9.21).
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Characterization of Carrying Capacity In Terms of Ethylene-Equivalent
In LCA, inventory data are sometimes mentioned only as “total VOC emissions” or
“CxHy” instead of being differentiated according to species. One way of addressing this
issue is to use the average POCP or MIR values as the POCP or MIR for an unidentified
VOC (Hauschild and Wenzel 1998; Derwent et al. 1996). If this approach is applied, the
MIR for a “typical VOC” or “typical CxHy” will be 3.02 kg Os/kg VOC (the average
MIR value for 700 VOCs). By dividing this value by the MIR for ethylene (3.02/9.078 =
0.333), the average MIR value in terms of ethylene equivalent (kg C,Hs’kg VOC) is
similar to the average POCP for a “typical VOC” or a“typical CxHy” which is 0.398 kg
C,Ha/kg VOC as used in EI95 (Goedkoop 1998).

The critical VOC emission rates in the carrying capacity evaluation (Subsection
9.5.2) are also presented in the unit of “kg VOC/km*/hr” as obtained from the OZIPR
results. It is more appropriate to express the carrying capacity in terms of a reference
VOC; ie., kg CoHs-eq/yr. However the lumped or unidentified VOC cannot be
converted to the unit of ethylene equivalent without using an appropriate MIR or POCP
as the equivalency factor. The average MIR or POCP values, as mentioned in the
previous paragraph, can be used to convert the carrying capacity in terms of kg VOC/yr
to kg CoHy-eq/yr as well. However, since the chemical composition of the typical VOC
emissions as the input for the OZIPR is identified, it is better to calculate the equivalency
factor upon the availability of the information.

In the input data used in the OZIPR simulation (Subsection 9.5.1), the
composition of the total (or typical) VOC emissions emitted from those ten cities was
classified into ten different VOC groups and species (EPA 1999c). In the calculation of

the equivalency factor, specific hydrocarbons with known MIRs are selected to represent
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each VOC group. Equivalency factors for those ten cities can then be calculated as
presented in Table 9.6. The average equivalency factor for those ten cities is 0.481 kg
C,Ha/kg VOC, which is higher than the average MIR from 700 VOCs (0.333 kg C,Hs/kg
VOC) and the average POCP (0.398 kg C,Hy/kg VOC). A U.S. carrying capacity for
VOC emission can then be converted to the ethylene-equivalent using Equation (9.24).
The natural carrying capacity for VOC emission (Table 9.4) can also be expressed in

terms of C,Hs-equivalent as presented in Table 9.7.

CC (kg C2Hy-eq/yr) CC (kg VOC/yr) x0.481 kg Co:Hy  (9.24)

kg VOC

9.5.4 Natural Burden and Economic Carrying Capacity

Some VOCs and NOy are emitted into the atmosphere from natural sources such as
wetlands and vegetation for VOCs and soil and lightning for NOy. The estimated U.S.
emissions of NMVOC, which is active in photochemical ozone formation, from natural
sources are 4.5x10'° kg of carbon/yr (5.2x10'° kg C,Hs-eq/yr) (Guenther et al. 2000).
For NO,, the estimated U.S. emissions from natural sources are 1.1x10° kg N/yr (3.5x109
kg NOy/yr) (Guenther et al. 2000). These emissions are considered as the natural burden
in natural carrying capacity. The economic carrying capacity, which will be used in the
STM, can be calculated from Equation (9.25)(Dickinson et al. 2001). The economic
carrying capacity that is left after subtraction of the natural burden. This is summarized

in Table 9.8 for VOC emission and Table 9.9 for NO, emission.

Carrying capacity = Natural carrying capacity — Natural burden (9.25)



182

Table 9.6 Calculation of Equivalency Factor for Typical VOC and Ethylene Equivalent

Composition of hydrocarbon species MIR?
in emission from 10 cities (%)’
Hydrocarbon ol o | & 8 w | S é
group/species’ g g 2 2 g %’0 g E %,; g Representative Molecular MIR
T8 5 A 53: P £ 2|3 E hydrocarbon species weight | (kg Os/kgVOC)
3 A 8
B
Butane
ALK4 21.7{19.7{17.1)24.6{27.9]16.7|17.4]18.5/19.7{19.1 (C4H10) 58 1.329
Branched C12 Alkanes
ALK7?7 21.3120.9(27.2124.7120.7{32.0/28.7|21.7|20.9{21.6 (C12H26) 170 0.796
Ethylene
ETHE 33(44(23149|36127(35(38(44/42 (C2H4) 28 9.078
Propylene
PRPE 1.1 (1315|1119 (49 (1411 (13(1.7 (C3H6) 42 11.576
Trans-2-butene
TBUT 9.5110.6(12.0({ 63 {72 (58 ]7.5111.7{10.6| 8.3 (C4HS) 56 13.912
Toluene
TOLU 83190(85(79{51(53}{80(57(9.0(10.3 (CTHS) 92 3973
Xylene
XYLE 52154(53|148(33|39(56[44]|54(100 (C8H10) 106 7.489
1,2,4 Trimethylbenzene
TMBZ 142|111.9(14.1(9.5 [10.2{ 89 (9.3 [11.1|11.9] 9.0 ((CH3)3C6H3) 120 7.179
C5 Aldehydes
RCHO 09]09(09109(09{25]09]|09(09]{09 (C5H100) 86 5.763
NRHC 14.5(15.9(11.1{15.5|19.1(17.4{17.8|21.0|15.9(14.9 Methane 16 0.014
(CH4)
Total 100|100 100|100|100|100|100 (100|100 (100
C,H,-equivalent |50.6152.2(54.3(42.6(42.3143.2|43.4149.8(52.2(50.6

Table 9.7 U.S. Carrying Capacity for VOC Emission in Terms of Ethylene-Equivalent

Old ozone standard as the threshold New ozone standard as the threshold
e (1-hr 0.12 ppm) (8-hr 0.08 ppm)
1;222?1?;13 Natural . Natural - Natural . Natural .
carrying capacity carrying capacity carrying capacity carrying capacity
(kg VOClyr) (kg C;Hy-eq/yr) _(kg VOClyr) (kg C;Hq-eq/yr)
2.5 1.75E+11 8.42E+10 1.25E+11 6.01E+10
25 1.21E+12 5.82E+11 9.32E+11 4.48E+11
50 3.31E+12 1.59E+12 2.68E+12 1.29E+12
75 9.12E+12 4.39E+12 7.68E+12 3.69E+12
97.5 6.28E+13 3.02E+13 5.75E+13 2.77E+13

! ALK4 = Alkanes with 3, 4, and 5 carbons (primary butane and isopentane); ALK7 = Heavier alkanes (6
or more carbons); ETHE = Ethylene; PRPE = Propene (propylene); TBUT = Heavier alkenes (4 or more

carons-primarily trans-2-butene; TOLU = Toluene (also ethylbenzene); XYLE = Xylene; TMBZ

Trimethylbenzene (and heavier aromatics); RCHO = Heavier aldehydes; NRHC = Non-reactive

hydrocarbons.

2 From EPA (1999¢).
3 See Table C.5(a), Appendix C.
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Table 9.8 U.S. Economic Carrying Capacity for VOC Emission
(Natural burden = 5.2x10' kg C,H,-eq/yr)

Old ozone standard as the threshold New ozone standard as the threshold
o (1-hr 0.12 ppm) (8-hr 0.08 ppm)
l:«;)rzzzltlilltz Natural . Ef:onomic ) Natural . Et.:onomic '
carrying capacity carrying capacity carrying capacity carrying capacity
(kg CoHy-eq/yr) (kg CoHy-eqfyr) (kg C;Hy-eq/yr) (kg C;Hy-eq/yr)
2.5 8.42E+10 3.22E+10 6.01E+10 8.10E+09
25 5.82E+11 5.30E+11 4.48E+11 3.96E+11
50 1.59E+12 1.54E+12 1.29E+12 1.24E+12
75 4.39E+12 4.34E+12 3.69E+12 3.64E+12
97.5 3.02E+13 3.01E+13 2.77E+13 2.76E+13

Table 9.9 U.S. Economic Carrying Capacity for NOy Emission
(Natural burden = 3.5x10° kg NO,/yr)

Old ozone standard as the threshold New ozone standard as the threshold
Probability (1-hr 0.12 ppm) ’ (8-hr 0.08 ppm) i
percentile l_\Iatural . Egonomlc ' Natural ' E_conomlc .
carrying capacity carrying capacity carrying capacity carrying capacity
(kg/yr) (kg/yr) (kg/yr) (kg/yr)
25 1.30E+11 1.27E+11 1.19E+11 1.16E+11
25 5.58E+11 5.55E+11 5.05E+11 5.02E+11
50 1.20E+12 1.20E+12 1.08E+12 1.08E+12
75 2.57E+12 2.57E+12 2.31E+12 2.31E+12
97.5 1.10E+13 1.10E+13 9.83E+12 9.83E+12

9.5.5 Spatial Distributions of Emissions
The spatial variation in terms of the receiving environment is not addressed in this
carrying capacity estimate because it is assumed that the same ozone standard has been
developed to protect human health and welfare for the entire nation as the primary
purpose. Therefore, the local or region-specific carrying capacity is not considered in the
analysis. However, the site-dependent characterization addresses the spatial variation of
the emission of photochemical precursors.

In the TRACI (Tool for the Reduction and Assessment of Chemical and Other
Environmental Impacts: Bare et al. 2002; EPA 2003a), an approach has been developed

to address the spatial variation of the VOC and NOy emission for photochemical ozone
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formation impact in the U.S. The site-dependent characterization factors (termed as site
factors hereafter) in TRACI are basically the fate factors which take into account the
transport and distribution of VOC or NOy under site-specific atmospheric pathways and
chemistry processes on a regional scale. A higher site factor indicates more contribution
to photochemical ozone formation impact on North America. By using the site factors,
the overall site-dependent characterization for an emission of VOC can be modified from

Equation (9.26) and is expressed as:

kg C,H-eq(site-dependent) = SFsmog * (MIR/9.078) x kg VOC;  (9.26)
And for NOy emission:
kg NO (site-dependent) = SFsmog % kg NOx (9.27)

Where SFsmog is a site factor for an emission of VOC or NOy from a U.S. site. Table
C.5(c) in Appendix C presents the site factors for the state and regional levels. The
average site factor for the U.S. is 1.0 and should be used where the actual site cannot be

identified precisely.

9.6 Summary
The carrying capacities for VOC and NOy emissions are estimated, as
summarized in Table 9.10, for the U.S. following the threshold-oriented method
developed in this research. The carrying capacity is calculated from the average critical
VOC and NO, emission rates of ten U.S. metro cities. The evaluation of carrying

capacity for photochemical ozone formation impact employs the OZIPR model to
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simulate the critical VOC and NO emission rates, i.e., the emissions that cause the
atmospheric ozone concentration that just reaches the threshold level. The NAAQS for
ozone (old 1-hr 0.12 ppm and new 8-hr 0.08 ppm) is selected as the threshold level for
photochemical ozone formation. The carrying capacities for NOx emissions are much
higher than the U.S. normalization value (3.38x10’ kg NO,/year) derived from 1999
emission data for used with TRACI (Bare et al. 2006). This means that the current U.S.

emissions do not exceed the environmental carrying capacity.

Table 9.10 Carrying Capacities for Photochemical Ozone formation Impact

Carrying capacity estimate
Primary pollutant Old ozone standard as the threshold | New ozone standard as the threshold
(1-hr 0.12 ppm) (8-hr 0.08 ppm)
VOC emission (kg C,H4-eq/yr) 1.54E+12 1.24E+12
NO, emission (kg NO,/yr) 1.20E+12 1.08E+12

The carrying capacity estimated in this research is conservatively biased because
it is assumed that NOy and VOC concentrations are in excess of the level required to
cause a critical (maximum) ozone concentration for both VOC-sensitive and NOj-
sensitive regimes, respectively. Practically, in some areas with high emission of VOC,
NOy may not be available at a level high enough to undergo a photochemical reaction
with all of the VOC and vice versa. If a precursor is only available in small amounts, this
will level up the critical emission of the other precursor so that the maximum ozone
formation is reached (causing a higher carrying capacity, which will result in a less
conservative estimate). Furthermore, critical emission of a precursor cannot be reached
in the case of a very low concentration of the other precursor; therefore it is assumed that
there is always the other precursor in excess for the greatest ozone formation. Another

assumption that causes the carrying capacity to be conservatively biased is that the ozone



186

formation is carried over to night-time in the same manner as in daytime. Without this
assumption, the carrying capacity cannot be reached because the ozone formation will not
occur in the absence of sunlight, which will imply unlimited VOC or NOy emission at
night-time for the photochemical formation impact.

The conversion of a VOC to ethylene equivalent can be carried out using either
MIR or POCP values. However, the MIR is recommended by this research because: it
was developed using U.S. atmospheric conditions, its scenarios represent NOy conditions
where organic emissions have the greatest effect on ozone formation, and its values are
available for approximately 700 VOCs. The conversion factor of a “typical VOC” to
C,Hy-equivalent is estimated to be 0.481 kg VOC/kg C,Hs using MIR values. This
conversion factor is higher than that used in EI95.

The proposed carrying capacity estimate using OZIPR should be used in the U.S.
only since the meteorological and emission conditions vary spatially. To estimate the
carrying capacity for other parts of the world, corresponding data may be needed as the
OZIPR input. Otherwise, other appropriate photochemical models may be used. A more
sophisticated model will certainly improve the accuracy of the carrying capacity estimate.

The carrying capacity estimate can be revised and modified when the input
parameters for photochemical modeling are refined as well as the change in reference
threshold ozone concentration when the new regulatory level is promulgated or a new
threshold level is selected. The carrying capacity estimate may also be refined should the
input data for the OZIPR be prepared for other cities. However, the revision of the
carrying capacity following the method presented here may be difficult and time
consuming because there are a number of documents and information that would need to

be reviewed. In this case, a less difficult and simpler approach may be used.



CHAPTER 10

HUMAN TOXICITY IMPACT

10.1 Overview

After being released to the environment, some chemicals have the potential to migrate
from medium to medium. A danger to human health is presented when contaminated
media are consumed, inhaled, or brought into dermal contact. In conventional LCA,
human health impacts of products are addressed by aggregating the toxic chemical
releases. The aggregation of the toxic chemical releases can be made by using a method
to characterize toxic chemicals in terms of relative health hazards toxicity. The
aggregation can be made after toxic equivalency potentials (or toxicity scoring system)
are applied to individual chemicals. The better product or alternative in terms of this
impact is the one that releases the least amount of aggregated toxics.

Examples of the characterization methods to determine toxic equivalency
potentials of chemicals are the human toxicity potential (Guinee and Heijungs 1993), the
toxicity-based scoring (Horvath et al. 1995), the health hazards scoring (Srinivasan et al.
1995 as cited in Hertwich et al. 1997), the sustainable process index (Narodoslawsky and
Krotscheck 1995), and the concentration/toxicity equivalency (Jia et al. 1996). The
human toxicity potential (HTP) is considered the most sophisticated approach and is
widely used in LCA practice (Hertwich et al. 1998; Ecobalance 2000). The HTP takes
into account the fate, transfer, intake/exposure, and effect in the determination using
multimedia fate modeling. There are a few sets of HTP values that have been proposed
recently. Hertwich et al. (2001) presented a set of 330 HTP values for air and surface-

water emissions of chemicals based on U.S. settings for environmental modeling.
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Huijbregts et al. (2001b; 2001c; 2001d) calculated HTP values for 181 chemicals based
on European and global settings. A new set of HTP values for several thousand
chemicals is being proposed using Western Europe settings (Jolliet et al. 2003).

In EI95 (Goedkoop 1998), chemicals that pose impact to human health are
classified into four impact categories: heavy metals, carcinogens, winter smog, and
pesticides. An aggregation or trade-off can be made for chemicals within the same
impact categories. For heavy metals, lead was used as the surrogate for heavy metals in
air impact. Atmospheric lead concentration in Europe was considered to be less than the
adverse effect level for the exposure to human. However, it was assumed that a reduction
factor of five for lead (as well as other heavy metals) would be required to pose no effect
on human health. The reduction factor of five was also used to determine an emission
target level of cadmium, the reference substance for heavy metals, in water.

For carcinogens, the EI95 method assumed that the loss due to cancer would be
one case per year per million inhabitants if the concentrations of polyaromatic
hydrocarbons (PAHs) in Europe were ten times lower that the existing levels.
A reduction factor of ten was therefore selected. For winter smog, it was assumed that a
reduction in SO, emission of more than 80% was necessary to eliminate the smog
periods. As a result, a reduction factor of five was selected. For pesticides, it was
assumed that a reduction factor of 25 for pesticides was necessary to reduce the 65%
contamination of groundwater across Europe to 10%. By using these reduction factors,
the European target values of 5.4x10® Pb-eq kg/yr, 5.4x10° PAH-eq kg/yr, 9.4x10° SO,-
eq kg/yr, and 1.92x107 kg/yr for heavy metals, carcinogens, winter smog, and pesticides,

respectively, were used in EI95.
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Human toxicity is considered as a non-homogeneous impact category (Assies
1998), wherein the adverse impact to human health is caused by several different toxic
substances and these substances are not interchangeable in terms of human exposure.
This is because different toxic chemicals affect different organs and systems and it is not
possible to calculate any synergistic effect on human health caused by all chemicals.
In contrast with the other methods for conventional LCA, the carrying capacity for
human toxicity impact for the STM must be estimated individually for specific chemicals
and aggregation or trade-off in terms of toxicity potential among toxic chemicals is not
allowed. In other words, the carrying capacity for human toxicity impact consists of
multiple carrying capacity estimates for impact subcategories, representing the individual
toxic chemicals. Similarly, eco-toxicity is also considered as a non-homogeneous impact
category because toxic chemicals affect different sub-ecosystems.

This chapter presents an approach for carrying capacity estimation for human
toxicity impact. This approach uses CalTOX, a multimedia fate and transport model, to
calculate the long-term partitioning factors of toxic chemicals in air, surface water, and
surface soil. The carrying capacity estimate for toxic chemicals by using the CalTOX
results coupled with the threshold levels is elaborated. Lastly, an empirical approach for

estimating the partitioning factors for carrying capacity estimate is also provided.

10.2 Approach
The carrying capacity for toxic chemicals can be estimated using the threshold-oriented
technique discussed in Section 4.2, Chapter 4. The development of the methodology to

estimate the carrying capacity in this chapter is an original contribution of this research.
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A general step for evaluating the carrying capacity for human toxicity impact

using the threshold-oriented technique is as follows:

1.

Selection of suitable threshold levels for toxic chemicals.

2. Selection of an appropriate environmental model.

3.

Simulation of emission-concentration relationship (source-receptor relationship)
using the environmental model. The emission represents release of toxic chemicals
through air and surface water. The concentration is that of the toxic chemicals in air,
surface water, and surface soil. Environmental concentrations of toxic chemicals are
determined by physical-chemical and receiving media properties that govern
persistence and pollutant fate.

Determination of the partitioning factors. A partitioning factor is the factor that
expresses the concentration of a toxic chemical in an environmental medium due to a
unit of continuous air or surface-water emission of that toxic chemical. A partitioning
factor can be determined based on the assumption that the concentration in the
receiving environmental medium is a linear function of the quantity released to the
environment.

Determination of the national scale carrying capacity for toxic chemicals from the
partitioning factors and the threshold levels.

The algorithm for the carrying capacity estimation for human toxicity impact

using environmental transport modeling following the threshold-oriented technique is

presented in Figure 10.1.
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-
Model

Environmental Modeling

Partitioning factors in
air, surface water,
surface soil

Carrying Capacity =
Threshold level (Threshold level x U.S. Area)
Partitioning factor

Figure 10.1 Algorithm for carrying capacity estimate using
threshold-oriented technique for human toxicity impact.

10.3 Threshold Levels for Carrying Capacity Estimate
Several regulatory levels and associated databases are used as surrogates for the target
threshold levels. The IRIS (EPA 2001) database was used extensively in this research.
The IRIS provides inhalation reference concentrations (RfCs) and oral reference doses
(RfDs) for chronic non-carcinogenic health effects and oral slope factors (Cancer Potency
Factor, CPF) for carcinogenic health effects. The chronic RfCs and RfDs are generally
used as the target threshold levels. Where available, the carcinogen risk level of 10 is
used to determine the target threshold level!. This risk level is comparable to the criteria
used by EPA that lead to an acceptable risk range of 10 to 10 (EPA 1989b). The IRIS
database is updated on a monthly basis. Both RfC and RfD are equivalent to Acceptable
Daily Intake (ADI), which is proposed by WHO and used by other environmental

agencies.

1 Follows the risk-based preliminary remediation goals for Superfund (EPA 1991)
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The other toxicity database that provides the target threshold levels is the chronic
Minimum Risk Levels (MRLs) used by the ATSDR! (ATSDR 2002). For regulations
and standards, the Drinking Water Standards and Health Advisories (EPA 2002b) and the
National Ambient Air Quality Standards (NAAQS) (EPA 1990) are the major sources of
reference. The Drinking Water Standards and Health Advisories provide the enforceable
standard maximum contaminant levels (MCLs) for some common water pollutants and
priority toxic pollutants that can be used as the target threshold levels. The target
threshold levels for six criteria air pollutants are adopted from NAAQS.

It should be mentioned that using the regulatory levels and associated databases as
the threshold level will give the results a conservative bias. This is because the
regulatory levels and associated databases are defined as acceptable doses for safety and
they take into consideration a variety of uncertainties. The ADIs, RfDs, RfCs, MRLs,
MCLs, and CPFs, are non-toxicological parameters because they are adopted from
experimental toxicological information, such as the no-observed-adverse effect level
(NOAEL) and the lowest-observed-adverse effect level (LOAEL), by applying
extrapolating factors (10X factors). When lumped together, the extrapolating factors can
be as high as four orders of magnitude. As a result, the regulatory levels and associated
databases are potentially much lower than the actual toxicological threshold. However,
the regulatory levels and associated databases are still being utilized at this stage because
they are widely perceived as levels that will not be harmful to human health.
Furthermore, the regulatory levels and toxicological benchmarks are more accessible than

the NOAEL and LOAEL.

1 Agency for Toxic Substances and Disease Registry
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Typically, reference concentrations for air are expressed in terms of air
concentration (mg/m3 or ppm) and no further conversion is needed for adopting them as
the target threshold levels. However, further calculations that take into account the
exposure factors may be needed in order to adopt the ingestion reference dose (RfD) in
terms of mg/kg/d as the target threshold levels for surface water and surface soil. In such
cases, the equations to convert the reference dose to water and soil concentrations are
adopted from EPA (1991):

Ingestion of surface water: carcinogens

Cy (mg/l) = Risk x BW x AT x 365 days/yr (10.1)
SF, xIR,, x EF x ED

Ingestion of surface water: non-carcinogens

C, (mg/l) = HQ xRfD, x BW x AT x 365 days/yr (10.2)
IR, x EF xED

Where C,, = chemical concentration in water (mg/l), Risk = 10, BW = average adult
body weight (70 kg), AT = averaging time (70 years for carcinogens and 30 years for
non-carcinogens), SF, = chemical-specific oral cancer slope factor (mg/kg-day)”, IR, =
daily water consumption rate (2 liter/day), EF = exposure frequency (350 days/yr), ED =
exposure duration (30 yr), HQ = hazard quotient (1.0), and RfD, = chemical-specific oral
chronic reference dose (mg/kg-day).

Ingestion of surface soil: carcinogens

Cs (mg/kg) = Risk x AT x 365 days/yr (10.3)
SF, x 107 kg/mg x EF x IFsoiag

Ingestion of surface soil: non-carcinogens

Cs(mglkg) = HQ xRfD, x AT x 365 days/yr (10.4)
10 kg/mg x EF x IF soiy/ag)
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Where C; = chemical concentration in soil (mg/kg), Risk = 10, AT = averaging time (70
years for carcinogens and 30 years for non-carcinogens), SF, = chemical-specific oral
cancer slope factor (mg/kg-day)'l, EF = exposure frequency (350 days/yr), IFsiagj = age-
adjusted soil ingestion factor (114 mg-yr/kg-day), HQ = hazard quotient (1.0), and RfD,
= chemical-specific oral chronic reference dose (mg/kg-day). Table 10.1 presents the

target threshold levels for 78 organic chemicals, 10 metals, and particulate matter.

Table 10.1 Summary of the Threshold Levels for 89 Toxic Chemicals

Reference value Threshold level
Substance CAS Inhalation Ingestion Air Surface Surfgce
water soil
Value Unit | Note | Value Unit |Note [ mg/m® | mg/l | mgkg

Acenaphthene 83-32-9 | 6.0E-02 | mg/kg/d | RfD | 6.0E-02 | mg/kg/d | RfD | 2.9E-01 | 5.1E+00 | 3.8E+04
Acetone 67-64-1 | 1.0E-01 | mg/kg/d | RfD | 1.0E-01 | mg/kg/d | RfD [ 4.9E-01 | 8.5E+00 | 6.4E+04
Aldrin 309-00-2 | 3.0E-05 | mg/kg/d | RfD | 3.0E-05 | mg/kg/d | RfD | 1.5E-04 | 2.6E-03 | 1.9E+01
Anthracene 120-12-7 | 3.0E-01 | mg/kg/d | RfD | 3.0E-01 | mg/kg/d | RfD | 1.5E+00 | 2.6E+01 | 1.9E+05
Benzene 71-43-2 | 1.0E-01 | kg-d/mg | CPF | 1.0E-01 | kg-d/mg | CPF | 49E+01 | 8.5E-04 | 6.4E+00
Benzo(a)anthracene 56-55-3 | 3.9E-01 | kg-d/mg { CPF | 1.2E+00 | kg-d/mg | CPF | 1.2E+01 | 7.1E-05 | 5.3E-01
Benzo(a)pyrene 50-32-8 | 3.9E-01 | kg-d/mg | CPF | 1.2E+00 | kg-d/mg | CPF | 1.2E+01 | 7.1E-05 | 5.3E-01
Benzo(b)fluoranthene 205-99-2 | 3.9E-01 | kg-d/mg | CPF | 1.2E+00 | kg-d/mg | CPF | 1.2E+01 | 7.1E-05 | 5.3E-01
Bis(2-chloroethyl)ether 111-44-4 | 1.2E-01 | mg/m3 |MRL 1.2E-01
Bis(2-ethylhexyl)phthalate | 117-81-7 | 8.4E-03 | kg-d/mg | CPF | 8.4E-03 | kg-d/mg | CPF | 5.8E+02 | 1.0E-02 | 7.6E+01
Bromodichloromethane 75-27-4 | 2.0E-02 | mg/kg/d | RfD | 2.0E-02 | mg/kg/d | RfD | 9.7E-02 | 1.7E+00 | 1.3E+04
Bromoform 75-25-2 | 2.0E-02 | mg/kg/d | RfD | 2.0E-02 | mg/kg/d | RfD | 9.7E-02 | 1.7E+00 | 1.3E+04
Butanol 71-36-3 | 1.0E-01 | mg/kg/d | RfD | 1.0E-01 | mg/kg/d | RfD | 4.9E-01 { 8.5E+00 | 6.4E+04
Butyl benzyl phthalate 85-68-7 | 2.0E-01 | mg/kg/d | RfD | 2.0E-01 | mg/kg/d | RfD | 9.7E-01 | 1.7E+01 | 1.3E+05
Carbon disulfide 75-15-0 | 7.0E-01 | mg/m3 | RfC | 1.0E-01 | mg/kg/d | RfD | 7.0E-01 | 8.5E+00 | 6.4E+04
Carbon tetrachloride 56-23-5 | 7.0E-04 | mg/kg/d | RfD | 7.0E-04 | mg/kg/d | RfD | 3.4E-03 | 6.0E-02 | 4.5E+02
Chlordane 57-74-9 | 7.0E-04 | mg/m3 | RfC | 5.0E-04 | mg/kg/d | RfD | 7.0E-04 | 43E-02 | 3.2E+02
Chlorobenzene 108-90-7 | 6.0E-03 | mg/kg/d | RfD | 2.0E-02 | mg/kg/d | RID | 2.9E-02 | 1.7E+00 | 1.3E+04
Chlorodibromomethane 124-48-1| 2.0E-02 | mg/kg/d | RfD | 2.0E-02 | mg/kg/d | RID | 9.7E-02 | 1.7E+00 | 1.3E+04
Chloroform 67-66-3 | 1.9E-02 | kg-d/mg | CPF | 3.1E-02 | kg-d/mg | CPF | 2.6E+02 | 2.7E-03 | 2.1E+01
Chrysene 218-01-9 | 3.9E-02 | kg-d/mg | CPF | 1.2E-01 | kg-d/mg | CPF | 1.2E+02 | 7.1E-04 | 5.3E+00
DDD 72-54-8 | 2.4E-01 | kg-d/mg | CPF | 24E-01 | kg-d/mg | CPF | 2.0E+01 | 3.5E-04 | 2.7E+00
DDE 72-55-9 | 3.4E-01 | kg-d/mg | CPF | 3.4E-01 | kg-d/mg | CPF | 1.4E+01 | 2.5E-04 | 1.9E+00
DDT 50-29-3 | 3.4E-01 | kg-d/mg | CPF | 3.4E-01 | kg-d/mg | CPF | 1.4E+01 | 2.5E-04 | 1.9E+00
Di-n-butyl phthalate 84-74-2 | 1.0E-04 | mg/kg/d | RfD | 1.0E-04 | mg/kg/d | RfD | 4.9E-04 | 8.5E-03 | 6.4E+01
Di-n-octyl phthalate 117-84-0 | 2.0E-02 | mg/kg/d | RfD | 2.0E-02 | mg/kg/d | RfD | 9.7E-02 | 1.7E+00 | 1.3E+04
Dibenz(a,h)anthracene 53-70-3 | 6.0E-02 | mg/kg/d | RfD | 9.0E-02 | mg/kg/d | RfD | 2.9E-01 | 7 TE+00 | 5.8E+04
1,2-Dichlorobenzene (o) 95-50-1 | 6.0E-02 | mg/kg/d | RID | 9.0E-02 | mg/kg/d | RfD | 2.9E-01 | 7.7E+00 | 5.8E+04
1,4-Dichlorobenzene (p) 106-46-7 | 4.0E-02 | kg-d/mg | CPF | 4.0E-02 | kg-d/mg | CPF | 1.2E+02 | 2.1E-03 | 1.6E+01
3,3-Dichlorobenzidine 91-94-1 | 1.2E+00 | kg-d/mg | CPF | 1.2E+00 | kg-d/mg | CPF | 4.1E+00 | 7.1E-05 | £.3E-01
1,1-Dichloroethane 75-34-3 | 5.7E-03 | kg-d/mg | CPF | 5.7E-03 | kg-d/mg | CPF | 8.5E+02 | 1.5E-02 | 1.1E+02
1,2-Dichloroethane 107-06-2 | 7.0E-02 | kg-d/mg | CPF | 7.0E-02 | kg-d/mg | CPF | 7.0E+01 | 1.2E-03 | 9.1E+00
1,1-Dichloroethylene 75-35-4 | 9.0E-03 | mg/kg/d | RfD | 9.0E-03 | mg/kg/d | RfD | 4.4E-02 | 7.7E-01 | 5.8E+03
cis-1,2-Dichloroethylene 540-59-0 3.0E-01 | mg/kg/d | MRL 2.6E+01 | 1.9E+05
trans-1,2-Dichloroethylene | 156-60-5 | 2.0E-02 | mg/kg/d | RfD | 2.0E-02 | mg/kg/d | RfD | 9.7E-02 | 1.7E+00 | 1 3E+04
1,2-Dichloropropane 78-87-5 | 6.3E-02 | kg-d/mg | CPF | 6.3E-02 | kg-d/mg | CPF | 7.7E+01 | 1.4E-03 | 1.0E+01
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Reference value

Threshold level

Substance CAS Inhalation Ingestion Air | Surface | Surface
water soil
Value Unit | Note [ Value Unit |Note | mg/m® | mg/l | mgkg
1,3-Dichloropropene 542-75-6 | 2.0E-02 | mg/m3 | RfC | 3.0E-02 | mg/kg/d | RfD | 2.0E-02 | 2.6E+00 | 1.9E+04
Dieldrin 60-57-1 | 5.0E-05 | mg/kg/d | RID | 5.0E-05 | mg/kg/d | RfD | 2.4E-04 | 43E-03 | 3.2E+01
Diethyl phthalate 84-66-2 | 8.0E-01 | mg/kg/d | RfD | 8.0E-01 | mg/kg/d | RfD | 3.9E+00 | 6.8E+01 | S.1E+05
Dimethyl phthalate 131-11-3 | 1.0E+00 | mg/kg/d | RfD | 1.0E+00 | mg/kg/d | RfD | 4.9E+00 | 8.5E+01 | 6.4E+05
2,4-Dinitrotoluene 121-14-2 | 2.0E-03 | mg/kg/d | RfD | 2.0E-03 | mg/kg/d | RfD | 9.7E-03 | 1.7E-01 | 1.3E+03
2,6-Dinitrotoluene 606-20-2 | 1.0E-03 | mg/kg/d | RfD | 1.0E-03 | mg/kg/d | RfD | 4.9E-03 | 8.5E-02 | 6.4E+02
Endosulfan 115-29-7 | 6.0E-03 | mg/kg/d | RfD | 6.0E-03 | mg/kg/d | RfD | 2.9E-02 | 5.1E-01 | 3.8E+03
Endrin 72-20-8 | 3.0E-04 | mg/kg/d | RfD | 3.0E-04 | mg/kg/d | RfD | 1.5E-03 [ 2.6E-02 | 1.9E+02
Ethylbenzene 100-41-4 | 1.0E+00 | mg/m3 | RfC | 1.0E-01 | mg/kg/d | RfD | 1.0E+00 | 8.5E+00 | 6.4E+04
Fluoranthene 206-44-0 | 4.0E-02 | mg/kg/d | RfD | 4.0E-02 | mg/kg/d | RfD | 1.9E-01 | 3.4E+00 | 2.6E+04
Fluorene 86-73-7 | 4.0E-02 | mg/kg/d | RID | 4.0E-02 | mg/kg/d | RfD | 1.9E-01 [ 3.4E+00 | 2.6E+04
alpha-HCH (alpha-BHC) 319-84-6 | 6.3E+00 | kg-d/mg | CPF | 6.3E+00 | kg-d/mg | CPF | 7.7E-01 | 1.4E-05 | 1.0E-01
beta-HCH (beta-BHC) 319-85-7{ 1.9E+00 | kg-d/mg | CPF | 1.9E+00 | kg-d/mg | CPF | 2.6E+00 | 4.5SE-05 | 3.4E-01
gamma-HCH (lindane) 58-89-9 | 3.0E-04 | mg/kg/d | RID | 3.0E-04 | mg/kg/d | RfD [ 1.5E-03 | 2.6E-02 | 1.9E+02
Heptachlor 76-44-8 | 5.0E-04 | mg/kg/d | RfD | 5.0E-04 | mg/kg/d | RfD | 2.4E-03 | 4.3E-02 | 3.2E+02
Heptachlor epoxide 1024-57-3| 1.3E-05 | mg/kg/d | RfD | 1.3E-05 | mg/kg/d | RfD | 6.3E-05 | 1.1E-03 | 8.3E+00
Hexachloro-1,3-butadiene 87-68-3 | 7.7E-02 | kg-d/mg | CPF | 7.7E-02 | kg-d/mg | CPF | 6.3E+01 [ 1.1E-03 | 8.3E+00
Hexachlorobenzene 118-74-1 | 8.0E-04 | mg/kg/d | RID | 8.0E-04 | mg/kg/d | RfD | 3.9E-03 | 6.8E-02 | 5.1E+02
Hexachlorocyclopentadiene | 77-47-4 | 2.0E-04 | mg/m3 | RfC | 6.0E-03 | mg/kg/d | RfD | 2.0E-04 | 5.1E-01 | 3.8E+03
Hexachloroethane 67-72-1 | 1.0E-03 | mg/kg/d | RfD | 1.0E-03 | mg/kg/d | RfD | 4.9E-03 | 8.5E-02 | 6.4E+02
Indeno(1,2,3-c,d)pyrene 193-39-5 | 3.9E-01 | kg-d/mg | CPF | 1.2E+00 | kg-d/mg | CPF | 1.2E+01 | 7.1E-05 | 5.3E-01
Isophorone 78-59-1 | 2.0E-01 | mg/kg/d | RfD | 2.0E-01 | mg/kg/d | RfD | 9.7E-01 | 1.7E+01 | 1.3E+05
Methoxychlor 72-43-5 | 5.0E-03 | mg/kg/d | RfD | 5.0E-03 | mg/kg/d | RfD | 2.4E-02 | 43E-01 | 3.2E+03
Methyl bromide 74-83-9 | 5.0E-03 | mg/m3 | RfC | 1.0E-03 | mg/kg/d | RfD | 5.0E-03 | 8.5E-02 | 6.4E+02
Methyl chloride 74-87-3 | 9.0E-02 | mg/kg/d | RfD { 9.0E-02 | mg/kg/d | RfD | 4.4E-01 | 7.7E+00 | 5.8E+04
Methylene chloride 75-09-2 | 3.0E-01 ppm |MRL| 6.0E-02 | mg/kg/d | MRL | 3.0E-01 | 5.1E+00 | 3.8E+04
Naphthalene 91-20-3 | 3.0E-03 | mg/m3 | RfC { 2.0E-02 | mg/kg/d | RfD [ 3.0E-03 | 1.7E+00 | 1.3E+04
Nitrobenzene 98-95-3 | 6.0E-04 | mg/kg/d | RfD | 5.0E-04 | mg/kg/d | RfD | 2.9E-03 | 4.3E-02 | 3.2E+02
PCB 608-93-5| 2.0E-04 | mg/kg/d | RfD | 8.0E-04 | mg/kg/d | RfD | 9.7E-04 | 6.8E-02 | 5.1E+02
Pyrene 129-00-0 | 3.0E-02 | mg/kg/d | RfD | 3.0E-02 | mg/kg/d | RfD | 1.5E-01 | 2.6E+00 | 1.9E+04
Styrene 100-42-5 | 1.0E+00 | mg/m3 | RfC | 2.0E-01 | mg/kg/d | RfD | 1.0E+00 | 1.7E+01 | 1.3E+05
2,3,7,8-TCDD 1746-01-6 1.0E-09 | mg/kg/d | MRL| 1.0E-09 | mg/kg/d | MRL | 4.9E-09 | 8.5E-08 | 6.4E-04
1,1,2,2-Tetrachloroethane 79-34-5 | 2.7E-01 | kg-d/mg | CPF | 2.7E-01 | kg-d/mg | CPF | 1.8E+01 | 3.2E-04 | 2.4E+00
Tetrachloroethylene 127-18-4 | 1.0E-02 | mg/kg/d | RfD | 1.0E-02 | mg/kg/d | RfD | 4.9E-02 | 8.5E-01 | 6.4E+03
Toluene 108-88-3 | 4.0E-01 | mg/m3 | RfC | 2.0E-01 | mg/kg/d | RID | 4.0E-01 | 1.7E+01 | 1.3E+)5
Toxaphene 8001-35-2| 1.2E+00 | kg-d/mg | CPF | 1.2E+00 | kg-d/mg { CPF | 4.1E+00 | 7.1E-05 | 5.3E-01
1,2,4-Trichlorobenzene 120-82-1| 2.0E-01 | mg/kg/d | RfD | 2.0E-01 | mg/kg/d | RID | 9.7E-01 | 1.7E+01 | 1.3E+05
1,1,1-Trichloroethane 71-55-6 | 3.0E+00 | mg/kg/d | RfD | 4.0E-02 | mg/kg/d | MRL | 1.5E+01 | 3.4E+00 | 2.6E+04
1,1,2-Trichloroethane 79-00-5 | 4.0E-03 | mg/kg/d | RID | 4.0E-03 | mg/keg/d | RfD | 1.9E-02 | 3.4E-01 | 2.6E+03
Trichloroethylene 79-014 | 1.0E-01 ppm |MRL| 2.0E-0! | mg/keg/d | RfD | 1.0E-0t | 1.7E+01 | 1.3E+05
Viny! chloride 75-014 | 1.0E-01 | mg/m3 | RfC | 3.0E-03 | mg/kg/d | RfD | 1.0E-01 | 2.6E-01 | 1.9E+03
Xylenes (total) 1330-20-7| 2.0E+00 | mg/kg/d | RfD | 2.0E+00 | mg/kg/d | RfD | 9.7E+00 | 1.7E+02 | 1.3E+06
Antimony 7440-36-0 6.0E-03 mg/l |MCL 6.0E-03
Arsenic 7440-38-2 5.0E-02 mg/t | MCL 5.0E-02
Barium 7440-39-3 2.0E+00 | mg/l |MCL 2.0E+00
Cadmium 7440-4-39 5.0E-03 mg/l | MCL 5.0E-03
Chromium (Hexavalent) 18540-24-9 1.0E-01 mg/l  |MCL 1.0E-01
Copper 7440-50-8 1.3E+00 | mg/ll |MCL 1.3E+00
Lead 7439-92-1| 1.5E-03 | mg/m3 |NAAQS| 1.5E-02 mg/l |MCL| 1.5E-03 | 1.5E-02
Manganese 7439-96-5| 5.0E-05 | mg/m3 | RRC | 1.4E-01 | mg/kg/d | RID | 5.0E-05 | 1.2E+01 | 9. 0E+04
Nickel 7440-02-0| 9.0E-05 | mg/m3 |MRL| 2.0E-02 | mg/kg/d | RfD | 9.0E-05 | 1.7E+00 | 1.3E+04
Zinc 7440-66-6 3.0E-01 | mgkg/d | RID ' 2.6E+01 | 1.9E+05
Particulate matter 5.0E-02 [ mg/m3 [NAAQS 5.0E-02
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10.4 Environmental Transport Modeling

10.4.1 Environmental Transport Model

As previously discussed in Chapter 9, an important step in the threshold-oriented
technique is the selection of an appropriate environmental fate and transport model. The
general criteria for selecting an appropriate model for carrying capacity estimates have
also been discussed. The approach for carrying capacity estimate developed in this
chapter requires environmental model(s) that can simulate the migrations and
concentrations of pollutants between target media (air, surface water, and surface soil).

Basically, well-developed single medium models (e.g., an atmospheric model),
which are accurate and allow great spatial resolution, may be used. However, a long-
term multimedia model that can simultaneously partition the chemical among multiple
media is advantageous (Coulibaly 2000; Bennett et al. 2001). Multimedia environmental
models, specifically the fugacity or Mackay-type approach (Mackay 1991; Mackay et al.
1992), have become increasingly popular in the assessment of the environmental fate of
toxic chemicals (e.g., risk assessment) over the last several years (Hertwich 2001). The
fugacity approach is a simplified yet generic method for quantifying the fate of ecological
effects of pollutant releases by assuming a hypothetical box containing air, soil, water,
sediment, and biota compartments.

The fugacity approach, or the unit world approach, is a hypothetical box
containing air, soil, water, sediment, and biota compartments. The unit world is
represented as a set of dynamic equations that describe the partitioning and
transformation of a chemical introduced into the box. A relatively small number of

chemical-specific parameters are sufficient to predict the partitioning of the chemical
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between the compartments of the box. If the rate of transformation due to photolysis,
oxidation, biodegradation, or other processes can be estimated, then the approach can be
used to predict steady-state concentrations. The unit world approach predicts the
partitioning of the chemical based on mass balance, diffusion, and residence time.

Currently, integrated multimedia models using the unit world approach are used
to set clean-up standards, to assess the relative importance of chemical emissions, to
evaluate the partitioning, persistence, and long-range transport of organic pollutants, and
to set priorities on pollution prevention (Hertweich 2001). From the LCA perspective,
integrated multimedia models have been used to calculate the relative importance of
chemical emissions, i.e., the human toxicity potential (HTP) among chemicals (Hertwich
et al. 2001; Huijbregts et al. 2000a; 2000b; 2001b; Jolliet et al. 2003). However, the use
of the multimedia model in this chapter is to assess the steady-state partitioning of toxic
chemicals in three types of environmental media: air, surface water, and surface soil.

There are a number of multimedia models used to describe the relationship
between an emission of a pollutant and its concentrations in environmental media
including air, surface water, groundwater, sediment, and biota. For example, the models
that are developed using U.S. conditions are the Multimedia Environmental Pollutant
Assessment System (MEPAS-Streile et al. 1996) and the CalTOX (McKone 1993). The
Canadian Environmental Modeling Centre has developed a series of multimedia and
other supporting models (CEMC 2003).

The European Union System for the Evaluation of Substances (EUSES) was used
to compare the relative toxicity of chemicals in Europe (Vermeire et al. 1994; RIVM
1996). A recently revised model, USES-LCA, was used to determine a set of HTP for

LCA purposes (Huijbregts et al. 2000a; 2000b; 2001b). The Simple Box Model
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determines toxic chemical concentrations in only air, surface soil, surface water, and
sediment (Van de Meent 1993; Brandes et al. 1996).

Factors that should be considered in selecting an appropriate environmental model
are: the model should rely on simple but applicable models yet should be easily
comprehensible to users, the level of detail and accuracy needed for the analysis, the
technical validity of the simulation modeling, the resources available, the detail and
accuracy of the data used in the modeling. The model should be a generic one that can be
applied on a larger scale and appropriate data should be available before a model is
chosen. Based on these factors, the CalTOX is selected as the multimedia model for this
research because it is simple and transparent. It is also simple to perform in terms of data
editing and data acquisition, some input data are already available and little adjustment is
required. Moreover, it can be used to simulate the partitioning of particles in multiple

media, and it can be used for long-term simulation, which suits the LCA context.

10.4.2 Description of Model and Database Used in Carrying Capacity Estimate
CalTOX is an integrated multimedia environmental model that is based on the fugacity or
Mackay-type approach that was originally developed for health risk assessment purposes
by the Office of Scientific Affairs of the California Department of Toxic Substances
Control (McKone 1993; California DEP 1994). This model employs the unit box
fugacity approach and translates the results into contaminant concentrations in the
environmental media and evaluates the risks associated with exposure to these
concentrations.

CalTOX is a stand-alone spreadsheet model that contains three components: a

multimedia transport and transformation model, exposure scenario models, and efforts to
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quantify and reduce uncertainty in multimedia, multiple-pathway exposure models.
CalTOX has been modified from the conventional fugacity approach so that several
chemical classes can be addressed: organic chemicals, metals, inorganic chemicals, and
radionuclides. The inputs for CalTOX are physical and chemical properties of chemicals,
landscape properties, exposure factors, and diffusion and advection rate constants.
Equations in CalTOX are derived based on the law of conservation of mass and chemical
equilibrium. After partitioning the chemical to soil, air, water, sediment and biota
compartments, CalTOX then determines the chemical concentration in these
compartments and estimates exposure and risk (Maddelena et al. 1995). The limitations
of CalTOX are: it does not allow spatial tracking of a pollutant (no vertical or horizontal
dimensions to environmental compartments), the chemical classes are not addressed for
surfactants or volatile metals, there are limited environmental settings, and it applies to
steady state or long time run only. CalTOX 2.3 is the most recent version available
(McKone et al. 1997) and a new version will be released soon (LBNL 2006). Some
default inputs are readily available for landscape properties, exposure factors, and
diffusion and advection rate constants. The default chemical and physical properties are
available for 78 organic chemicals {California EPA 2003). The default landscape and
meteorological parameters used in this research are those of U.S. conditions. CalTOX
has been used for multimedia exposure modeling for the screening level human risk
assessment (California EPA 2003; Bennett et al. 1998; Chang et al., 2004; Glorennec et
al. 2005; Chen and Ma 2006). Some studies also used CalTOX to develop LCIA
methods, e.g., to determine the human toxicity potentials (Hertwich et al. 2000; Hertwich

et al. 2001; Bennett et al. 2002).
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10.5 Carrying Capacity Estimate

10.5.1 Emission-Concentration Relationship

The emission-concentration relationship (source-receptor) can be obtained from CalTOX
simulations by assuming a linear function between the quantity released to the
environment and the chemical concentrations in receiving media. =~ Ambient
concentrations of toxic chemicals are determined by physical-chemical and receiving
media properties that govern persistence and pollutant fate. The linear function of the
emission-concentration relationship implies that the concentration of toxic chemical in a
medium is directly proportional to the amount released. As illustrated in Figure 10.2, the
linear function of the emission-concentration relationship can be observed at a high

emission rate (which is also an emission range for carrying capacity estimate).

1E+10
------- Partition of air emissions in air (mg/m3)
Partition of air emissions in surface water (mg/l)
— — Partition of air emissions in soil (mg/kg)
— — — —Partition of water emissions in air (mg/m3)
Partition of water emissions in sur face water (mg/l)
Partition of water emissions in surface soil (mg/kg)
1.E+05
1.E+00 A
1LE-05 T T T T
1E+00 1E+02 1E+04 1EH06 1E+08 1E+10]
Emissions of Acenaphthene (kg/km2/day)

Figure 10.2 Emission-concentration relationship for acenaphthene
resulting from CalTOX simulation.
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The emission-concentration relationship is expressed in terms of a partitioning
factor, i.e., the concentration of a chemical in a medium resulting from a unit emission of
a chemical (kg/km?/yr). As an example, Table 10.2 presents the units of partitioning
factors for air, surface water, and surface soil resulting from soil and water emissions.
Because CalTOX is not based on steady-state simulation, ambient concentrations at one
year after the accumulation of chemical releases are used to determine the partitioning
factors. By using this one year time frame, the partitioning factors are less than those for
a longer period or at steady-state. As a consequence, the carrying capacity values may be

overestimated. Attention should be given to this issue in the future.

Table 10.2 Units for Partitioning Factors

Partitioning factor for Media Unit
Air (mg/m’)/(kg/km®/day)
Air emissions Surface water (mg/1)/(kg/km?/day)
Surface soil (mg/kg)/(kg/km’/day)
Air (mg/m’)/(kg/km*/day)
Water emissions Surface water (mg/1)/(kg/km*/day)
Surface soil (mg/kg)/(kg/km”/day)

And by using CalTOX, partitioning factors for 78 organic chemicals are
determined for air, surface water, and surface soil resulting from soil and water emissions
(Table 10.3). The partitioning of toxic chemicals resulting from soil release is less
relevant in environmental media. Therefore, the partitioning factor resulting from soil
releases is not determined. This limitation is considered not significant since life cycle

inventory seldom reports on soil release.
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Table 10.3 Partitioning Factors for Air and Water Emissions of 78 Organic Chemicals

Partition of air emissions (Partitioning factor)

Partition of water emissions (Partitioning factor)

Substance In air In surface water| In surface soil In air In surface water| In surface soil
(mg/m*) (mg/1) (mg/kg) (mg/m’) (mg/l) (mg/kg)
(kg/km’/d) (kg/km’/d) (kg/km®/d) (kg/km?/d) (kg/km*/d) (kg/km®/d)

Acenaphthene 4.8E-04 8.5E-06 3.9E-04 1.3E-04 2.7E-02 1.1E-04
Acetone 5.2E-04 5.2E-05 2.6E-05 7.8E-05 2.1E-02 3.8E-06
Aldrin 4.5E-04 7.7E-04 1.1E+00 3.7E-04 1.3E-01 9.2E-01
Anthracene 3.7E-04 42E-07 2.2E-09 6.0E-07 2.9E-04 3.4E-05
Benzene 5.2E-04 9.8E-07 5.7E-07 2.2E-04 3.8E-02 2.4E-07
Benzo(a)anthracene 3.6E-04 4.4E-06 7.4E+00 1.5E-07 5.1E-04 3.0E-03
Benzo(a)pyrene 2.5E-04 1.2E-04 6.7E+00 9.9E-08 1.4E-02 2.6E-03
Benzo(b)fluoranthene 4.0E-04 1.0E-03 2.0E+01 2.4E-05 7.6E-02 1.2E+00
Bis(2-chloroethyl)ether 5.2E-04 4.5E-04 2.0E-04 3.4E-04 1.5E-01 1.3E-04
Bis(2-ethylhexyl)phthalate 4.6E-04 2.3E-04 9.8E-02 3.9E-05 7.3E-02 8.2E-03
Bromodichloromethane 5.2E-04 5.2E-06 1.6E-06 3.7E-04 6.4E-02 1.1E-06
Bromoform 5.2E-04 2.7E-05 1.2E-05 4 9E-04 9.1E-02 1.1E-05
Butanol 5.2E-04 1.4E-04 2.0E-04 2.8E-05 2.3E-02 1.1E-05
Butyl benzyl phthalate 4.6E-04 8.4E-05 3.3E-02 3.6E-06 2.4E-02 2.6E-04
Carbon disulfide 5.2E-04 9.4E-07 2.8E-07 4.8E-04 8.1E-02 2.6E-07
Carbon tetrachloride 5.2E-04 4.4E-07 3.6E-07 4.7E-04 8.0E-02 3.2E-07
Chlordane 5.1E-04 3.3E-04 3.8E-01 4 4E-04 1.3E-01 3.3E-01
Chlorobenzene 5.2E-04 4.1E-06 3.3E-06 4.4E-04 7.5E-02 2.8E-06
Chlorodibromomethane 5.2E-04 1.1E-05 3.8E-06 4.3E-04 7.6E-02 3.1E-06
Chloroform 5.2E-04 2.6E-06 7.7E-07 4.4E-04 7.4E-02 6.4E-07
Chrysene 3.3E-04 3.1E-05 9.5E+00 1.7E-07 2.2E-03 4.7E-03
DDD 4.1E-04 1.5E-02 4.0E+01 6.6E-05 5.0E-01 6.5E+00
DDE 4.8E-04 2.2E-04 3.7E+00 4.0E-05 1.9E-02 3.0E-01
DDT 5.1E-04 5.3E-04 1.9E+00 3.3E-04 1.6E-01 1.2E+00
Di-n-butyl phthalate 4.8E-04 1.8E-03 2.8E-01 7.9E-06 4 4E-02 4.6E-03
Di-n-octyl phthalate 3.6E-04 2.6E-04 4.4E-01 1.1E-08 8.8E-02 1.3E-05
Dibenz(a,h)anthracene 3.0E-04 1.7E-03 2.4E+01 3.1E-08 8.5E-02 2.5E-03
1,2-Dichlorobenzene (o) 5.2E-04 5.4E-06 7.2E-06 4.3E-04 7.5E-02 5.9E-06
1.4-Dichlorobenzene (p) 5.2E-04 2.2E-06 8.1E-06 2.3E-04 3.9E-02 3.5E-06
3,3-Dichlorobenzidine 4.5E-05 5.1E-07 3.1E-01 3.6E-12 1.3E-05 2.5E-08
1,1-Dichloroethane 5.2E-04 2.0E-06 6.2E-07 43E-04 7.3E-02 5.0E-07
1,2-Dichloroethane 5.2E-04 1.0E-05 1.4E-06 4.8E-04 8.4E-02 1.3E-06
1,1-Dichloroethylene 5.1E-04 5.3E-07 1.2E-07 4.7E-04 8.1E-02 L.1E-07
cis-1,2-Dichloroethylene 5.2E-04 2.7E-06 5.1E-07 4.3E-04 7.4E-02 4.2E-07
trans-1,2-Dichloroethylene 5.2E-04 1.2E-06 3.7E-07 4 4E-04 7.4E-02 3.1E-07
1,2-Dichloropropane 5.2E-04 4.3E-06 9.7E-07 4.8E-04 8.3E-02 8.9E-07
1,3-Dichloropropene 5.2E-04 2.0E-06 8.3E-07 1.9E-04 3.2E-02 2.9E-07
Dieldrin 4.7E-04 2.0E-02 2.2E+00 2.4E-04 4.8E-01 1.2E+00
Diethyl phthalate 5.0E-04 4.6E-03 1.2E-02 1.1E-05 1.6E-01 2.8E-04
Dimethyl phthalate 5.2E-04 1.9E-04 2.0E-03 5.8E-06 2.4E-02 2.2E-05
2,4-Dinitrotoluene 4.6E-04 42E-04 3.0E-02 8.7E-08 4.4E-03 5.6E-06
2,6-Dinitrotoluene 3.9E-04 4.9E-04 5.7E-04 1.7E-08 2.4E-03 2.5E-06
Endosulfan 5.0E-04 7.3E-05 8.2E-03 3.5E-05 2.6E-02 5.7E-04
Endrin 4.8E-04 1 9E-02 1.3E+00 2.2E-04 6.9E-01 6.1E-01
Ethylbenzene 5.2E-04 4.8E-07 1.1E-06 1.6E-04 2.7E-02 3.4E-07
Fluoranthene 4.9E-04 7.8E-05 1.0E+00 1.0E-05 1.0E-02 2.1E-02
Fluorene 5.2E-04 9.4E-05 3.1E-03 3.4E-04 8.2E-02 2.0E-03
alpha-HCH (alpha-BHC) S.1E-04 1.3E-03 2.0E-02 1.3E-04 2.5E-01 5.2E-03
beta-HCH (beta-BHC) 3.9E-04 3.3E-02 1.0E+00 3.4E-06 3.2E-01 9.0E-03
gamma-HCH (lindane) 5.1E-04 3.0E-03 3.6E-02 1.4E-04 3.6E-01 9.9E-03
Heptachlor 4.8E-04 1.1E-05 5.6E-03 7.0E-05 1.6E-02 8.2E-04
Heptachlor epoxide 5.2E-04 1.6E-05 4.8E-03 44E-04 9.4E-02 4.1E-03
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Table 10.3 Partitioning Factors for Air and Water Emissions of 78 Organic Chemicals

(Continued)
Partition of air emissions (Partitioning factor) | Partition of water emissions (Partitioning factor)
Substance In air In surface water| In surface soil In air In surface water| In surface soil
(mg/m’) (mg/l) (mg/kg) (mg/m’) (mg/l) (mg/kg)
(kg/km?/d) (kg/km®/d) (kg/km’/d) (kg/km*/d) (kg/km*/d) (kg/km?/d)

Hexachloro-1,3-butadiene 5.2E-04 49E-07 43E-05 43E-04 7.8E-02 3.5E-05
Hexachlorobenzene 5.2E-04 1.4E-05 2.3E-03 4.8E-04 9.5E-02 2.1E-03
Hexachlorocyclopentadiene 4.8E-04 1.1E-07 7.7E-05 8.2E-05 1.8E-02 1.3E-05
Hexachloroethane 5.2E-04 1.3E-06 2.0E-05 43E-04 7.5E-02 1.7E-05
Indeno(1,2,3-c,d)pyrene 3.1E-04 5.4E-03 1.7E+01 7.2E-08 3.4E-01 3.9E-03
Isophorone 4.1E-04 3.6E-04 3.1E-04 6.2E-05 8.5E-02 4.7E-05
Methoxychlor 4.6E-04 4.5E-06 5.2E-01 3.6E-07 9.7E-04 4.1E-04
Methyl bromide 5.2E-04 1.1E-06 2.6E-07 2.8E-04 4.7E-02 1.4E-07
Methyl chloride 5.2E-04 8.5E-07 2.1E-07 2.8E-04 4.7E-02 1.1E-07
Methylene chloride 5.2E-04 2.5E-06 6.6E-07 2.8E-04 4.7E-02 3.5E-07
Naphthalene 5.1E-04 1.1E-05 8.0E-05 2.0E-04 3.7E-02 3.1E-05
Nitrobenzene 5.2E-04 4.6E-04 3.5E-04 3.5E-04 1.5E-01 2.3E-04
PCB 5.1E-04 3.2E-04 1.4E+00 2.3E-04 2.3E-01 6.2E-01
Pyrene 3.8E-04 1.4E-06 5.8E-01 3.2E-07 3.5E-04 4 9E-04
Styrene 4.7E-04 2.1E-06 9.0E-06 2.7E-04 5.1E-02 5.1E-06
2,3,7,8-TCDD 4.1E-04 4.8E-03 3.1E+01 3.5E-05 3.8E-01 2.7E+00
1,1,2 2-Tetrachloroethane 5.2E-04 2.9E-05 1.5E-05 2.9E-04 5.6E-02 8.3E-06
Tetrachloroethylene 5.2E-04 5.5E-07 6.0E-07 3.2E-04 5.4E-02 3.7E-07
Toluene 5.2E-04 9.2E-07 9.3E-07 2.4E-04 4.1E-02 4.3E-07
Toxaphene 5.2E-04 2.2E-05 3.4E-05 4 9E-04 8.3E-02 3.2E-05
1,2,4-Trichlorobenzene 5.2E-04 6.5E-06 3.6E-05 4.3E-04 7.5E-02 3.0E-05
1,1,1-Trichloroethane 5.2E-04 7.1E-07 3 6E-07 4.6E-04 7.8E-02 3.2E-07
1,1,2-Trichloroethane 5.2E-04 1.3E-05 4.0E-06 4.7E-04 8.2E-02 3.5E-06
Trichloroethylene 5.2E-04 1.3E-06 5.1E-07 44E-04 7.5E-02 43E-07
Vinyl chloride 5.2E-04 4.8E-07 1.5E-07 4 9E-04 8.3E-02 1.4E-07
Xylenes (total) 5.1E-04 1.0E-06 1.5E-06 2.7E-04 47E-02 8.1E-07
Metals 3.2E-05 1.5E-02 4.0E-03 43E-02 4.0E-15
Particulate Matters 3.2E-05 1.5E-02 4.0E-03 4.3E-02 4.0E-15

In general, CalTOX is not recommended for use to determine partitioning of

inorganic chemicals in its compartments unless some site-specific data is provided, e.g.,

soil-water partition coefficients (California DTSC 2004). However, it is assumed in this

study that there is no partitioning for water emission in air and the partitioning for water

emission in surface soil is very minimal for metals and particles. Therefore, partitioning

factors for metals and particles are considered constant regardless of chemical species.

This is because metals and particles are conservative and there is no transformation or

loss due to chemical reactions.

Metals and particles behave the same, in that they
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distribute evenly over the surface soil and water below when emitted to the air and stay in

water when emitted in that medium. As a result, partitioning factors for air emissions of
metals and particles are the same at 3.2x10°  (mg/m?)/(kg/km?/day), 1.5x107
(mg/l)/(kg/km?*/day), and 4.0x10° (mg/kg)/(kg/km?/day) in air, surface water, and surface
soil, respectively.  And partitioning factors for water emissions are 4.3x10
(mg/l)/(kg/mZ/day) and 4.0x10™" (mg/kg)/(kg/mz/day) in surface water and surface soil,

respectively.

10.5.2 Carrying Capacity Estimate

The carrying capacity for human toxicity impact is determined from the emission that
results in an environmental concentration reaching the target threshold level. Upon the
availability of the threshold level and the partitioning factor, a carrying capacity per unit
area can then be calculated (Table 10.4). The national scale (U.S.) carrying capacities are
calculated by applying the U.S. land area of 9.4x10° km?. Equations (10.5), (10.6), and
(10.7) are used to calculate the U.S. carrying capacity for both air and water emissions.
Subscripts air, water, and soil denote the carrying capacity estimate from the threshold
levels for air, surface water, and surface soil, respectively.

U.S. CCy (kg/yr) = Threshold level (mg/m®) x 9.4x10° km’ x 365 days/yr (10.5)
Partitioning factor (mg/m3)/(kg/km2/day)

U.S. CCyaser (kg/yr) = Threshold level (mg/l) x 9.4xI 0° ki’ x 365 days/yr (10.6)
Partitioning factoraer (mg/l)/ﬂcg/kmz /day)

U.S. CCyoi (kg/yr) = Threshold level (mg/kg) x 9.4x10° km’ x 365 days/yr (10.7)
Partitioning factor (mg/kg)/ (kg/km’/day)
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Table 10.4 Summary of Carrying Capacity Estimates for Human Toxicity Impact for 89

Toxic Chemicals

U.S. carrying capacity (kg/yr)

Substance CAS Air emissions Water emissions

Air Surface water | Surface soil Air Surface water | Surface soil
Acenaphthene 83-32-9 | 2.09E+12 2.06E+15 3.38E+17 | 7.71E+12 | 6.49E+11 1.20E+18
Acetone 67-64-1 | 3.21E+12 5.62E+14 8.45E+18 | 2.14E+13 1.39E+12 5.78E+19
Aldrin 309-00-2 | 1.11E+09 1.14E+10 5.99E+10 1.35E+09 6.74E+07 7.16E+10
Anthracene 120-12-7 | 1.35E+13 2.09E+17 3.04E+23 8.35E+15 3.02E+14 1.94E+19
Benzene 71-43-2 321E+14 2.98E+12 3.85E+16 | 7.59E+14 7.69E+07 9.15E+16
Benzo(a)anthracene 56-55-3 1.19E+14 5.53E+10 2.47E+08 2.85E+17 4.77E+08 6.10E+11
Benzo(a)pyrene 50-32-8 1.71E+14 2.03E+09 2.73E+08 | 4.32E+17 1.74E+07 7.04E+11
Benzo(b)fluoranthene 205-99-2 | 1.07E+14 2.44E+08 9.15E+07 | 1.78E+15 3.20E+06 1.53E+09
Bis(2-chloroethyl)ether 111-44-4 | 792E+11 1.21E+12
Bis(2-ethylhexyl)phthalate 117-81-7 | 432E+15 1.51E+11 2.67E+12 | 5.10E+16 | 4.77E+08 3.19E+13
Bromodichloromethane 75274 6.42E+11 1.12E+15 2.75E+19 | 9.03E+11 9.13E+10 3.99E+19
Bromoform 75252 | 6.42E+11 2.16E+14 3.66E+18 | 6.82E+11 6.42E+10 3.99E+18
Butanol 71-36-3 | 3.21E+12 2.09E+14 1.10E+18 | 5.96E+13 1.27E+12 2.00E+19
Butyl benzyl phthalate 85-68-7 | 7.26E+12 6.96E+14 1.33E+16 | 9.28E+14 | 2.44E+12 1.69E+18
Carbon disulfide 75-15-0 | 4.62E+12 3.11E+16 7.85E+20 | 5.00E+12 | 3.61E+11 8.45E+20
Carbon tetrachloride 56-23-5 | 2.25E+10 4.65E+14 427E+18 | 2.49E+10 | 2.56E+09 4 81E+18
Chlordane 57-74-9 | 4.71E+09 4.43E+11 2.89E+12 | 5.46E+09 1.12E+09 3.33E+12
Chlorobenzene 108-90-7 | 1.93E+11 1.43E+15 1.33E+19 | 2.28E+11 7.79E+10 1.57E+19
Chlorodibromomethane 124-48-1 | 6.42E+11 5.31E+14 1.16E+19 | 7.77E+11 7.69E+10 1.42E+19
Chloroform 67-66-3 | 1.69E+15 3.63E+12 9.20E+16 | 2.00E+15 1.27E+08 1.11E+17
Chrysene 218-01-9 | 1.30E+15 7.86E+10 1.93E+09 | 2.52E+18 1.11E+09 3.90E+12
DDD 72-54-8 | 1.70E+14 8.12E+07 229E+08 | 1.05E+15 2.44E+06 1.41E+09
DDE 72-55-9 1.02E+14 3.91E+09 1.75E+09 1.23E+15 4.52E+07 2.15E+10
DDT 50-29-3 | 9.63E+13 1.62E+09 3.40E+09 | 1.49E+14 5.37E+06 5.38E+09
Di-n-butyl phthalate 84-74-2 | 3.48E+09 1.62E+10 7.85E+11 2.11E+11 6.64E+08 4.78E+13
Di-n-octyl phthalate 117-84-0 | 9.28E+11 2.25E+13 9.99E+13 3.04E+16 6.64E+10 338E+18
Dibenz(a,h)anthracene 53-70-3 | 3.34E+12 1.55E+13 824E+12 | 3.23E+16 | 3.09E+11 791E+16
1,2-Dichlorobenzene (o) 95-50-1 | 1.93E+12 4 87E+15 2.75E+19 | 2.33E+12 | 3.51E+11 3.35E+19
1,4-Dichlorobenzene (p) 106-46-7 | 8.03E+14 3.32E+12 6.78E+15 | 1.81E+1S5 1.87E+08 1.57E+16
3,3-Dichlorobenzidine 91-94-1 | 3.09E+14 477E+11 591E+09 | 3.87E+21 1.87E+10 7.32E+16
1,1-Dichloroethane 75-34-3 5.63E+15 2.56E+13 6.22E+17 6.81E+15 7.02E+08 7.71E+17
1,2-Dichloroethane 107-06-2 | 4.59E+14 4.17E+11 224E+16 | 497E+14 | 4.97E+07 2.41E+16
1,1-Dichloroethylene 75-35-4 | 2.95E+11 4 96E+15 1.65E+20 | 3.20E+11 3.25E+10 1.80E+20
cis-1,2-Dichloroethylene 540-59-0 3.25E+16 1.29E+21 1.18E+12 1.57E+21
trans-1,2-Dichloroethylene 156-60-5 | 6.42E+11 4 87E+15 1.19E+20 | 7.59E+11 7.90E+10 1.42E+20
1,2-Dichloropropane 78-87-5 | 5.10E+14 1.08E+12 3.60E+16 | 5.52E+14 5.59E+07 3.92E+16
1,3-Dichloropropene 542-75-6 | 1.32E+11 438E+15 7.94E+19 | 3.61E+11 2.74E+11 2.27E+20
Dieldrin 60-57-1 1.78E+09 7.31E+08 499E+10 | 3.48E+09 3.04E+07 9.15E+10
Diethyl phthalate 84-66-2 | 2.67E+13 5.08E+13 1.46E+17 | 1.21E+15 1.46E+12 6.28E+18
Dimethyl phthalate 131-11-3 | 3.21E+13 1.54E+15 1.10E+18 | 2.88E+15 1.22E+13 9.99E+19
2,4-Dinitrotoluene 121-14-2 | 7.26E+10 1.39E+12 1.46E+14 | 3.84E+14 1.33E+11 7.85E+17
2,6-Dinitrotoluene 606-20-2 | 4.28E+10 5.96E+11 3.85E+15 9.82E+14 1.22E+11 8.79E+17
Endosulfan 115-29-7 | 2.00E+11 2.40E+13 1.61E+15 | 2.86E+12 6.74E+10 2.31E+16
Endrin 72-20-8 1.04E+10 4.61E+09 5.07E+11 2.28E+10 1.27E+08 1.08E+12
Ethylbenzene 100-41-4 | 6.60E+12 6.09E+16 2.00E+20 | 2.14E+13 1.08E+12 6.46E+20
Fluoranthene 206-44-0 | 1.36E+12 1.50E+14 8.79E+13 6.68E+13 1.17E+12 4.18E+15
Fluorene 86-73-7 | 1.28E+12 1.24E+14 2.83E+16 | 1.96E+12 1.43E+11 439E+16
alpha-HCH (alpha-BHC) 319-84-6 | 5.20E+12 3.57E+07 1.74E+10 | 2.04E+13 1.86E+05 6.71E+10
beta-HCH (beta-BHC) 319-85-7 | 2.25E+13 4.66E+06 1.16E+09 | 2.58E+15 | 4.81E+05 1.28E+11
gamma-HCH (lindane) 58-89-9 | 9.82E+09 2.92E+10 1.83E+13 3.58E+10 2.44E+08 6.66E+13
Heptachlor 76-44-8 1.74E+10 1.33E+13 1.96E+14 1.19E+11 9.13E+09 1.34E+15




206

Table 10.4 Summary of Carrying Capacity Estimates for Human Toxicity Impact for 89
Toxic Chemicals (Continued)

U.S. carrying capacity (kg/yr)
Substance CAS Air emissions Water emissions
Air Surface water | Surface soil Air Surface water | Surface soil

Heptachlor epoxide 1024-57-3 | 4.17E+08 2.37E+11 5.95E+12 | 4.93E+08 4.04E+07 6.97E+12
Hexachloro-1,3-butadiene 87-68-3 | 4.17E+14 7.74E+12 6.64E+14 | 5.04E+14 4.87E+H07 8.15E+14
Hexachlorobenzene 118-74-1 | 2.57E+10 1.67E+13 7.64E+14 | 2.78E+10 2.46E+09 837E+14
Hexachlorocyclopentadiene | 77-47-4 | 1.43E+09 1.59E+16 1.71E+17 | 8.37E+09 9.74E+10 1.01E+18
Hexachloroethane 67-72-1 | 3.21E+10 2.25E+14 1.10E+17 | 3.88E+10 3.90E+09 129E+17
Indeno(1,2,3-c.d)pyrene 193-39-5 | 1.38E+14 4.51E+07 1.08E+08 | 5.95E+17 7.16E+05 4.69E+11
Isophorone 78-59-1 | 8.15E+12 1.62E+14 1.42E+18 | 5.39E+13 6.88E+11 9.35E+18
Methoxychlor 72-43-5 | 1.81E+11 3.25E+14 2.11E+13 | 2.32E+14 1.51E+12 2.68E+16
Methyl bromide 74-83-9 | 3.30E+10 2.66E+14 8.45E+18 | 6.13E+10 6.22E+09 1.57E+19
Methyl chloride 74-87-3 | 2.89E+12 3.09E+16 9.42E+20 | 5.37E+12 5.60E+11 1.80E+21
Methylene chloride 75-09-2 | 1.98E+12 7.01E+15 2.00E+20 | 3.68E+12 3.73E+11 3.77E+20
Naphthalene 91-20-3 | 2.02E+10 5.31E+14 5.49E+17 | 5.15E+10 1.58E+11 1.42E+18
Nitrobenzene 98-95-3 | 1.93E+10 3.18E+11 3.14E+15 | 2.86E+10 9.74E+08 4.78E+15
PCB 608-93-5 | 6.55E+09 7.31E+11 1.26E+12 | 1.45E+10 1.02E+09 2.83E+12
Pyrene 129-00-0 | 1.32E+12 6.26E+15 1.14E+14 | 1.57E+15 2.50E+13 1.35E+17
Styrene 100-42-5 | 7.30E+12 2.78E+16 4.88E+19 | 1.27E+13 1.15E+12 8.62E+19
2,3,7,8-TCDD 1746-01-6 | 4.07E+04 6.09E+04 7.09E+04 | 4.77E+05 7.69E+02 8.14E+05
1,1,2,2-Tetrachloroethane 79-34-5 | 1.19E+14 3.73E+10 5.42E+14 | 2.13E+14 1.93E+07 9.80E+14
Tetrachloroethylene 127-184 | 3.21E+11 5.31E+15 3.66E+19 | 5.22E+11 5.41E+10 5.94E+19
Toluene 108-88-3 | 2.64E+12 6.35E+16 4.72E+20 | 5.72E+12 1.43E+12 1.02E+21
Toxaphene 8001-35-2 | 2.68E+13 1.11E+10 5.38E+13 | 2.84E+13 2.93E+06 5.72E+13
1,2,4-Trichlorobenzene 120-82-1 | 6.42E+12 8.99E+15 1.22E+19 | 7.77E+12 7.79E+11 1.46E+19
1,1,1-Trichloroethane 71-55-6 | 9.63E+13 1.65E+16 2.44E+20 | 1.09E+14 1.50E+11 2.75E+20
1,1,2-Trichloroethane 79-00-5 | 1.28E+11 8.99E+13 220E+18 | 1.42E+11 1.43E+10 2.51E+18
Trichloroethylene 79-014 | 6.60E+11 4.50E+16 8.62E+20 | 7.80E+11 7.79E+11 1.02E+21
Vinyl chloride 75-014 | 6.60E+11 1.83E+15 4.39E+19 | 7.00E+11 1.06E+10 4.71E+19
Xylenes (total) 1330-20-7 | 6.55E+13 5.84E+17 2.93E+21 1.24E+14 1.24E+13 5.42E+21
Antimony 7440-36-0 1.37E+09 4.79E+08

Arsenic 7440-38-2 1.14E+10 3.99E+09

Barium 7440-39-3 4.57E+11 1.60E+11

Cadmium 7440-4-39 1.14E+09 3.99E+08

Chromium (Hexavalent) 18540-29-9 2.29E+10 7.98E+09

Copper 7440-50-8 2.97E+11 1.04E+11

Lead 7439-92-1 | 1.61E+11 3.43E+09 1.20E+09

Manganese 7439-96-5 | 5.36E+09 2.73E+12 7.69E+16 9.51E+11

Nickel 7440-02-0 | 9.65E+09 3.90E+11 1.10E+16 1.36E+11

Zinc 7440-66-6 5.84E+12 1.65E+17 2.04E+12

Particulate matter 5.36E+12
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10.5.3 Empirical Approach for Carrying Capacity Estimate

One can estimate the carrying capacity for chemicals other than those listed in Table 10.4
by following the steps previously described. Even though the CalTOX is a simple model,
some input data are still required, especially for specific chemical and physical
properties. The target threshold levels can be adopted from regulatory levels and
associated databases and the specific chemical and physical properties can be obtained by
various means from several sources. However, the collection of specific chemical and
physical properties is costly and time consuming considering that a large number of
chemicals are used worldwide and toxicological information for only a portion of them is
reported in the literature. An applicable streamlined procedure to estimate the carrying
capacity for other chemicals is the use of an empirical approach. A simplified calculation
for carrying capacity estimate can be made using the average of the partitioning factors of
those 78 organic chemicals discussed in the preceding section.

Basically, an arithmetic mean can be used for the calculation of an empirical
carrying capacity estimate. However, in this research the median values derived from
probability analysis are used instead to minimize the bias due to outlier data. Figure 10.3
presents probability plots for the partitioning factors of those 78 organic chemicals.
These plots are the Z-test statistical analysis of the partitioning factors (in Table 10.3) to
determine their average values for the partition in air (top), water (middle), and soil
(bottom) from both air and water emissions. Table 10.5 summaries the average

partitioning factors obtained from the log normal probability plots.
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Figure 10.3 Probability plots for the partitioning factors of 78 organic chemicals
derived from CalTOX results.
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Table 10.5 Average Partitioning Factors for Empirical Carrying Capacity Estimation

Partition of air emissions (Partitioning factor)

Partition of water emissions (Partitioning factor)

In air In surface water In surface soil In air In surface water In surface soil
(mg/m®) / (kg/km¥d) | (mg/l) / (ke/km¥d) | (mg/kg) / (kg/km?/d) [ (mg/m®) / (kg/km/d) | (mg/l) / (kg/km¥d) | (meg/kg) / (kg/km?/d)
4.6E-04 2.5E-05 5.5E-04 4.6E-05 4.4E-02 7.1E-05

An empirical carrying capacity can be calculated using Equations (10.5), (10.6),

and (10.7) providing that the target threshold levels have been selected. For the empirical

estimate, the average partitioning factors in Table 10.5 are used instead of the chemical-

specific partitioning factors derived from CalTOX results. Threshold levels for some

commonly emitted pollutants are presented in Table 10.6. These toxic chemicals are

some of the top 40 chemicals on the 1997 TRI list (in terms of the release amount) and

some selected chemicals commonly used in electronics industries. The carrying capacity

estimate for these chemicals using the empirical approach is presented in Table 10.7.

Table 10.6 Summary of the Threshold Levels for Some Commonly Emitted Chemicals

Reference value Threshold level
Substance CAS Inhalation Ingestion Air Surface Surf:acc
water soil

Value | Unit | Note | Value | Unit | Note | mg/m® mg/l mg/kg

Ammonia 7664-41-7 [3.0E-01| ppm | MRL [3.0E-01|mg/kg/d| MRL | 2.1E-01 | 2.3E+04 | 1.9E+05
1,3-Butadiene 106-99-0 [3.0E-05| mg/m3 [ RfC 3.0E-05
Carbon Monoxide 630-08-0 |1.0E-02| mg/m3 | NaAQS 1.0E-02

Chlorine 7782-50-5 1.0E-01 [mg/kg/d| RfD 7.7E+03 | 6.4E+04

Cyanide 57-12-5 2.0E-02 mg/kg/d| RfD 1.5E+03 | 1.3E+04
Cyclohexane 110-82-7 |6.0E+00{ mg/m3 | RfC 6.0E+00

Decabromodiphenyl Oxide| 1163-19-5 1.0E-02 [mg/kg/d| RfD 7.7E+02 | 6.4E+03

Dichloromethane 75-09-2 |2.0E-03| mg/m3 [ CPF }6.0E-02|mg/kg/d| RfD | 2.0E-03 | 4.6E+03 | 3.8E+04
Diisocyanates 26471-62-5 |7.0E-05| mg/m3 | RfC 7.0E-05

Ethylene Glycol 107-21-1 {5.0E-01| ppm 2.0E+00img/kg/d| RfD | 3.5E-01 | 1.5E+05 | 1.3E+06

Formaldehyde 50-00-0 |8.0E-05( mg/m3 | CPF |[2.0E-01 |mg/kg/d| RfD | 8.0E-05 | 1.5E+04 | 1.3E+05
Formic Acid 64-18-6  |9.4E+00| mg/m3 | OSHA 9.4E+00
Hydrochloric Acid 7647-01-0 |2.0E-02| mg/m3 | RfC 2.0E-02
Hydrogen Fluoride 7664-39-3 (2.0E-02| ppm | MRL 1.6E-02

Methanol 67-56-1 5.0E-01 |mg/kg/d| RfD 3.8E+04 | 3.2E+05

Methyl Ethyl Ketone 78-93-3 |5.0E+00| mg/m3 | RfC |6.0E-01 |mg/kg/d| RfD | 5.0E+00 | 4.6E+04 | 3.8E+05
Methyl Isobutyl Ketone 108-10-1 |3.0E+00| mg/m3 | RfC 3.0E+00

N-Butyl Alcohol 71-36-3 1.0E-01 img/kg/d} RfD 7.7E+03 | 6.4E+04
n-Hexane 110-54-3 |2.0E-01|{ mg/m3 | RfC | 2.0E-01
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Table 10.6 Summary of the Threshold Levels for Some Commonly Emitted Chemicals
(Continued) '

Reference value Threshold level
Substance CAS Inhalation Ingestion Air Surface Surfface
water soil

Value | Unit | Note | Value | Unit | Note | mg/m’ mg/l mg/kg

Nitrate Compounds 14797-55-8 1.6E+00(mg/kg/d| RfD 1.2E+05 | 1.0E+06
Nitric Acid 7697-37-2 |5.1E+00{ mg/m3 | OSHA 5.1E+00
Nitrogen Dioxide 1010244-0 [1.0E-01| mg/m3 | NAAQS 1.0E-01
Ozone 10028-15-6 |8.0E-02| ppm | NAAQS 1.6E-01

Phenol 108-95-2 3.0E-01 |mg/kg/d| RID 2.3E+04 | 1.9E+05
Phosphoric Acid 7664-38-2 |1.0E-02 mg/m3 | RfC 1.0E-02
Sulfur Dioxide 7446-09-5 |8.0E-02| mg/m3 | NAAQS 8.0E-02
Sulfuric Acid 7664-93-9 |1.0E+00[ mg/m3 { OSHA 1.0E+00

Table 10.7 Carrying Capacity Estimate for Some Commonly Emitted Chemicals Using
Empirical Approach

U.S. carrying capacity (kg/yr)
Substance CAS Air emissions Water emissions
Air Surface water | Surface soil Air Surface water | Surface soil
Ammonia 7664-41-7 | 1.5SE+12 3.16E+18 1.20E+18 1.55E+13 1.79E+15 9.28E+18
1,3-Butadiene 106-99-0 2.24E+08 2.24E+09
Carbon Monoxide 630-08-0 7.46E+10
Chlorine 7782-50-5 1.05E+18 3.99E+17 5.98E+14 3.09E+18
Cyanide 57-12-5 2.10E+17 7.99E+16 1.20E+14 6.19E+17
Cyclohexane 110-82-7 4.48E+13 4.48E+14
Decabromodiphenyl Oxide| 1163-19-5 1.05E+17 3.99E+16 5.98E+13 3.09E+17
Dichloromethane 75-09-2 1.49E+10 6.31E+17 2.40E+17 1.49E+11 3.59E+14 1.86E+18
Diisocyanates 26471-62-5| 5.22E+H08 5.22E+09
Ethylene Glycol 107-21-1 2.59E+12 2.10E+19 7.99E+18 2.59E+13 1.20E+16 6.19E+19
Formaldehyde 50-00-0 5.97E+08 2.10E+18 7.99E+17 5.97E+09 1.20E+15 6.19E+18
Formic Acid 64-18-6 7.00E+13 7.00E+14
Hydrochloric Acid 7647-01-0 | 1.49E+11 1.49E+12
Hydrogen Fluoride 7664-39-3 | 1.22E+11 :
Methanol 67-56-1 5.26E+18 2.00E+18 2.99E+15 1.55E+19
Methyl Ethyl Ketone 78-93-3 3.73E+13 6.31E+18 2.40E+18 3.73E+14 3.59E+15 1.86E+19
Methyl Isobutyl Ketone 108-10-1 2.24E+13 224E+14
N-Butyl Alcohol 71-36-3 1.05E+18 3.99E+17 5.98E+14 3.09E+18
n-Hexane 110-54-3 1.49E+12 1.49E+13
Nitrate Compounds 14797-55-8 1.68E+19 6.39E+18 9.56E+15 4.95E+19
Nitric Acid 7697-37-2 | 3.83E+13 3.83E+14
Nitrogen Dioxide 10102-44-0 | 7.46E+11
Ozone 10028-15-6 | 1.17E+12
Phenol 108-95-2 3.16E+18 1.20E+18 1.79E+15 9.28E+18
Phosphoric Acid 7664-38-2 | 7.46E+10 7.46E+11
Sulfur Dioxide 7446-09-5 | 5.97E+11
Sulfuric Acid 7664-93-9 | 7.46E+12 7.46E+13
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10.6 Summary

The carrying capacity for human toxicity impact is estimated for 89 chemicals using the
threshold-oriented technique in conjunction with CalTOX (Table 10.4). In this approach,
the chemical-specific emission-concentration relationship (the partitioning factor) is
estimated using CalTOX. Concentrations of a chemical in target media (air, water, and
surface soil) resulting from a unit emission of the pollutant are obtained. As the linear
function of emission-concentration relationship is assumed, the carrying capacity can be
determined from the emission of the pollutant that results in the concentration in a target
medium not exceeding the desirable threshold level. The threshold levels for air, surface
water, and surface soil are taken into account. The target threshold levels are adopted
mainly from regulatory standards (e.g., NAAQS, MCL) and the toxicity database for risk
assessment (e.g., IRIS and MRL). The carrying capacity is estimated for those three
types of environmental media resulting from both air and water emissions.

The uncertainty associated with the carrying capacity estimate in the threshold-
oriented technique using CalTOX is the result of several factors including the selected
threshold levels, specific physical and chemical properties of the pollutants, and the
assumptions made from the landscape information in CalTOX. The uncertainty
assessment of using CalTOX has been well documented by Hertwich (1999).

There is a difficulty in providing the carrying capacity for all chemicals or
pollutants, not only because the data are not available, but also because it is costly to do
so. Therefore, an empirical approach may be used to estimate the carrying capacity for
chemicals not assessed using the threshold-oriented technique in conjunction with
CalTOX. The empirical approach can be used for the carrying capacity estimate based

on the fact that the carrying capacity is relatively proportional to the target threshold
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levels. The approach also assumes average partitioning factors derived from the data set
of 78 organic chemicals. By using the empirical approach, the carrying capacity can be
estimated directly from a target threshold level (as presented in Table 10.7). In this
chapter, the carrying capacity of 20! from the top 40 chemicals on the TRI list is
estimated using the empirical approach.

Major assumptions used in making of carrying capacity estimates in this chapter
are twofold. First, one year concentrations obtained from CalTOX simulations are used
in place of steady-state concentrations in the determination of partitioning factors. This
assumption causes an overestimation of carrying capacity values. Second, it is assumed
that the partitioning factors obtained from CalTOX are valid for inorganic chemicals.
Therefore, one should be aware of this assumption when using carrying capacities for
particulate matter, metals, and particles. The particulate carrying capacity need to be
used with care and will need further attention in the future. Other than addressing these
assumptions, further improvements of the carrying capacity for human toxicity impact are
certainly possible. For example, the carrying capacity for a chemical can be revised
when the target threshold level is updated. A more recent target threshold may be due to
changes in the regulatory levels and standards and updates of the toxicity databases. The
revision of the carrying capacity can be accomplished by using the CalTOX simulation or
by using the empirical approach. Further improvement of the accuracy of carrying
capacity estimates may also be achieved by the use of a more sophisticated and accurate
environmental fate and transport model. An estimate of the carrying capacity that takes

into account the spatial variation can be carried out using locally-specific modeling.

1 The carrying capacity for other chemicals from top 40 TRI chemicals have been estimated using the
threshold-oriented technique in conjunction with CalTOX. The top 40 TRI chemicals were accounted for
approximately 90% by weight of the total toxic release in 1997.



CHAPTER 11

ECO-TOXICITY IMPACT

11.1 Overview

Hazardous substances are not only toxic to human health, but they also affect ecological
living organisms in many ways. In most considerations of risk assessment in the past,
risks to human health have always been emphasized and risks to the ecological effects
have largely been ignored. This may lead to the mistaken belief that protection of human
health is more important or that it automatically protects ecosystems. However, some
chemicals that may pose no risk or negligible risk to human health may cause severe
effects to other organisms.

In LCA, eco-toxicity impact is an impact category that should be included in the
assessment (ISO 1998b; 2001; Udo de Haes 1999a; 1999b). However, the difficulty in
addressing eco-toxicity impact in LCA is due to the discrepancy in specific types of
species/subsystem in ecosystems (Udo de Haes 1999b; Hauschild and Pennington 2002).
Furthermore, toxic chemicals exhibit a wide range of effect mechanisms and, as a result,
it is not possible to list all toxic chemicals and relate their effects to one reference
substance having the same effect mechanism (Olsen and Hauschild 1998).

Generally, mass release, fate (partitioning, removal and exposure), and effects
(toxicity) of chemicals are taken into account in LCIA for both human toxicity and eco-
toxicity impacts. As in the case of the human toxicity impact, the eco-toxicity impact
assessed in LCA is usually associated with toxicity potentials or damage potentials of
toxic chemicals. The fate component for the determination of toxicity potentials or

characterization factors for human toxicity and eco-toxicity is usually identical.

213



214

However, the methodology for eco-toxicity impact differs primarily in terms of the effect
endpoint measure (Pennington 2001). In the LCIA characterization, the calculation of an
eco-toxicity (as well human toxicity) impact score due to a release of a toxic chemical

can be expressed in equation form as (Margni et al. 2002):

S = YCFT,M, (11.1)

Where S is the impact score, CFT is the characterization factor or effect factor (in terms
of toxicity potential or damage potential), M is the inventory emission of the toxic
chemical, and subscript m is the environmental medium. Impact subcategories
(environmental compartments) that may be considered are aquatic eco-toxicity for fresh
water and marine water, sediment eco-toxicity for freshwater and marine water, and
terrestrial eco-toxicity (Wenzel et al. 1997; Guinee 2001; Hauschild and Pennington
2002; Jolliet et al. 2003). Typically, NOAEL or LOAEL (no-observed-adverse-effect
level or lowest-observed-adverse-effect), PNEC (predicted no-effect environmental
concentration level), LC50 (lethal concentration for 50% of test organisms), and EC50
(effect concentration 50% of test organisms) are used as the basis for estimating the
toxicity potential.

There are a few methodologies that have been developed to estimate the
characterization factors for eco-toxicity impact. Guinee et al. (1996) and Huijbregts et al.
(2000) used a multimedia environmental model (Uniform System for the Evaluation of
Substances; USES) to assess exposure and estimate the toxicity potentials, the relative
contribution of emissions to related ecosystems, in a fashion similar to human toxicity
potentials. Koudijs and Dutilh (1998) calculated aquatic toxicity potentials for 65

frequently used herbicides and pesticides using this approach for crop protection.
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Huijbregts et al. (2000) also extended this approach to estimate aquatic and terrestrial
toxicity potentials for 181 toxic chemicals in terms of 1,4-dichlorobenzene-equivalent.

Jolliet (1994) and Jolliet and Crettaz (1997) developed the semi-empirical Critical
Surface Time approach to determine the overall response of the environmental system
and to calculate the effect factors as the ratio of the measured ambient concentration to
the corresponding total emission of the system. The equivalent dilution volume per unit
surface (water or land) of toxic chemicals can then be calculated. For chemicals for
which the measured ambient concentrations are not available, the effect factors can be
extrapolated as a function of their lifetimes. The effect factors for approximately 100
toxic chemicals derived from this approach are expressed in terms of lead-equivalent.

Olsen and Hauschild (1998) developed the critical volume approach to determine
the toxicity factors for EDIP. The toxicity factors are the volume of the environmental
compartment (air, soil, or water) needed to dilute the polluted compartment to the no-
effect concentration (toxicity factor = no-effect-concentration™).

In EI95 (Goedkoop 1998), eco-toxicity was estimated from pesticide effects. The
aggregation of pesticides can be made without the application of toxicity potentials.
A reduction factor of 25 was used as the distance-to-target valuation parameter. This
relatively high reduction factor indicates that pesticide is a major concern in Europe. It
was assumed that this reduction factor was necessary to reduce the 65% contamination of
groundwater across Europe to 10%. By using this reduction factor, the European target
values of 1.92x10” kg/yr for pesticides was used in EI95. EI99 (Goedkoop and
Spriensma 2001) extends the toxic substances affecting ecosystems to chemicals other

than pesticides. The damage model in EI99 uses the multimedia modeling methodology
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developed by Guinee et al. (1996) mentioned earlier to determine the damage
equivalency to European ecosystem quality.

Eco-toxicity impact is also considered as a non-homogeneous impact category as
discussed in Chapter 10, wherein adverse impacts to ecosystems are caused by different
toxic substances and these substances are not interchangeable in terms of environmental
exposure and effects. Different toxic chemicals affect different species in an ecosystem
and it is not possible to calculate the additive and synergistic effects on this ecosystem
caused by all toxic chemicals. Therefore, the carrying capacity for eco-toxicity must be
estimated individually for specific chemicals and an aggregation or trade-off in terms of
toxicity potential among toxic chemicals is not allowed. In other words, the carrying
capacity for eco-toxicity impact consists of multiple carrying capacity estimates for
impact subcategories, representing the individual toxic chemicals.

This chapter presents an empirical approach for carrying capacity estimate for
eco-toxicity impact. This approach uses empirical partitioning factors, calculated in the
evaluation of the carrying capacity for human toxicity impact (Chapter 10), coupled with
the threshold levels for ecosystems to estimate the carrying capacity. The important
aspects of the evaluation of carrying capacity for eco-toxicity impact are the selection of

the indicator for ecosystem health and the selection of the threshold levels.

11.2 Approach
The carrying capacity for toxic chemicals affecting ecosystems can be estimated using
the threshold-oriented technique discussed in Section 4.2, Chapter 4. Basically, the
approach for eco-toxicity impact is the same as the one for human toxicity impact in

terms of fate and transport of toxic chemicals. The carrying capacity estimate for eco-
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toxicity impact differs in terms of the effect endpoint measure, i.e., threshold levels.
Therefore, the carrying capacity estimate for eco-toxicity impact can be determined
simply by using the empirical partitioning factors (a partitioning factor is the factor that
expresses the concentration of a toxic chemical in an environmental medium due to a unit
of continuous air or surface-water emission of that toxic chemical), which have been
determined in the evaluation of carrying capacity for human toxicity, coupled with
threshold levels for ecosystem health. The carrying capacity for eco-toxicity impact can
be calculated using the empirical equation (subscript m denotes environmental medium):

Carrying Capacity, = Threshold level,, x Area (11.2)
Partitioning factor,

11.3 Threshold Levels for Carrying Capacity Estimate

Unlike human toxicity impact where the assessment endpoint is known such as damage
to human health, the assessment endpoint for eco-toxicity cannot be identified due to the
variation of living organisms in ecosystems. As such, estimating the carrying capacity
for eco-toxicity is a complicated process involving the selection of end point indicators
and employing a definite threshold level. Hauschild and Pennington (2002) suggested
that the criteria for selecting an indicator for eco-toxicity are: scientific validity,
environmental relevance, transparency, reproducibility, uncertainty quantification,
complexity, feasibility, and data availability.

In risk assessment, the assessment endpoint for an ecosystem is selected on a
case-by-case basis with a well-defined problem formulation (EPA 1998b). For example,
Suter and Tsao (1996) proposed using toxicological benchmarks for more than 100

chemicals for their effects on aquatic biota. These benchmarks are based on a 20%
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reduction in the population of a fish species (largemouth bass) as the assessment endpoint
for Oak Ridge Reservation ecological risk assessments. A similar process was used to
propose benchmarks for wildlife (Sample et al. 1996).

In the eco-toxicity impact, the carrying capacity may be thought of as the
absorbing capacity that keeps the ecosystems sustainable. It is unrealistic to select an
assessment endpoint of a single organism to represent an entire regional scale ecosystem.
Selection of an assessment endpoint as a surrogate for the entire ecosystem will carry a
high degree of subjectivity. To date, the absolute generic assessment endpoint does not
exist. As pointed out by Suter (2000), generic assessment endpoints are needed and will
be very useful for ecological risk assessment. Assessment endpoints may be derived
from the concepts of ecological integrity, sustainability, resiliency, and biodiversity (EPA
1997b). In an attempt to define generic assessment endpoints, an EPA workgroup
proposed an initial list of priorities for ecological protection (Table 11.1). However,

specific entities are not yet established at this early stage.

Table 11.1 List of Priority Ecological Entities in Ecosystems
(Source: EPA 1997b)

Category Ecological Entity
. 1. Aquatic communities in lakes, streams, and estuaries
Animals, plants, and . . . R . . . .
their habitats 2. Regional populations of native species and their habitats -terrestrial and aquatic
3. Groups of native or migratory species exposed to severe or acute threat
Whole ecosystems 4. Ecosystem functions and services
5. Wetlands and stream corridors
Special places and 6. Endangered ecos?/stems (e,g,, old.-growth forests, tall-grass prairies)
species 7. Endangered species and their habitats
8. Other places with high ecological or societal value, as appropriate

The target threshold levels may also be adopted from the chronic ecosystem-level
no-observed-effect concentration (NOEC,). NOEC, can be calculated from the toxicity

values of the ECOTOX database (EPA 2000c). ECOTOX is an online-based system that
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provides chemical-specific toxicity values summarized from laboratory tests for aquatic
life, terrestrial plants, and terrestrial wildlife. Toxicity endpoint values acquired from
ECOTOX are at the organism-level. Therefore, the NOEC, (mg/l or mg/m°>) must be
extrapolated from the single-species acute tests (LCso and ECso, mg/l or mg/m3) or
chronic tests (NOECs, mg/l or mg/m®) for the same chemical. The extrapolation may be

carried out using the following equations proposed by Sloof et al. 1986:

NOECe — ]0(0.8510g NOECs + 0.63) (]2 4)

For example, a NOAEL or NOEC for plankton or minnow may be selected as a
representative to define the endpoint or threshold level for an environmental performance
assessment. In some cases, where NOEC are not available, it can be calculated from

chronic low-observed-adverse level (LOAEL) applying the uncertainty factor of 10.
NOAEL (mg/l) = LOAEL (mg/l) / 10 (12.5)

However, the difficulty of applying the above approach is also related to the
selection of an appropriate representative living organism. For many chemicals,
ECOTOX provides different laboratory results from testing several living organisms.
There are no fixed criteria in the selection of a single data set associated with one living
species over the others.

Due to the difficulty previously discussed in the determination of generic
assessment endpoints, the more agreeable PNEC (predicted-no-effect-concentration) is
adopted as the threshold level for the eco-toxicity carrying capacity estimate. In this

application, PNEC is assumed to be the level that is desired to protect the functioning of
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the ecosystem as a whole, which in concept is a most desirable approach to ecosystem
integrity. Basically, PNEC is used in the ecological risk assessment’s effects assessment
step as an ecotoxicological measure for multiple-species systems to determine the risk
quotient or hazard quotient!. PNEC is defined as the highest environmental
concentration expected to cause no effects, acute or chronic, on the structure or
functioning of ecosystems (EC 2003). PNEC may be practically considered as the
concentration below which a specified percentage of species in an ecosystem is expected
to be protected; e.g., the protection level of 95% of species is often selected as an initial
basis for PNEC derivation (Pennington 2003). PNEC is frequently used in several LCIA
methodology studies to determine the characterization of risk to an ecosystem associated
with a chemical use (Wenzel et al. 1997; Huijbregts et al. 2000; Guinee 2001).
Evaluation of PNEC requires data on chronic toxicity to several different species at
different (three or more) trophic levels of the ecosystems (Hauschild and Pennington
2002). Methods for evaluation of PNEC can be classified into the following categories
(Hauschild and Pennington 2002):

- Measuring in field meso- and microcosm tests;

- Measuring of PNEC on the basis of laboratory tests performed on individual species
applying extrapolating factors/assessment factors/uncertainty factors;

- Evaluation and comparison of the different PNEC estimation methods; and
- Estimation of PNEC for terrestrial ecosystems and sediments.

In this research, PNECs are obtained from the database developed in an OECD
(Organization for Economic Co-operation and Development) project on High Production

Volume (HPV) chemicals (OECD 2000). HPV chemicals are defined as chemicals

! Risk Quotient (RQ) or Hazard Quotient (HQ) = PEC/PNEC where PEC = Predicted environmental
concentration and PNEC = Predicted no effect concentration.
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reported to be produced or imported at levels greater than 1,000 tons per year in at least
one member country of the OECD. In this project, parameters for risk assessment of
HPV chemicals are to be investigated, reported, and periodically updated by OECD
member countries that volunteer to work on the project. At this stage, there are 15 of 30
OECD member countries working on more than 1,000 HPV chemicals. For the U.S., the
EPA is responsible for the investigation and reporting of 420 HPV chemicals (EPA
2003j). PNECs developed in the OECD project may be perceived as a consensus because
the evaluations for HPV chemicals need to be approved by the OECD before they
publicized in the Integrated HPV Database.

However, PNEC of only 132 chemicals have been reported so far. (Table E.1,
Appendix E). These PNEC reports are limited because:

- The project is still in the early stage and only a portion of the listed HPVC chemicals
have been investigated;

- The supporting laboratory results and field tests for some chemicals are not sufficient
to determine their PNECs; and

- Some chemicals are determined to pose a very low risk to ecosystems; therefore, it is
not necessary to evaluate associated risks as well as their PNECs.

An example of PNEC assessment is the one arranged for chromates by the U.K.
Environment Agency (OECD 2000). For aquatic PNEC, long term NOEC values for 28
species, derived from the literature, were in the range of 0.0047 to 3.5 mg Cr(VI)/liter.
By using statistical log-normal distribution, a value of lower 5% with 50% confidence
was determined as 10.2 ug Cr(VI)/liter. A factor of 3 was applied when the limitations in
the database were taken into account, giving the aquatic PNEC of 3.4 pg Cr(VI)/liter.
For sediment PNEC, using of an equilibrium partitioning method and different partition

coefficients for acidic and neutral-alkaline environments gives sediment PNECs of 1.5
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mg Cr(VI)/liter for acidic conditions and 0.15 mg Cr(VI)/liter for alkaline conditions.
For terrestrial PNEC, long term toxicity data were available for three trophic levels
(plants, earthworms, and soil microorganisms), with plants being the most sensitive
species group. The lowest NOEC from a plant growth test was 0.35 mg Cr(VI)kg.

A factor of 10 was applied, giving the soil PNEC of 35 pg Cr(VI)/kg.

11.4 Carrying Capacity Estimate
When utilizing PNECs as the target threshold levels, the national scale (U.S.) carrying
capacity for both air and water emissions for eco-toxicity impact can then be estimated
using the empirical equations similar to the ones developed from the evaluation of

carrying capacity for human toxicity impact:

U.S. CCyaser (kg/yr) = Threshold level (mg/l) x 9.4xI 0° km® x 365 days/vr (10.6)
Partitioning factoryae, (mg/)/ (kg/km’/day)

U.S. CCsoit (kg/yr) = Threshold level (mg/kg) x 9.4x1 0% km’ x 365 days/yr (10.7)
Partitioning factor,; (mg/kg)/(kg/kmz/day)

Subscripts water and soil denote the carrying capacity estimate from the threshold levels
for water (aquatic eco-toxicity) and soil (terrestrial eco-toxicity), respectively. The
partitioning factors are the same ones developed in Chapter 10 (Table 11.2). Most
PNECs reported in literature are for aquatic ecosystems; therefore, only aquatic carrying
capacity estimates are determined. Table 11.3 presents the U.S. carrying capacity

estimates for eco-toxicity impact for 131 chemicals using the empirical approach.
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Table 11.2 Average Partitioning Factors for Empirical Carrying Capacity Estimate

Partition of air emissions (Partitioning factor) Partition of water emissions (Partitioning factor)
In air In surface water In surface soil In air In surface water In surface soil
(mg/m’) / (kg/km’/d) | (mg/l) / (kg/km’/d) | (mg/kg) / (kg/km™/d) | (mg/m’) / (kg/km*/d) | (mg/l) / (kg/km*/d) | (mg/kg) / (kg/km’/d)

For organic chemicals

4.6E-04 | 2.5E-05 l 5.5E-04 ] 4.6E-05 | 4.4E-02 | 7.1E-05
For metals and particulate matter
3.2E-05 | 1.5E-02 | 4.0E-03 | - | 43E-02 | 4.0E-15
11.5 Summary

The carrying capacity for eco-toxicity impact is estimated using the threshold-oriented
technique developed in this research. The empirical carrying capacity estimate for eco-
toxicity impact is based on two components: the assessment of environmental transport of
toxic chemicals and the assessment of threshold levels. The assessment of environmental
transport of toxic chemicals is adopted from the one that has been carried out in the
evaluation of human toxicity impact. The partitioning of toxic chemicals in the
environmental media as a result of a unit of emission are expressed in terms of
partitioning factors, which were calculated using CalTOX, an integrated multimedia
environmental model.

For the assessment of the threshold levels, it is difficult to select an appropriate
set of threshold levels. This is because there are multiple effects on ecosystems caused
by individual substances and there is insufficient supporting information to select a single
entity to represent the functioning of ecosystem as a whole. In this study, the PNECs are
used as a surrogate for the generic assessment endpoint to protect the ecosystem as a
whole. The PNEC is defined as the highest environmental concentration expected to
cause no effects, acute or chronic, on the structure or functioning of ecosystems. PNECs

are therefore used as the target threshold levels.
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The U.S. carrying capacity for eco-toxicity impact have been estimated using the
empirical equations derived for human toxicity impact in Chapter 10. However, the
carrying capacity is available for only 131 chemicals for aquatic eco-toxicity impact due
to the limited number of reports on PNECs (Table 11.3). In the future, the carrying
capacity for more chemicals can be determined in the same manner based upon the
increased availability of PNECs or other endpoint indicators for ecological health.
PNECs and other indicators, which are feasible as the threshold levels, may be evaluated
from several toxicology databases. These databases are, for instance, ECOTOX (EPA
2000), EPA-National Recommended Water Quality Criteria (EPA 1999d), Pennsylvania-
Guidelines for Development of Criteria for Toxic Substances and Water Quality Criteria
for Toxic Substances (Pennsylvania EPA 2000), ORNL-Preliminary Remediation Goals
for Ecological Endpoints (Efroymson et al. 1997), ORNL-Toxicological Benchmarks for
Screening Potential Contaminants of Concern for Effects on Aquatic Biota (Suter and
Tsao 1996).

The next step in estimating eco-toxicity carrying capacity may also be the
development of a consensus methodology or approach that can evaluate generic
assessment endpoints/indicators at the ecosystem-level. Additional aspects include the
specification of areas of protection in ecosystems. A refinement also could include the
use of a more sophisticated and accurate environmental fate and transport model.
Furthermore, a carrying capacity estimate that takes into account local conditions could

be carried out using locally specific modeling.
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Table 11.3 Carrying Capacity Estimate for Eco-Toxicity Impact

U.S. Carrying capacity
Aquatic | for aquatic eco-toxicity
CAS Substance PNEC (kg/yr)
(mg/T) Air Water
emissions | emissions
1 103231 | (2-ethylhexyl) adipate 0.0035 4.80E+11 2.73E+08
2 482893 (31};[1;133)(11-3-one, 2-(1,3-dihydro-3-oxo-2H-indol-2-ylidene)-1,2- 0.0078 1.07E+12 6.08E+08
3 127195 | Acetamide, N,N-dimethyl- 0.5 6.86E+13 3.90E+10
4 103844 | Acetamide, N-phenyl- 0.135 1.85E+13 1.05E+10
5 102012 | Acetoacetanilide 0.32 439E+13 2.50E+10
6 67641 Acetone 21 2.88E+15 1.64E+12
7 107028 | Acrolein 0.0034 4.67E+11 2.65E+08
8 79107 Acrylic acid 0.003 4.12E+11 2.34E+08
9 | 85535859 | Alkanes, C 14-17, chloro- 0.0002 2.74E+10 1.56E+07
10 | 85535848 | Alkanes, C10 - C13, chloro- 0.0005 6.86E+10 3.90E+07
11 | 7789095 | Ammonium dichromate 0.0034 4.67E+11 2.65E+08
12 90040 Aniline, 2-methoxy- 0.0055 7.55E+11 4.29E+08
13 88744 Aniline, 2-nitro- 0.008 1.10E+12 6.24E+08
14 95761 Aniline, 3,4-dichloro- 0.003 4.12E+11 2.34E+08
15 | 101779 | Aniline, 4,4'-methylenebis- 0.003 4.12E+11 2.34E+08
16 82451 Anthraquinone, 1-amino- 0.001 1.37E+11 7.80E+07
17 | 105602 | Azepin-2-one, hexahydro- 0.13 1.78E+13 1.01E+10
18 98839 Benzene, (1-methylethenyl)- 0.018 2.47E+12 1.40E+09
19 | 26447405 | Benzene, 1,1'-methylenebis(isocyanato-) 1 1.37E+14 7.80E+10
20 | 32534819 | Benzene, 1,1'-0xybis-, pentabromo deriv. 0.00053 7.27E+10 4.13E+07
21 | 120821 | Benzene, 1,2,4-trichloro- 0.004 5.49E+11 3.12E+08
22 95501 Benzene, 1,2-dichloro- 0.0063 8.65E+11 491E+08
23 | 106467 | Benzene, 1,4-dichloro- 0.02 2.74E+12 1.56E+09
24 89612 Benzene, 1,4-dichloro-2-nitro- 0.01 1.37E+12 7.80E+08
25 | 105055 | Benzene, 1,4-diethyl- 0.0093 1.28E+12 7.25E+08
26 88733 Benzene, 1-chloro-2-nitro- 0.026 3.57E+12 2.03E+09
27 | 100005 | Benzene, 1-chloro-4-nitro- 0.0028 3.84E+11 2.18E+08
28 | 611063 | Benzene, 2,4-dichloro-1-nitro- 0.00056 7.69E+10 4 37E+07
29 | 16470249 Eenzenesulfonic acid, 2,2'-(1,2-ethenediyl)bis[5-[4-[bis(2- 02 2 74E+13 1.56E+10
ydroxyethyl)am

30 | 100447 | Benzyl chloride 0.001 1.37E+11 7.80E+07
31 | 590863 | Butanal, 3-methyl- 0.0033 4.53E+11 2.57E+08
32 | 106887 | Butane, 1,2-epoxy- 0.02 2.74E+12 1.56E+09
33 | 109693 | Butane, 1-chloro- 0.14 1.92E+13 1.09E+10
34 | 110634 | Butanediol 0.85 1.17E+14 6.63E+10
35 | 760236 | Butene, 3,4-dichloro- 0.0083 1.14E+12 6.47E+08
36 | 623916 | Butenedioic acid (2E)-, diethyl ester 0.0056 7.69E+11 437E+08
37 | 5281049 | C.L.Pigment Red 57:1 0.03 4.12E+12 2.34E+09
38 58082 Caffeine 0.0058 7.96E+11 4.52E+08
39 | 1333820 | Chromium trioxide 0.0034 4.67E+11 2.65E+08
40 | 5392405 | Citral 0.01 1.37E+12 7.80E+08
41 | 119471 | Cresol, 6,6'-di-tert-butyl-2,2'-methylenedi- 0.0068 9.33E+11 5.30E+08
42 98828 Cumene 0.022 3.02E+12 1.72E+09
43 | 110827 | Cyclohexane 0.009 1.24E+12 7.02E+08
44 | 123422 | Diacetone alcohol 1 1.37E+14 7.80E+10
45 81118 Diaminostilbene-2,2'-disulfonic acid 032 4.39E+13 2.50E+10
46 | 105997 | Dibutyl adipate 0.02 2.74E+12 1.56E+09
47 | 107664 | Dibutyl phosphate 0.66 9.06E+13 5.15E+10
48 | 118694 | Dichlorotoluene 0.0032 4.39E+11 2.50E+08
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49 77736 Dicyclopentadiene 0.032 4 39E+12 2.50E+09
50 | 111400 | Diethylenetriamine 12 1.65E+15 9.36E+11
51 77781 Dimethyl sulfate 0.014 1.92E+12 1.09E+09
52 | 120616 | Dimethyl terephthalate 0.096 1.32E+13 7.49E+09
53 | 6864375 | dimethyl-4,4'-methylenebism (cyclohexylamine) 0.0021 2.88E+11 1.64E+08
54 123911 Dioxane 57.5 7.89E+15 448E+12
55 | 26444495 | Diphenyl tolyl phosphate 0.0012 1.65E+11 9.36E+07
56 7681574 | Disodium disulphite 0.1 1.37E+13 7.80E+09
57 | 128370 | Di-tert-butyl-p-cresol 0.0014 1.92E+11 1.09E+08
58 | 112185 | Dodecanamine, N,N-dimethyl- 0.0000235 [ 3.23E+09 1.83E+06
59 { 60004 | EDTA 0.1 1.37E+13 7.80E+09
60 | 79345 | Ethane, 1,1,2,2-tetrachloro- 0.14 1.92E+13 1.09E+10
61 | 1717006 | Ethane, 1,1-dichloro-1-fluoro- 0.31 425E+13 2.42E+10
62 107062 | Ethane, 1,2-dichloro- 1.1 1.51E+14 8.58E+10
63 75683 | Ethane, 1-chloro-1,1-difluoro- 0.045 6.18E+12 3.51E+09
64 | 111773 | Ethanol, 2-(2-methoxyethoxy)- 1 1.37E+14 7.80E+10
65 | 112345 | Ethanol, 2-(butoxyethoxy)- 57.5 7.89E+15 448E+12
66 | 100378 | Ethanol, 2-(diethylamino)- 0.044 6.04E+12 3.43E+09
67 | 127184 | Ethene, tetrachloro- 0.051 7.00E+12 3.98E+09
68 | 141979 | Ethyl acetoacetate 0.275 3.77E+13 2.14E+10
69 | 90387578 | Formaldehyde, prods. with sulfonated 1,1'-oxybistoluene, sod 0.029 3.98E+12 2.26E+09
70 | 56815 | Glycerol 777 1.07E+17 6.06E+13
71 | 106912 | Glycidyl methacrylate 0.01 1.37E+12 7.80E+08
72 | 107222 | Glyoxal 0.215 2.95E+13 1.68E+10
73 | 102067 | Guanidine, 1,3-diphenyl- 0.006 8.23E+11 4.68E+08
74 | 822060 | Hexamethylene diisocyanate 0.0774 1.06E+13 6.04E+09
75 | 7664393 | Hydrofluoric acid 09 1.24E+14 7.02E+10
76 | 7722841 | Hydrogen peroxide 0.01 1.37E+12 7.80E+08
77 123319 | Hydroquinone 0.00044 6.04E+10 3.43E+07
78 | 868779 | Hydroxyethyl methacrylate 0.141 1.94E+13 1.10E+10
79 | 1854268 | Imidazolidinone, 4,5-dihydroxy-1,3-bis 0.6 8.23E+13 4.68E+10
80 | 80626 | Methacrylate, methyl- 0.74 1.02E+14 5.77E+10
81 79414 Methacrylic acid 0.164 2.25E+13 1.28E+10
82 | 79209 | Methyl acetate 0.32 4.39E+13 2.50E+10
83 | 1634044 | Methyl t-butyl ether 26 3.57E+14 2.03E+11
84 | 6386385 | Metilox 0.0025 3.43E+11 1.95E+08
85 | 135193 | Naphthol 0.00085 1.17E+11 6.63E+07
86 | 107642 | Octadecanaminium, N,N-dimethyl-N-octadecyl-, chloride 0.0062 8.51E+11 4.83E+08
87 | 78706 | Octadien-3-ol, 3,7-dimethyl- 02 2.74E+13 1.56E+10
88 | 75569 | Oxirane, methyl- 0.052 7.14E+12 4.05E+09
89 115775 Pentaerythritol 0.6 8.23E+13 4.68E+10
90 | 109660 | Pentane 0.027 3.71E+12 2.11E+09
91 107415 Pentanediol, 2-methyl- 43 5.90E+14 3.35E+11
92 | 4457710 | Pentanediol, 3-methyl- 1 1.37E+14 7.80E+10
93 123546 | Pentanedione 0.005 6.86E+11 3.90E+08
94 80057 phenol A 0.0016 2.20E+11 1.2SE+08
95 | 1879090 | Phenol, 2-(1,1-dimethylethyl)-4,6-dimethyl- 0.14 1.92E+13 1.09E+10
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96 | 1570645 | Phenol, 4-chloro-2-methyl- 0.05 6.86E+12 3.90E+09
97 | 25154523 | Phenol, nonyl- 0.00033 4.53E+10 2.57TE+07
98 | 1477550 | Phenylene-bis(methylamine) 0.047 6.45E+12 3.66E+09
99 | 101724 | Phenylenediamine, N-(1-methylethyl)-N'-phenyi- 0.00034 4.67E+10 2.65E+07
100 | 91156 | Phthalonitrile 0.14 1.92E+13 1.09E+10
101 { 104905 | Picoline, 5-ethyl- 0.0689 9.46E+12 5.37E+09
102 | 2403885 | Piperidinol, 2,2,6,6-tetramethyl- 0.037 5.08E+12 2.89E+09
103 | 7778509 | Potassium dichromate (K2Cr207) 0.0034 4.67E+11 2.65E+08
104 | 109557 | Propane, 1-Amino-3-dimethylamino- 0.056 7.69E+12 4.37E+09
105 | 57556 | Propanediol 183 2.51E+16 1.43E+13
106 | 78977 Propanenitrile, 2-hydroxy- 0.0017 2.33E+11 1.33E+08
107 | 6846500 Propanoig acid, 2-methyl-, 2,2-dimethyl-1-(1-methylethyl)-1,3- 0.032 439E+12 2 50E+09
propanediyl e

108 | 24800440 | Propanol, [(1-methyl-1,2-ethanediyl)bis(oxy)]bis- 10 1.37E+15 7.80E+11
109 | 34590948 | Propanol, 1(or 2)-(2-methoxymethylethoxy)- 19 2.61E+15 1.48E+12
110 | 110985 | Propanol, 1,1'-oxydi- 32 4.39E+15 2.50E+12
111 | 13674845 | Propanol, 1-chloro-, phosphate (3:1) 0.64 8.78E+13 4.99E+10
112 | 107982 | Propanol, 1-methoxy- 208 2.85E+16 1.62E+13
113 | 108656 | Propanol, 1-methoxy-, acetate 0.635 8.71E+13 4.95E+10
114 | 25265718 | Propanol, oxybis- 32 4.39E+15 2.50E+12
115 | 79061 Propenamide 0.0204 2.80E+12 1.59E+09
116 | 7775113 | Sodium chromate (Na2CrO4) 0.0034 4.67E+11 2.65E+08
117 | 10588019 | Sodium dichromate 0.0034 4.67E+11 2.65E+08
118 | 100210 | Terephthalic acid 8 1.10E+15 6.24E+11
119 | 64028 Tetrasodium E.D.T.A. 0.0015 2.06E+11 1.17E+08
120 | 58559 | Theophylline 0.087 1.19E+13 6.78E+09
121 | 108883 | Toluene 0.074 1.02E+13 5.77E+09
122 1 95738 Toluene, 2,4-dichloro- 0.02 2.74E+12 1.56E+09
123 | 95498 | Toluene, 2-chloro- 0.014 1.92E+12 1.09E+09
124 88722 Toluene, 2-nitro- 0.05 6.86E+12 3.90E+09
125 | 108441 | Toluidine 0.0001 1.37E+10 7.80E+06
126 | 91769 | Triazine-2,4-diamine, 6-phenyl- 0.0191 2.62E+12 1.49E+09
127 | 126738 | Tributyl phosphate 0.037 5.08E+12 2.89E+09
128 | 512561 | Trimethyl phosphate 32 4.39E+14 2.50E+11
129 | 115866 | Triphenyl phosphate 0.00074 1.02E+11 5.77E+07
130 | 2432997 | Undecanoic acid, 11-amino- 0.045 6.18E+12 3.51E+09
131 88120 Vinyl-pyrrolidinone 0.045 6.18E+12 3.51E+09




CHAPTER 12

RESOURCE DEPLETION IMPACT

12.1 Overview

Resource depletion can be defined as the decreasing availability of natural resources that
influence human health, biodiversity, or material welfare (Guinee and Heijungs 1995).
Resource depletion is a major impact often taken into account in LCA studies (Guinee
and Heijungs 1995; Udo de Haes et al. 1999b; Brentrup et al. 2002). Furthermore,
resource depletion is a primary indicator of whether sustainability is being maintained
(Murcott 1997). Preservation of natural resources for the needs of future generations is a
practice that is important in sustainable development. It is impractical to expect humans
to discontinue consuming natural resources to accommodate their own needs if a growing
economy is still expected. A more appropriate method is to reduce, if not avoid,
consuming resources that have a greater potential for depletion. For example, if two
different materials can be used to manufacture the same product, the more abundant
resource should be used and the scarcer one conserved. An appropriate environmental
performance indicator can play an important role as a decision-making tool for choosing
more environmentally friendly raw materials and resources.

From the LCA perspective, three input-related impact categories have been
proposed (Table 12.1). To date, only the impact assessment methods for consumption of
abiotic resources such as fossil fuels and minerals have been developed and widely used.
For the conventional LCIA, it is widely accepted that the potential impact for the
consumption/depletion of resources can be aggregated using characterization or resource

equivalency factors (Guinee and Heijungs 1995; Ecobalance 2000; Pennington 2000;
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Brentrup et al. 2002; Van Oers et al. 2002). However, there is still no consensus on the
value of the resources or on the most appropriate method to characterize these resources
(Bare et al. 2002). Characterization factors can be determined from different methods
including ones based on energy content of resources (Finnveden 1994; Van Oers et al.
2002) or the energy used for material production (Goedkoop 1998; Goedkoop and
Spriensma 2001), based on the monetary value of resources (Steen 1999), and based on
the physical data about reserves and consumption rate (Guinee and Heijungs 1995; Lee

1998; Ecobalance 2000; Brentrup et al. 2002; Van Oers et al. 2002).

Table 12.1 Proposed Input-Related Impact Categories
(Source: Udo de Haes et al. 1999b)

Impact category Impact subcategory

Extraction of Deposits (e.g., fossil fuels, minerals)
Extraction of abiotic resources Extraction of Funds (e.g., groundwater, sand, clay)
Extraction of Flow resources (e.g., solar energy, wind, surface water)

Extraction of biotic resources -
Increase of land competition

Land use Degradation of life support functions
Bio-diversity degradation

For the conventional LCIA, a general equation for calculating the potential impact

for resource depletion is given by (Guinee and Heijungs 1995):

Impact or depletion = Y, Equivalency factor, x Extraction, (12.1)

Substituting an equivalency factor by a relationship suggested by Fava et al. (1993);

Equation (12.1) can then be expressed as:

Deaccumulation, kg.yr™

(Reserve,, kg)’

Depletion (yr™') = > x Extraction,, kg (12.2)
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Guinee and Heijungs (1995) proposed equations to calculate the dimensionless abiotic

depletion potential (ADP) and biotic depletion potentials (BDP) as:

) - 2
ADP, kg, kg, = Production,, kg.yr_l y Reserve,, kg (12.3)
Production,, kg.yr Reserve,, kg
BDP. kg, kg, = Deaccumulation,,kg.yr:’l « Reserve,, kg 2 124
Deaccumulation, , kg.yr Reserve,, kg

Where subscripts i and r denote the resource in question and the reference resource,

respectively. The aggregation of resources can be made using the equations from Guinee

and Heijungs (1995):
Equivalent abiotic use (kg,) =) ADF, (kg,.kg;"' ) x Extraction; (kg) (12.5)
Equivalent biotic use (kg,) = Z: BDP, (kg,.kg;' ) x Extraction, (kg) (12.6)

Some studies have used time scale in the consideration of resource depletion
equivalency. Lee (1998) defined the Resource Depletion Index (RDI) as a quantitative
indicator to compare the depletion condition of various resources. A smaller RDI
indicates the possibility of encountering future depletion crises for that resource. The
RDI was also used to determine the reference level for resource depletion in a study by
Schriefl (2001). RDI is expressed as the maximum extractable years remaining for a

resource and is represented as (Lee 1998):

RDI (Maximum extractdble years) = Global reserves (12.7)
Net annual consumption rate

Brentrup et al. (2002) proposed an equation to determine the resource-weighting

factor (analogous to resource equivalency factor):
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t [ production,
Weighting factor, = Current annual produc z.on, (12.8)
Tolerable annual production, ;

Where subscript i denotes the resource in question and subscript T denotes the target time
period. The tolerable annual production depends on a designated time period. And it can

be calculated from the equation:

Global bl ,
Tolerable annual production, = 900 Tecoverante reserve (12.9)
Target time period,

This chapter elaborates the carrying capacity estimates for natural fossil fuels,
minerals, and water resources. These resources are the basic needs for industrial
manufacturing. The biotic resources, loss of biodiversity, and land use are not included.
Also, the resources concerned are for primary extraction. For example, bauxite ore
available from the earth's crust is considered in resource depletion instead of the
production of aluminum ingot. Resource availability is defined according to current
extraction practices, e.g., iron ore available from the earth's crust rather than iron
available in water bodies, plants, landfills, etc. Resources can be divided into non-
renewable resources and renewable resources based on the rate of natural formation (or

flow resources and stock resources).

12.2 Carrying Capacity Estimation for Consumption of Fossil Fuels
Fossil fuels are considered to be a non-renewable resource because of their rather slow
renewal rate compared to the consumption rate. The concept of carrying capacity is not
as apparent for non-renewable resources because some may consider these resources to

be non-sustainable by definition. However, in practice, a rate of depletion can be
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considered as sustainable if it is defined based on the need to find a replacement and to
allow sufficient reserves ultimately to remain in place for future generations. This can be
done by defining a time horizon required for resource availability that will meet these
criteria (Dickinson 1999; Yossapol et al. 2002). The carrying capacity can then be
calculated using the reserve-time horizon approach, defined as the maximum allowable
yearly consumption of the resource, which is the total quantity of existing accessible

reserves divided by a specified time horizon (Equation (12.10)).

Carrying Capacity (kg/yr) = Existing reserves (kg) (12.10)
Time horizon (year)

The existing or accessible reserves, i.e., the reserve base, is that part of an identified
resource that meets specified minimum physical and chemical criteria related to current
mining and extracting practices. The reserve base includes those resources that are
economic and sub-economic (USGS 2002).

The advantage of using the reserve-time horizon approach is that the carrying
capacity of a resource can be adjusted by varying either the existing reserves or an
appropriate time horizon. Information on existing reserves can be updated when
necessary as a result of new resource discoveries. The use of an appropriate time horizon
may reflect the perception of the sustainability concept or other concepts that may vary
over time as a function of world events.

In this research, the time horizon of 200 years is used for carrying capacity
estimate for consumption of fossil fuels (as well as minerals). This 200 year time horizon
is selected on the basis that existing coal reserves are sufficient to last for over 210 years
at the current rate of extraction. Coal is used as the reference resource because it is the

most used and the most abundant fossil fuel in the world’s current mix of power sources



233

(WCI 2000). This time horizon does not take into account that more coal reserves may
be found by on-going exploration and may become more accessible as further
improvements are made in mining technology. If more supporting literature on the time
horizon for resources become available, a more appropriate time scale may be examined
and applied for individual resources. Hence, the carrying capacity may be recalculated.
This reserve-time horizon technique is the reciprocal of the RDI discussed earlier;
but the number of maximum extractable years (RDI) will be fixed to the specified time
horizon and the net annual consumption is defined as the carrying capacity instead. Note
that when using Equation (12.10) with the time horizon held constant, the carrying
capacity decreases as reserves are depleted each year to assure a continuous 200 year-
supply. In other words, the depleting reserves due to continuous use will result in
decreasing the level of the carrying capacity for the subsequent years. Carrying capacity
estimates for fossil fuels using Equation (12.10) are shown in Table 12.2. Lignite is used
in power generation but it is usually consumed at or close to the mining sites due to its

low quality and the relative inefficiency of transportation costs relative to energy content.

Table 12.2 Carrying Capacity for Consumption of Fossil Fuels

Reserves (kg) Carrying Capacity (kg)

Fuel U.S. World Reference U.S. World
Coal 2.51E+14 | 1.00E+15 | WEC 1998 1.26E+12 5.00E+12
Crude oil 3.02E+12 | 1.36E+14 | EIA 2000a 1.51E+10 6.80E+11

Lignite 3.39E+13 | 1.99E+14 | WEC 1998 1.70E+11 9.95E+11
Natural gas 3.33E+12 | 1.02E+14 | EIA 2000a 1.67E+10 5.10E+11

The technique for the carrying capacity estimation is totally based on the time
horizon. Changing the time horizon will affect the carrying capacity and will affect the
outcome of the environmental performance assessed by the STM. Should a time horizon

be altered, the carrying capacity will vary as shown in Figure 12.1.
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Figure 12.1 Change in carrying capacity
due to change in time horizon.

The figure shows that when the time horizon is varied from 10 to 1,000 years, the
carrying capacity is also lowered by two orders of magnitude. However, the carrying
capacity will be less than one order of magnitude should the time horizon be greater than
200 years (as assigned here) to 2,000 years. The effect of varying the carrying capacity

estimates to the overall performance of the STM is further discussed in Chapter 14.

12.3 Carrying Capacity Estimation for Consumption of Minerals

Minerals are also considered as a non-renewable resource. The environmental concern
associated with mining, refining, and recycling technologies for minerals is an issue that
should also be considered. Environmental problems such as severe impacts to the
environment and human health may result in the reduction of mineral production and use.

Recovery is considered as a secondary source for metals (refining of virgin metals
is the primary source). Secondary sources for some metals, such as lead, may be as high
as 67% of the total production. It should be noted that the carrying capacity estimated by
Equation (12.10) is for virgin minerals/fuels, so the application of the recycling rate may

alter the carrying capacity figure. However, documented recycling rates are available for
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only a few minerals/metals. Therefore, the carrying capacity for consumption of minerals
in this research is related to virgin minerals only. The carrying capacity then can also be
estimated using Equation (12.10) as presented in Table 12.3 for minerals with reserve

base figures available in a USGS database (USGS 2002).

Table 12.3 Carrying Capacity for Consumption of Selected Minerals

Mineral Us World i Us World Unit

Aluminum ® 3.40E+07 2.89E+10 ke/vr
Antimony 9.00E+04 3.20E+06 tons 4.50E+05 1.60E+07 ke/vr
Arsenic 8.00E+04 1.05E+06 tons 4.00E+05 5.25E+06 ke/vr
Barite 6.00E+07 5.50E+08 tons 3.00E+08 2.75E+09 ke/yr
Bauxite 4.00E+07 3.40E+10 tons 2.00E+08 1.70E+11 ke/yr
Bismuth 1.40E+04 6.90E+05 tons 7.00E+04 3.45E+06 ke/yr
Boron 8.00E+07 4.70E+08 tons 4.00E+08 2.35E+09 ke/yr
Bromine 1.10E+07 N/A tons 5.50E+07 ke/yr
Cadmium 2.70E+05 1.20E+06 tons 1.35E+06 6.00E+06 ke/yr
Chromium 1.00E+07 7.60E+09 tons 5.00E+07 3.80E+10 ke/vr
Cobalt 8.60E+05 1.00E+07 tons 4.30E+06 5.00E+07 ke/yr
Columbium (Niobium) and Tantalum

Columbium (Niobium) 0.00E+00 5.70E+06 tons 0.00E+00 2.85E+07 ke/vr

Tantalum 0.00E+00 1.20E+05 tons 0.00E+00 6.00E+05 ke/yr
Copper 9.00E+07 6.50E+08 tons 4.50E+08 3.25E+09 ke/yr
Diamond (Industrial) 2.30E+08 1.20E+09 carats 1.15E+06 6.00E+06 carats/yr
Diatomite 5.00E+08 N/A tons 2.50E+09 ke/yr
Fluorspar 6.00E+06 6.40E+08 tons 3.00E+07 3.20E+09 keg/yr
Garnet 2.50E+07 N/A tons 1.25E+08 ke/yr
Germanium 5.00E+02 N/A tons 2.50E+03 ke/yr
Gold 6.00E+03 7.80E+04 tons 3.00E+04 3.90E+05 keg/vr
Graphite 1.00E+06 3.60E+08 tons 5.00E+06 1.80E+09 ke/yr
Helium 8.90E+09 2.50E+10 m’ 4 45E+07 1.25E+08 m’/yr
Indium 6.00E+02 5.70E+03 tons 3.00E+03 2.85E+04 ke/vr
Todine 5.50E+02 2.70E+04 tons 2.75E+03 1.35E+05 ke/yr
Iron Ore 4.60E+09 1.60E+11 tons 2.30E+10 8.00E+11 ke/vr
Lead 2.00E+07 1.30E+08 tons 1.00E+08 6.50E+08 ke/yr
Lithium 4.10E+05 9.40E+06 tons 2.05E+06 4.70E+07 ke/yr
Magnesium Compounds 1.50E+07 2.50E+09 tons 7.50E+07 1.25E+10 ke/yr
Manganese 8.20E+07 5.00E+09 tons 4.10E+08 2.50E+10 ke/yr
Mercury 7.00E+03 2.40E+05 tons 3.50E+04 1.20E+06 ke/yr
Molybdenum 5.40E+03 1.10E+04 tons 2.70E+04 5.50E+04 ke/yr
Nickel 2.50E+06 1.60E+08 tons 1.25E+07 8.00E+08 ke/vr
Peat 6.40E+09 2.00E+11 tons 3.20E+10 1.00E+12 ke/yr
Perlite 2.00E+08 2.00E+09 tons 1.00E+09 1.00E+10 ke/yr
Phosphate Rock 4.00E+09 4.70E+10 tons 2.00E+10 2.35E+11 ke/yr
Platinum-Group Metals 2.20E+03 7.30E+04 tons 1.10E+04 3.65E+05 ke/vr
Potash 3.00E+08 1.70E+10 tons 1.50E+09 8.50E+10 ke/yr
Rare Earths -Rare Earth oxide 1.40E+07 1.10E+08 tons 7.00E+07 5.50E+08 ke/vr

Yittrium 1.30E+05 5.60E+05 tons 6.50E+05 2.80E+06 ke/yr
Rhenium 4 50E+03 1.00E+04 tons 2.25E+04 5.00E+04 ke/yr
Selenium and Tellurium

Selenium 1.90E+04 1.30E+05 tons 9.50E+04 6.50E+05 ke/vr

Tellurium 6.00E+03 3.80E+04 tons 3.00E+04 1.90E+05 ke/yr
Silver 7.50E+04 4.30E+05 tons 3.75E+05 2.15E+06 ke/yr
Soda Ash 3.90E+10 4.00E+10 tons 1.95E+11 2.00E+11 ke/yr
Strontium 1.40E+06 1.20E+07 tons 7.00E+06 6.00E+07 ke/yr
Sulfur 2.30E+08 3.50E+09 tons 1.15E+09 1.75E+10 ke/vr
Talc 5.40E+08 N/A tons 2.70E+09 N/A ke/vr
Thorium ® 3.00E+05 1.40E+06 tons 1.50E+06 7.00E+06 ke/yr
Tin 4 00E+04 1.20E+07 tons 2.00E+05 6.00E+07 ke/yr
Titanium — Titanium mineral 5.90E+07 4.70E+08 tons 2.95E+08 2.35E+09 ke/yr

Titanium and Titanium dioxide 1.54E+06 4.30E+07 tons 7.70E+06 2.15E+08 ke/yr
Tungsten 2.00E+05 3.10E+06 tons 1.00E+06 1.55E+07 ke/yt
Uranium 5.64E+05 3.00E+06 tons 2.82E+06 1.50E+07 ke/yr
Vanadium 400E+06 | 2.70E+07 tons 2.00E+07 1.35E+08 ke/vr
Vermiculite 1.00E+08 2.00E+08 tons 5.00E+08 1.00E+09 kg/vr
Zinc 8.00E+07 4.40E+08 tons 4.00E+08 2.20E+09 ke/yr
Zirconium and Hafnium

Zirconium (ZrO,) 5.30E+06 6.50E+07 tons 2.65E+07 3.25E+08 ke/yr

Hafnium (HfO,) 9.70E+04 1.00E+06 tons 4.85E+05 5.00E+06 kg/yr

Note: (A) Estimated assuming 17% conversion of bauxite to aluminum
(B) Equivalent to thorium oxide, ThO,
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12.4 Carrying Capacity Estimation for Consumption of Freshwater
The carrying capacity for freshwater consumption considered here can be defined as
“offstream use” or “withdrawal use”, i.e., water removed from the ground or diverted
from a surface-water source for use. The use of water includes any sector of value-added
activities such as public-supply, domestic, commercial, irrigation, industrial, mining, and
livestock uses. The issue of pollutant discharge or the contamination of water is
addressed in eutrophication, human toxicity, and eco-toxicity impacts.

The main source of freshwater recharge is precipitation (rainfall and snow) as it
contributes to potential renewable water resources. Despite some annual fluctuations, the
distribution of water has not changed significantly over the past few thousand years (Vos
1997-1998). Although there is more than adequate water available to meet the annual
requirement globally, water crises occur because the available water is not evenly
distributed. More importantly, degradation of quality through human activities has
reduced the amount of usable water that is available. In addition, some parts of the world
receive very little runoff, whereas other parts receive greater amounts. Spatially, 80% of
the precipitation is concentrated in the northern and equatorial zones, particularly in wet
places where relatively small populations live (Vos 1997-1998).

The average annual flow of rivers and recharge of groundwater generated from
precipitation is termed as the annual Internal Renewable Water Resources (IRWR) (WRI
1999; FAO 2003). The Food and Agriculture Organization of the UN (FAO 2003)
estimates that the IRWR is 43,764 km3/yr for the entire world. At the continental level,
the Americas have the largest share of the world’s total freshwater resources with 45
percent, followed by Asia with 28 percent, Europe with 15.5 percent and Africa with 9

percent (FAO 2003). The total withdrawals in 1997 were about 8% of IRWR (WRI
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1999). The agricultural sector accounted for 69% of total withdrawals, while the
domestic and industrial sectors accounted for 8% and 23% respectively.

The IRWR of the U.S. is 2,000 km*/yr (FAO 2003). This amount includes both
surface water flow and groundwater recharge and it is approximately 34% of the natural
water generated from precipitation (5,800 km®/yr) with the remaining 66% being the
portion involved in evaporation and transpiration (FAO 2003). The IRWR can be
assumed here as the water availability that is left after evaporation and transpiration
(evapotranspiration) by natural vegetation and rain-fed agriculture have taken their share.
Evapotranspiration is defined as the combination of direct evaporation from a wet surface
and water consumption or transpiration by vegetation. Baumgartner and Reichel (1975)
estimated the average discharge that is left after evapotranspiration to be 36% of the
water generated from precipitation. Shiklomanov (1993) (as cited in Mook and de Vries
2001) also reported a similar portion at 39%. These typical proportions are comparable
to that of the U.S. Therefore, it is reasonable to define the carrying capacity as that which
is left after natural take-out from the IRWR.

For groundwater, the disadvantage is that its renewal is slow compared to that of
surface water, while an advantage is that groundwater undergoes filtration through the
porous aquifer media, which potentially improves its quality. The storage of groundwater
reservoirs guarantees that freshwater is continuously available even in regions with high
variations in annual precipitation. Although global groundwater use seems to be small
compared to that of surface water, the importance is reversed if only drinking water is
considered (Lead Intl. Inc. 2000). This is due to groundwater’s quality, limited

vulnerability to contamination, and availability.
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In groundwater management, sustainability is achieved when the withdrawal rate
is no greater than the long-term natural recharge rate. For the U.S., groundwater recharge
is estimated at 1,300 km’/yr (FAO 2003). Therefore, this overall average annual
groundwater recharge rate for the U.S. can be defined as the groundwater carrying
capacity. The remaining portion of IRWR is surface water flow of 700 km®/yr and it is
the surface water carrying capacity. Likewise, carrying capacity for other countries can
be estimated in the same manner. Table 12.4 presents the annual recharge rate for

groundwater and surface water for some selected countries.

Table 12.4 Annual Water Recharge Rate in Selected Countries
(Source: FAO 2003)

rnal | Annual Surface | T Annual rnmuel | Annual Surface Total Annual Fresh
Country Rech. Water Recharge Rech. Rat Country Rech Water Recharge | Water Recharge
echarge (km’*/yr) echarge Rate echarge (km’/yr) Rate (km*/yr)
(km®/yr) (km’/yr) (km’/yr)
World 11,301.0 32,463.0 43,764.0 Oceania
North America Australia 72.0 420.0 492.0
Canada 370.0 2,480.0 2,850.0 New Zealand 198.0 129.0 327.0
United States 1,300.0 700.0 2,000.0 Africa
Central America Algeria 1.7 12.2 139
Mexico 139.0 270.0 409.0 Ethiopia 40.0 70.0 110.0
South America Kenya 3.0 17.2 20.2
Argentina 128.0 148.0 276.0 Nigeria 87.0 134.0 2210
Brasil 1,874.0 3,544.0 5,418.0 Europe
Colombia 510.0 1,602.0 2,112.0 Belgium 0.9 11.1 12.0
Asia France 100.0 785 178.5
China 829.0 1,983.0 2,812.0 Germany 45.7 613 107.0
India 4185 842.0 1,260.5 Netherlands 4.5 55 10.0
Japan 27.0 403.0 430.0 Norway 96.0 286.0 382.0
Thailand 41.9 168.1 210.0 United Kingdom 938 1352 145.0
Malaysia 64.0 516.0 580.0

Because the precipitation is not evenly distributed, the recharge also varies from
area to area. The locally specific carrying capacity can be estimated assuming that the
recharge rate of the carrying capacity is proportional to the precipitation. The equation
for calculating the locally specific carrying capacity then can be written as in Equation
(12.11). Applying this equation, the locally specific (state level) carrying capacity for

freshwater consumption can be calculated as presented in Table 12.5.

Local CC (km’/yr) = Locally specific factor x U.S. Carrying capacity (km’/yr)  (12.11)
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Table 12.5 Locally Specific Carrying Capacity for Freshwater Consumption
(Source of precipitation intensity data: NOAA 2002)

Precipitation | Locally | Carrying Capacity (km®/yr) Precipitation | Locally | Carrying Capacity (km*/yr)
State specific State specific
(inches/yr) factor Surface water | Groundwater (inches/yr) factor Surface water | Groundwater
AK 15.9 0.46 321 596 MT 15.3 0.44 309 573
AL 53.7 1.55 1083 2012 NC 494 1.42 997 1851
AR 492 142 993 1843 ND 174 0.50 351 652
AZ 12.7 037 256 476 NE 228 0.66 460 854
CA 223 0.64 450 835 NH 42.4 1.22 855 1588
Cco 15.9 0.46 321 596 NJ 44.7 1.29 902 1675
CT 45.1 1.30 910 1690 NM 134 0.39 270 502
DE 443 1.28 894 1660 NV 87 025 176 326
FL 539 155 1087 2019 NY 389 1.12 785 1457
GA 50 1.44 1009 1873 OH 38 1.10 767 1424
HI 27.5 0.79 555 1030 OK 339 0.98 684 1270
1A 322 0.93 650 1206 OR 26.8 0.77 541 1004
ID 18.8 0.54 379 704 PA 39.7 1.14 801 1487
L 37.8 1.09 763 1416 RI 431 124 869 1615
IN 40 1.15 807 1499 SC 479 138 966 1795
KS 274 0.79 553 1027 SD 183 053 369 686
KY 473 1.36 954 1772 ™ 52 1.50 1049 1948
LA 57 1.64 1150 2135 TX 28 0.81 565 1049
MA 427 1.23 861 1600 UT 11.5 0.33 232 431
MD 428 1.23 863 1603 VA 425 122 857 1592
ME 426 1.23 859 1596 vT 40.5 1.17 817 1517
MI 31.2 0.90 629 1169 WA 37 1.07 746 1386
MN 26 0.75 524 974 WI 313 0.90 631 1173
MO 40.8 1.18 823 1529 wv 439 1.27 886 1645
MS 549 1.58 1107 2057 WY 13.1 0.38 264 491
MT 15.3 0.44 309 573 Average 347 1.00 700 1300
12.5 Summary

The carrying capacity for fossil fuels, minerals, and freshwater consumption is estimated
for the resource depletion impact (Table 12.2, Table 12.3, and Table 12.5 respectively).r
For minerals, the carrying capacity is related to virgin minerals only. The carrying
capacity estimates for resource depletion are in the category of economic carrying
capacity because they are associated with value-added activities.

For non-renewable resources, such as fossil fuels and minerals, the carrying
capacity can be determined using the reserve-time horizon technique developed in this
research. This technique calculates the maximum allowable yearly consumption of
existing resources for a specified time horizon. The carrying capacity decreases as
reserves are depleted each year to assure a continuous supply for the specified time

horizon. For the carrying capacity estimate in this research, the time horizon of 200 years
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is used for consumption of fossil fuels and minerals. This time horizon is selected on the
basis that existing world coal reserves can last for approximately 200 years at today’s
consumption rate. Coal is the most used and the most abundant fossil fuel in the world’s
current mix of power sources. Should supporting literature on the time horizon for
resources become available, a more appropriate time scale may be examined and applied.
The time horizon use in this technique can be altered to a more appropriate figure
depending on the purpose of an LCA study and the judgment of the practitioner. An
advantage of applying the reserve-time horizon technique to estimate the carrying
capacity is that the existing amount of reserves is flexible. The reserves are depleted each
year by human consumption but, on the other hand, they can be expanded due to mining
exploration and improved technology.

The carrying capacity for the consumption of renewable resources such as
freshwater is simply determined from their replenishment rate. The renewable rate for
freshwater, which is calculated as precipitation left after losses and natural uses, is used
as the carrying capacity for both groundwater and surface water. The carrying capacity
for water consumption is evaluated in terms of water availability only. The carrying
capacity of pollutant discharge to water resources is addressed in eutrophication impact,
human toxicity, and eco-toxicity impacts. For the U.S., the locally specific carrying
capacity estimates are provided in Table 10.5.

The carrying capacity estimate in this research can be refined by updating the
information on remaining reserves of non-renewable resources. The carrying capacity
estimate for resource depletion can also be further advanced by inclusion of other

resources such as biotic resources, biodiversity, and land use.



CHAPTER 13

APPLICATIONS OF CARRYING CAPACITY

13.1 Overview

The primary objectives of this research are to develop a set of carrying capacity estimates
and to apply them to an appropriate environmental performance evaluation metric. This
chapter demonstrates how the carrying capacity can be used in conjunction with the STM
in three case studies following the LCA framework. First, the environmental
performance evaluation of four types of electrical energy generation sources is compared
as a case study at the process level. Second, a similar evaluation is made for four basic
material production operations as a case study at the supply line level. And the third case
study is the evaluation of a household plastic coffee maker as an application at the
product level. The third case study is also an attempt to demonstrate the evaluation that
takes into account the temporal and spatial variations of the production process.

The environmental performance of the products and processes in case studies is
extensively evaluated as well by other frequently used LCIA methods using the same LCI
data.  These methods are Eco-Indicator 95 (EI95), Eco-Indicator 99 (EI99),
Environmental Priority Strategies (EPS), and Environmental Design of Industrial
Products (EDIP). The results are compared to those of the STM. Comparative analyses
of the environmental performance of the first and the second case studies are performed.
The superiority among these sources is identified based on the scores of the STM
compared to those of the other LCIA methods. The same analysis is carried out for the
second case study of basic material production. A comparative analysis of environmental

impact contributing to the single scores is also provided for all three case studies.
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The feasibility of applying the carrying capacity evaluation technique and
approaches used in this research to evaluate the carrying capacity for Europe as well as
other regions is also investigated. The European carrying capacity estimates using the
technique and approaches used in this research are compared to EI95 target values, a
feasible approach for carrying capacity estimation. And vice versa, EI95 target values
can also be modified to become the U.S. target values. These modified U.S. target values
are used in the STM as a substitute to the carrying capacity in order to evaluate the
environmental performance of the three case studies. The results are compared to those

using the carrying capacity estimates developed in this research.

13.2 Case Study I: LCA for Electrical Energy Generation Sources

13.2.1 LCA for Electrical Energy Generation Sources Using the STM

A question concerning energy resources that is frequently raised in debate is what would
be the best resource alternative for energy generation. Using the STM in conjunction
with the U.S. estimates of carrying capacity can provide an answer to this question in
terms of environmental performance. For this case study, electrical energy generation
sources are selected as alternatives for comparison. The sources taken into account are
electrical energy generation from coal, gas, lignite, and oil.

Two major energy generation sources that are not included in this evaluation are
hydropower and nuclear power. This is because it is not possible or appropriate at this
stage to implement environmental performance assessments of sources for which the
environmental concerns are dominated by impacts for which carrying capacities have not

yet been evaluated. For hydropower, it is well known that land use and loss of
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biodiversity are the major issues to be considered due to the construction of dams. For
nuclear power, it is anticipated that the major issue is the management of nuclear wastes.
Land use, loss of biodiversity, and nuclear waste management impacts are not included in
the STM in its current version. Evaluation of these two sources without their major
impacts would result in a misleading and biased comparison. Any comparison should be
made on an unbiased basis with comparable data. Firstly, the problems, the difficulties,
and the limitations of implementing the environmental performance assessment should
(always) be considered. Furthermore, other assumptions that have been made should also
be stated in the interpretation of the results.

Coal is defined as the combination of sub-bitumen, bitumen, anthracite, and
lignite. The major uses of coal are for electrical generation and use in some heavy
industries. Lignite is a lower grade than sub-bitumen and bitumen, meaning that it has
lower energy content per unit mass. Lignite is evaluated in this case study because its use
in energy generation usually takes place at or close to the mining sites due to its low
quality.  Furthermore, by considering lignite the differences in environmental
performance between high quality coal and low quality coal sources can be compared.
Goal and Scope Definition
The purpose of this evaluation is to analyze the environmental performance of electrical
energy generation sources by comparing the use of the following fossil fuels: coal, gas,
lignite, and oil. For this purpose, the comparison will be carried out on the basis of the
functional unit of 1 kWh,' of electrical generation. The life-cycle stages of the energy
generation process in this evaluation begin with the extraction of fossil fuels and ends

with the emissions of wastes to environmental media. Figure 13.1 presents the system

! kWh, = kilowatt-hour of electricity
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boundary of the energy generation processes considered in this case study. The result of
this evaluation will be used to discuss the applicability of the U.S. estimates of carrying
capacity as the baseline reference for the STM, an environmental performance metric.
Although, the relative ranking of these four fuel sources is given by this evaluation, it
cannot suggest the superiority of the use of any particular fuel over the others for all

situations.

Resource Extraction

Major Raw Materials

System Boundary
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Figure 13.1 System boundary for LCA case studies

Life Cycle Inventory

Life cycle inventory (LCI) data for these energy generation sources were obtained from
the IDEMAT 96 database, which is integrated in the SimaPro LCA software (PRe’ 2006).
It should be noted that this inventory database was gathered from studies conducted
mostly in Europe. However, for this research it is assumed that this inventory database is
applicable for the same type of process or product in the U.S. The functional unit for. this

assessment is the electrical generation of 1 kWhe.
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Life Cycle Impact Assessment

The inventory data can be classified into various impact categories (classification step)
and the impacts can be aggregated within the same homogeneous category or subcategory
using appropriate characterization factors or equivalency factors (characterization step).
The next step is to identify the U.S. carrying capacity and the Impact Reference level (Ir)
of impact and sub-impact categories for the STM calculations. The I associated with the
impact categories in electrical generation sources are calculated from the estimated
carrying capacity available. The calculations for I are carried out using the year 2000
based carrying capacity values as well as economic information.

For other STM parameters, the Value Reference level (Vr) of 100 million dollars
per year is arbitrarily selected (using the same approach as in Dickinson et al. 2002) for
the calculation of Iz. This Vg represents the revenue of a typical corporate enterprise.
As noted by Dickinson et al. (2002), selection of a different Vg will adjust the
calculations for productivity indicators equally, but will not change the Eco-Efficiency
(EE). The calculation for Iy is based on U.S. gross domestic product (GDP) and global
gross product (GGP) for the year 2000 (base year for calculation) which are $9.810
Billion and $31,500 Billion respectively (World Bank 2003). The calculations are carried
out on a yearly basis. This long-term evaluation is relevant to the LCA context.

When the Impact Reference levels (Ir) are available, Elpg, RP, and EE can be
calculated. Table 13.1 is the summary of results calculated for all four electrical energy
generation sources. The price of energy used in the calculations is the average retail price
in the U.S. of $0.07 per kWh, for all sources (EIA 2000b). The calculations are carried

out using the equations from the STM methodology (Appendix B).
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Table 13.1 STM Indicators for Electrical Energy Generation Sources

Environmental impact, Elpr (kWhe/yr)™! Eco-Efficiency (%)
Coal Gas Lignite Oil Coal Gas Lignite Oil
Global warming 3.6E-09 | 22E-09 | 43E-09 | 3.0E-09 | 1.9E+01 | 32E+01 | 1.6E+01 | 2.3E+01
Stratospheric ozone depletion 0 0 0 0 - - - -
Acidification 8.7E-09 0 7.0E-09 | 1.0E-08 | 8.0E+00 - 1.0E+01 | 6.9E+00
Eutrophication 8.0E-10 | 5.0E-10 | 6.7E-10 | 5.8E-10 | 8.8E+01 | 1.4E+02 | 1.0E+02 | 1.2E+02
Photochemical smog 9.5E-11 | 6.3E-11 | 79E-11 | 6.6E-11 | 7.4E+02 | 1.1E+03 | 8.9E+02 | 1.1E+03
Human toxicity 9.3E-10 | 2.3E-10 | 9.4E-10 | 6.0E-10 | 1.5E+02 | 5.0E+02 | 1.5E+02 | 1.2E+02
Eco-toxicity 6.3E-11 6.2E-11 | 2.0E+03 | 5.7E+03 | 1.8E+03 | 1.5E+03
Resource depletion Bek09 7 =00 | 15801 | 34801 i
Overall 2.4E-08 | 4.6E-07 5.9E-07 | 29E+00 | 1.5E-01 | 3.2E-01
Rank 1 3 2 4 1 3 2 4
Resource productivity, RP (kWhe/yr)| 4.2E+07 | 2.2E+06 | 4.5E+06 | 1.7E+06
Value productivity, VP, ($/yr) 29E+06 | 1.5E+05 | 3.2E+05 | 1.2E+05

Interpretation
An interpretation can be presented using the STM results. As discussed in Chapter 2 and
Chapter 4, the STM can be used to assess environmental performance and provide
indicators related to sustainability. This method can be used for all stages of the entire
life cycle following the LCA framework. The key function of the STM is to link the
economic value with the environmental carrying capacity. The STM provides five
indicators for environmental performance (Dickinson et al. 2002): Environmental Impact
(EI), Resource Productivity (RP), Service Productivity (SP), Value Productivity (VP),
and Eco-Efficiency (EE). Environmental impacts can be interpreted in terms of a single
indicator Elpg, the environmental impact per unit of production. In this case, Elpg has the
unit of (kWhe/yr)". Elpg is the aggregate of environmental impacts normalized by using
Impact Reference levels (Ir) that relate impact to economic value and sustainability. Iy is
an essential component of the STM and is based on the carrying capacity estimates.

The relative indicators for productivity (RP, SP, VP) can be determined from Elpg
(see Appendix B). These relative indicators provide a basis for comparing environmental

performance, i.e., a better alternative is the one that yields a higher productivity. The
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practical absolute indicator for sustainability is EE, which can be calculated from RP or
VP. The criterion for sustainability is EE > 100%. A product with EE > 100% indicates
less impact than the sustainable level and vice versa for EE <100%. EE can also be used
to interpret the degree of sustainability of a product or service (Table 4.2, Chapter 4). By
comparing the sustainability of the electrical energy generation sources using overall EE,
the results from Table 13.1 show that all of these sources are much lower than the
sustainability level (EE for coal 2.9%, gas 0.15%, lignite 0.32%, and oil 0.12%).

By using the overall EE as the criterion, the energy sources can be ranked from
the largest EE to the smallest EE as: coal, lignite, gas, and oil (Figure 13.2). Even though
the criterion for sustainability is EE > 100%, the result of an alternative for which the
overall EE < 100% does not necessarily indicate that every impact category does not
meet the sustainability level. The sustainability levels expressed in terms of EE of impact
categories must be determined individually. As seen in Table 13.1, there are only a few
impact categories that do not meet the sustainability criterion while the remaining are
higher than the cut-off level (note that the Eco-Efficiency from the impact that consists of
multiple subcategories is obtained from the most critical one). By using the individual
Eco-Efficiency values, one can identify the impact categories and subcategories that
should be addressed in terms of improving its environmental performance.

The consumption of raw materials is the worst or most limiting impact (shaded
cells in Table 13.1) for all of the sources evaluated. The Elpg for resource consumption

of each source are 9.6x10” for coal, 4.6x10” for gas, 2.2x107 for lignite, and 5.9x107
for oil. These Elpr values indicate that oil is the scarcest fuel while coal is the most

abundant fuel in the U.S.
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Figure 13.2 Eco-Efficiency (EE) of four electrical
energy generation sources.

Global warming impact is not the major contributor to the environmental impact
(Elpr) for any of the sources and none of the sources has an impact on ozone depletion
(no ozone depleting substance emission). The major contributor to the overall
environmental impact is resource depletion for all sources (40.2% for coal, 99.4% for
gas, 94.1% for lignite, and 97.5% for oil). Overall, resource depletion and acidification
are the two most significant impacts for all four sources. It is worth noting here that
human toxicity and eco-toxicity do not show significantly in the assessment. This may
be due to the limitation of the carrying capacity estimates for both impact categories in
this research. This is because there is still a small number of carrying capacity estimates
for the chemicals for both impacts (89 for human toxicity and 131 chemicals for eco-
toxicity). In the inventory, there may be some chemicals emitted significantly and the
impact is not observed due to the absence of their carrying capacity values. This is surely
a point that needs to be improved in future work.

By using the STM, the environmental performance of the four energy generation

sources thus can be ranked. This environmental performance assessment is carried out
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following the LCA framework. In the following subsection, the ranking of these four
energy generation sources using the STM Eco-Efficiency indicator (EE) is compared to

the rankings assessed by EI95, EI99, EPS, and EDIP.

13.2.2 LCA for Electrical Energy Generation Sources Using Other LCIA Methods
Goal and Scope Definition

The LCA for the case study of energy generation sources is also carried out using four
other different LCIA methods: EI95, EI99, EPS, and EDIP. The purpose of this
evaluation is to compare the implementation of these LCIA methods with that of the
STM. The comparative analysis is to investigate the superiority among the energy
generation sources in terms of environmental performance. The environmental impact
contributors to the overall single-score indicators are discussed. Some characteristics of
the STM compared to four LCIA methods are highlighted and discussed.

Life Cycle Inventory

The LCI data are the same as the ones used in the STM implementation (obtained from
the SimaPro LCA Software). The functional unit is the energy generation of 1 kWh,.
Life Cycle Impact Assessment

The LCIA using four different methods is evaluated in the SimaPro LCA software, in
which the four LCIA methods are readily available. The methodologies of these LCIA
exercises have been reviewed in Chapter 2. The results obtained from the evaluations are
presented in matrix form showing the single scores of individual impact categories. The
single scores for energy generation sources are displayed in Table 13.2 to Table 13.5 for

the assessment using EI95, EI99, EPS, and EDIP, respectively.
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Interpretation

The results are interpreted, compared, and discussed in the following subsection.

Table 13.2 Eco-Indicator 95 Scores for Energy Generation Sources

: Type of energy generation
Eco-Indicator 95 score Codl Gas Tl oil
Weighted indicator (millipoints/kWh,)
Greenhouse 2.3E-03 | 8.6E-04 | 7.9E-03 1.4E-03
Ozone layer 0 0
Acidification b | 9.2E-04
Eutrophication 6.1E-04 | 2.5E-04
Heavy metals 0 0
Carcinogens 0 0
Winter smog 3.8E-03 0 1.2E-02 3.5E-03
Summer smog 6.9E-06 | 2.6E-05 | 2.0E-05 | 4.9E-06
Pesticides 0
Energy resources 0
Solid waste 0
Crude fuel acquisition 2.5E-03
Overall 1.4E-02
Rank 2

Table 13.3 Eco-Indicator 99 Scores for Energy Generation Sources

s Type of energy generation
Eco-Indicator 99 score Coal Gas Lianiits oil
Weighted indicator (millipoints/kWh,)
Carcinogens 0 0
Respiratory damage-organics 1.2E-08 2.2E-09
Respiratory damage-inorganics 2.6E-05 1.0E-04
Climate change 1.9E-05 3.0E-05
Radiation 0
Ozone layer 0
Ecotoxicity 0
Acidification/Eutrophication 6.6E-06
Land use 0
Minerals 0
Fossil fuel use & crude fuel acquisition 49E-05 | 2 4 | 9.7E-05 | 47k
Overall 2.7E-04 | 3.4E-04 | 7.3E-04 | 6.2E-04
Rank 1 2 4 3
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Table 13.4 EPS Scores for Energy Generation Sources

Type of energy generation

EPS 2000 score

Coal Gas Lignite Oil
Weighted indicator (ELU/kWh,)
Life expectancy ; 3 | 3.4E-04 03 | 8.0E-04
Severe mobility 3.8E-04 | 1.6E-04 | 1.3E-03 | 2.1E-04
Morbidity 8.8E-05 | 3.0E-05 | 3.0E-04 | 5.5E-05
Severe nuisance 0 0 0 0
Nuisance 5.3E-05 | 3.7E-06 | 1.6E-04 | 4.6E-05
Crop growth capacity 5.2E-06 | 2.1E-06 | 1.4E-05 | 2.7E-06
Wood growth capacity -2.3E-05 | -8.8E-06 | -7.5E-05 | -1.3E-05
Fish and meat production -1.2E-06 | -5.2E-07 | -2.9E-06 | -5.8E-07
Soil acidification 1.5E-06 | 1.7E-07 | 4.4E-06 | 1.2E-06
Production capacity from irrigation water 0 0 0 0
Production capacity from drinking water 0 0 0 0
Depletion of reserves 0 0 0 0
Species extinction 1.5E-05 | 6.4E-06 | 5.1E-05 | 8.2E-06
Crude fuel acquisition 3.4E-04 2.9E-03
Overall 2.2E-03 8.7E-03
Rank 1 3 4 2

Table 13.5 EDIP Scores for Energy Generation Sources

EDIP score Type of energy generation
Coal Gas Lignite Qil
Weighted indicator (Person-equiv./kWh,)
Global warming
Ozone depletion 0 0 0
Acidification 9.7E-07 | 1.1E-07 | 2.9E-06
Eutrophication 2.2E-07 | 8.5E-08 | 5.3E-07
Photochemical smog 2.2E-08 | 4.2E-09 | 6.5E-08
Ecotoxicity water chronic 0 0 0 0
Ecotoxicity water acute 0 0 0 0
Ecotoxicity soil chronic 0 0 0 0
Human toxicity air 3.1E-08 | 8.4E-10 | 9.9E-08 | 2.7E-08
Human toxicity water 0 0 0 0
Human toxicity soil 0 0 0 0
Bulk waste 0 0 0 0
Hazardous waste 0 0 0 0
Radioactive waste 0 0 0 0
Slags/ashes 0 0 0 0
Resources 0 0 0 0
Crude fuel acquisition 0 0 0 0
Overall 3.1E-06 | 8.8E-07 | 9.8E-06 | 2.0E-06
Rank 3 1 4 2
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13.2.3 Comparison and Discussion

Method Comparison - Single Scores

The single scores vary from method to method. The Eco-Indicator point (or millipoint)
represents the aggregated impact scores of EI95 and EI99. EDIP presents the weighted
environmental impacts in the unit of person-equivalent, i.e., impact per person per year.
The EPS offers the results in ELU (environmental load units), which is more physically
meaningful. ELU is equivalent to the environmental cost (in Euro currency) because the
EPS impact assessment is based on the cost of damage restoration or the prevention of
environmental impacts.

The results from the EPS (Table 13.4) reveal that all four energy generation
sources have environmental costs about an order of magnitude lower than their economic
value. The ELUs of these sources are 2.2x107, 2.5x107, 8.7x10?, and 2.3x10” €/kWh,
for coal, gas, lignite, and oil respectively compared to the economic value (sell price) of
0.07 $/kWhe' of electricity.

The STM, however, interprets the environmental performance of a system in
several ways. Because the STM calculations are based on the economic value and the
sustainable level of the system in question, its parameters can be used for multiple
purposes. The aggregated environmental impact is interpreted in a dimensionless unit
Environmental Impact (EI), which is the environmental impact per unit production rate
related to the sustainability level of the system. Resource Productivity (RP) and Value
Productivity (VP) are the relative indicators expressing the rate of production and value
provided, respectively, per unit of environmental impact. And Eco-Efficiency (EE) is a

practical absolute indicator for sustainability.

"1t is conveniently assumed that 1€ = 18 (2003).
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Method Comparison-Impact categories

STM implementation as well as other LCIA methods basically cover major impact
categories suggested by SETAC (Table 13.6), which are resource depletion, land use,
global warming, stratospheric ozone depletion, photochemical ozone formation, human
toxicity, and toxicity to ecosystems (acidification, eutrophication, ecosystem quality).
The STM implementation illustrated in this chapter does not cover the land use impact.
However, it should be noted that the impact categories selected for the STM do not
represent an intrinsic limitation of the STM. The number of impact categories that can be
applied to the STM is basically unlimited. The current limitation is rather due to the
availability of reference levels (or carrying capacity values). In this research, an
appropriate approach to determine the carrying capacity for land use is not yet
determined. It is also considered that the omission of land use impact in the STM
implementation will not give a result significantly different from the one with land use
impact because most of the LCI data do not include the land use associated with
products/processes.

However, it is recommended that solid wastes, hazardous wastes, and radioactive
wastes impacts should be taken into account in further development of carrying capacity
evaluation. This is because the management of these wastes is one of today’s primary
environmental concerns. These impacts are not evaluated in this research because of the
difficulty of determining natural absorption capacity of these wastes. The management
capacity (the existing capability to manage solid wastes, hazardous wastes, and
radioactive wastes) is considered not appropriate because it is an emission-based

capacity, which differs from the carrying capacity concept in this research.
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Table 13.6 Impact Categories Included in the STM and Other LCIA
Implementations

Default impact categories STM | EI9S | EI99 | EPS | EDIP

Input related categories
Resource depletion X
Land use

>R
b

Output related categories
Global warming
Stratospheric ozone layer depletion
Photochemical ozone formation
Toxic to human health
General toxic substances
Carcinogens
Substances causing winter smog
Pesticides
Heavy metals
Substances damaging respiratory system
Radiation
Toxic to ecosystem
Acidification
Eutrophication
Ecosystem quality
Production capability
Solid wastes X
Hazardous wastes

MR XX
Pl
bl e
X X

> P
Ko XX
>

bR ale
>

Mk M XX X

EI95 does not identify resource depletion (availability of resource) as an impact.
However, the environmental damage due to resource consumption is evaluated in terms
of embedded energy for raw material production and fuel acquisition. Another impact
that is not included in EI95 is eco-toxicity (other than acidification and eutrophication).
EI95 also separates the human health impact into subcategories on an emission-related
basis. This may cause the omission of several toxic substances that are not included in
any class under subcategories. This procedure is similar to that of EI99, which considers
only the toxic substances that are carcinogenic or radioactive substances or cause damage
to human respiratory system.

A cursory survey of Table 13.6, EPS seems to consider a number of impact

categories. However, some of them are subcategories divided from the human health
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impact and production capability. The EPS omits a number of common impacts for
which their damages cannot be measured in terms of monetary value. These omitted
impacts are mostly on a global scale such as climate change and ozone depletion impacts.
EDIP covers most of the listed emission-related impact categories. Although
EDIP implementation in the SimaPro separates environmental impacts from resource
consumption, the environmental damage associated with resource consumption is
evaluated in terms of embedded energy for raw material production and fuel acquisition.
A major characteristic of the EDIP is the separation of the weighting calculation from the
preceding LCIA steps. This characteristic, the same as the STM, allows an unlimited
number of impact categories to be included as long as the characterization factors are
prepared. For the STM, however, the carrying capacity value is required in addition to
the characterization factors should a new impact category be added.
Result Comparison-Contribution analysis
Table 13.7 is a summary of the primary environmental impact of energy generation
sources assessed using different LCIA methods. The contribution analysis of
environmental impacts reveals different trends of what would be the major contributors
of energy generation sources. Energy generation from gas that shows resource depletion
impact is the major impact for all methods but the EDIP. For EDIP, the global warming
impact is the major impact for all energy generation sources. Figure 13.3 to Figure 13.7
present the contributions of major impact categories for the environmental performance
assessments using the STM as well as the other LCIA methods. It should be noted that
the STM implementation is made using the U.S. based carrying capacity and economy

while the results from other LCIA methods are based on European conditions.
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Table 13.7 Primary Contributing Impact to Total Impact for Energy Generation Sources
Assessed from the STM and Other LCIA Methods

Major impact

EPS 2000
EDIP

Life expectancy
Global warming

Fuel acquisition
Global warming

Method Coal Gas Lignite 0Oil
STM Resource depletion Resource depletion | Resource depletion | Resource depletion
Eco-Indicator 95 Acidification Fuel acquisition Acidification Acidification
Eco-Indicator 99 Respiratory damage Fuel acquisition Respiratory damage Fuel acquisition

Life expectancy
Global warming

Fuel acquisition
Global warming

|

Weighting of impact %

0% 45

Coal
Gas

Lignite

@ Resource depletion
B Human toxicity
Eutrophication

O Acidification

@ Global warming

Figure 13.3 Major contributors of energy generation sources
assessed by the STM.
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Figure 13.4 Major contributors of energy generation sources
assessed by Eco-Indicator 95.
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Figure 13.5 Major contributors of energy generation sources

assessed by Eco-Indicator 99.
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Figure 13.6 Major contributors of energy generation sources

assessed by EPS 2000.
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Figure 13.7 Major contributors of energy generation sources

assessed by EDIP.
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It can be observed from Table 13.7 that human health is the major contributing
impact in only a few assessments even though burning of fossil fuel is known to be a
major source of anthropogenic mercury emissions all over the world. This discrepancy is
due to the absence of mercury emission reported or recorded in the LCI database, which
shows only the major emissions, i.e., CO2, CO, N0, NOx, and hydrocarbons associated
with fossil fuels burning for electricity generation. It should also be noted that the
carrying capacity for mercury emission (human heath impact) in this research is not
estimated because it was outside the boundary set for the study. A further study
including mercury emission would help address the quality of the relationship of human
health impacts of this type on sustainable of the process.

Result Comparison-Ranking of alternatives

The ranking of alternatives using EE of the STM can be compared to those using single-
scores of other LCIA methods (Table 13.8). The trend from EI95 is the same as that of
EDIP. The average trend of all five methods is ranked from coal, gas, oil, and lignite
(same as EI99). Lignite shows the worst environmental performance among the four
energy generation alternatives for all methods except the STM. Comparison of these
rankings with the rankings that take into account only the common impact categories
(global warming, ozone depletion, acidification, eutrophication, and photochemical ozone
formation) indicates that the rankings that take into account only the common impact
categories provide a more agreeable trend (Table 13.9). The EPS is not included in this

comparison because it does not consider some of these common impacts.



Table 13.8 Ranking in Terms of Environmental Performance of Energy
Generation Sources Assessed by the STM and Other LCIA Methods

Method Environmental performance ranking
1 2 3 4
STM Coal Lignite Gas Oil
Eco-Indicator 95 Gas Oil Coal Lignite
Eco-Indicator 99 Coal Gas Oil Lignite
EPS 2000 Coal Oil Gas Lignite
EDIP Gas Oil Coal Lignite

259

Table 13.9 Comparison between the Rankings with All Impact Categories
and the Rankings with only Five Common Impact Categories

Co

al

Gas

Lignite

Oil

Rankings with all impacts

ST™M
EI95
EI99
EDIP

Rankings with only common impacts

STM
EI95
EI99
EDIP
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Discussion

This section has demonstrated the application of the carrying capacity in conjunction with

the STM to assess the environmental performance related to sustainability for four types

of energy generation sources based on environmental impact and ¢conomic value. This

application is an example of ranking the process level alternatives in terms of

environmental performance. However, the alternative ranking for the case study obtained

from the STM gives a different trend from the rankings obtained from other LCIA

methods. This is may be due to the number of impact categories considered.

A conclusion that can be drawn from the environmental performance assessment

for the energy generation sources is that different LCIA methods obtain different ranking

trends. Use of a ranking trend to identify the superiority of an alternative over the others
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should not be made without indicating the method used and its associated assumptions,
especially the impact categories considered. Otherwise, the results can be misleading to
those who are not familiar with the environmental performance evaluation process.

One aspect that can be pointed out here is that environmental performance
evaluation using the STM can be accomplished using the currently available carrying
capacity estimates. However, some important impacts are not included in the evaluation,
e.g., land use, loss of biodiversity, solid wastes, hazardous wastes, and radioactive
wastes. These impacts include the major public concerns for power generation using
nuclear power and hydropower. The STM scores and the evaluation results may be
altered should the carrying capacity for these impacts become available. It is important

to state the limitations and assumptions made in the interpretation of LCA results.

13.3 Case Study II: LCA for Basic Material Productions

13.3.1 LCA for Basic Material Productions Using the STM

Goal and Scope Definition

The purpose of this evaluation is to analyze the environmental performance of the
production for four basic materials: ABS plastic, aluminum, copper, and steel. This is a
demonstration of application of the STM implementation at the supply line level. For
this purpose, the comparison will be carried out on the basis of one-kilogram production
for the basic materials. The life-cycle stages of a basic material production in this
evaluation begin with the extraction of minerals and ends with the emissions of wastes to
environmental media. The system boundary of the basic material productions is similar

to that of the first case study (Figure 13.1). The result of this evaluation will be used to
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discuss the applicability of the U.S. carrying capacity as the baseline reference for the
STM, an environmental performance metric. The relative ranking of these four basic
materials is an illustration of how to identify the superior option among alternatives.

Life Cycle Inventory

The life cycle inventory (LCI) data for this case study were obtained from the IDEMAT
2001 database, which is integrated in the SimaPro LCA software (PRe’ 2006). The
functional unit of this assessment is 1 kg production of those four basic materials.

Life Cycle Impact Assessment

The inventory data can be classified into various impact categories (classification) and
the impacts can be aggregated within the same homogeneous category (or sub-category)
using appropriate characterization factors or equivalency factors (characterization). After
that, the characterizations and aggregations of Impact (I) can be made. Next, the Impact
Reference levels (Ig) associated with the impact categories and impact subcategories are
calculated from the available estimated carrying capacity. The calculations for Ir are
carried out using the year 2000 based carrying capacity values as well as economic
information. The Value Reference (Vi) of 100x10° $/year is also selected for the
calculation of Iz. The U.S. GDP and GGP for the Ix calculation are also the same as the
ones used in the first case study.

When the Impact Reference levels (Ir) are available, Elpg, RP, and EE can then be
calculated. Table 13.10 is the summary of the results calculated for all four basic
material products. The recent published prices of the basic materials used in the
calculations of EE are 0.75 $/kg for ABS, 1.38 $/kg for aluminum, 1.53 $/kg for copper,

and 0.40 $/kg for steel (USGS 2003).
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Table 13.10 STM Indicators for Basic Material Productions

Environmental impact, Elpg (kg/yr)” Eco-Efficiency (%)
ABS  [Aluminum| Copper Steel ABS  |Aluminum| Copper Steel

Global warming 1.0E-08 | 3.3E-08 | 2.5E-08 | 9.5E-09 | 7.2E+01 | 42E+01 | 6.1E+01 | 4.2E+01

Stratospheric ozone depletion 2.8E-10 | 1.1E-08 | 5.9E-15 | 1.6E-12 | 2.7E+03 | 1.2E+02 | 2.6E+08 | 2.6E+05

Acidification 48E-08 | 2.4E-07 | 2.2E-06 | 2.3E-08 | 1.6E+01 | 6.0E+00 | 7.0E-01 | 1.8E+01

Eutrophication 2.0E-08 | 3.9E-08 | 1.7E-08 | 8.6E-09 | 3.7E+00 | 5.8E+01 | 9.0E+01 | 9.0E+01

Photochemical smog 2.1E-09 | 2.3E-09 | 24E-09 | 5.7E-10 | 7.5E+02 | 8.1E+02 | 6.9E+02 | 9.6E+02

Human toxicity 44E-08 | 1.8E-07 | 1.3E-05 | 4.0E-08 | 3.4E+01 | 1.7E+01 | 1.0E-01 | 4.8E+01

Eco-toxicity 3.6E-07 | 6.8E-07 | 8.0E-06 9E-07 | 3.0E+00
Resource depletion 05 3 4 AEG5
Overall 2.2E-05 | 19E-03 | 2.6E-04 | 1.2E-05
Rank 2 4 3 1 2 4 3 1

Resource productivity, RP (kWhe/yr)| 4.5E+04 | 5.4E+02 | 3.9E+03 | 8.6E+04
Value productivity, VP, ($/yr) 3.4E+04 | 7.5E+02 | 5.9E+03 | 3.5E+04

Interpretation

By comparing the sustainability level using overall EE, the results from Table 13.10
show that all of the basic material productions are much lower than the sustainable level
(EE for ABS 3.4x107 %, aluminum 7.0x10™* %, copper 5.9x10™ %, and steel 3.5x107
%). These very low EE values indicate that production of these basic materials is many
times worse than the sustainability level, which is EE =100%. In other words, a very low
EE values indicate that the market prices of the basic material productions do not reflect
their potential environmental costs. By using EE as the criterion, the basic material
productions can be ranke.d from the one with the greatest EE to the one with the smallest
EE as: steel, ABS plastic, copper, and aluminum (Figure 13.8). It should be noted that
the EE for ABS plastic and steel are almost equal while EI for ABS is about two time
higher (steel is more favorable). As discussed, the result for an alternative for which the
overall EE < 100% does not necessarily indicate that every impact category does not

meet the sustainability level.
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Figure 13.8 Eco-efficiency (EE) of four basic
material productions.

Elpr values for individual impacts indicate that resource depletion is the worst or
the most limiting impact for all of the basic material productions evaluated. Elpr for
resource depletion accounts for most of the overall Elpg for every basic material
production (97.8% for ABS, 99.9% for aluminum, 91.2% for copper, and 95.9% for
steel). The results also indicate that the major Elpr for resource depletion is basically the
one associated with the use of raw minerals for the material production (except for ABS

which Elpg is the worst for the consumption of natural gas).

13.3.2 LCA for Basic Material Productions Using Other LCTA Methods

Goal and Scope Definition

LCA for the case study of basic material productions is carried out using four other LCIA
methods: EI95, EI99, EPS, and EDIP. The purpose of this evaluation is to compare the
implementation of these LCIA methods with that of the STM. The comparative analysis
is to investigate the superiority among the material production methods in terms of

environmental performance. The environmental impacts contributing to the overall
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single-score indicators are discussed. Some characteristics of the STM compared to
those other four LCIA methods are highlighted and discussed.

Life Cycle Inventory

LCI data are the same as the ones used in the STM implementation, and are obtained
from the SimaPro LCA software. The functional unit is a basic material production of
one kilogram.

Life Cycle Impact Assessment

The LCIAs using four different methods are evaluated by the SimaPro LCA software,
which the four LCIA methods are readily available. The results obtained from the
evaluations are presented in Table 13.11 to Table 13.14 for the assessment using EI95,
EI99, EPS, and EDIP, respectively.

Interpretation

The results are interpreted, compared, and discussed in the following subsection.

13.3.3 Comparison and Discussion

Result Comparison-Contribution analysis

Table 13.15 is the summary of the primary environmental impact of basic material
productions assessed by the different LCIA methods. The contribution analysis of
environmental impacts reveals different trends of what would be the major contributors
of energy generation sources. Basically, resource depletion is the major contributor for

most of the four material productions that are assessed using the STM, EI99, and EPS.



Table 13.11 Eco-Indicator 95 Scores for Basic Material Productions

Eco-Indicator 95 score Merarial
ABS Aluminum | Copper Steel
Weighted indicator (millipoints/kg)

Greenhouse 6.2E-04 2.3E-03 1.4E-03 | 5.5E-04
Ozone layer 1.1E-04 6.6E-05 | 5.0E-08 | 1.3E-05
Acidification 1.6E-03 6.6E-03 | 6.1E-02 | 6.2E-04
Eutrophication 2.1E-04 3.5E-04 | 42E-04 | 8.5E-05
Heavy metals 9.8E-05 5.7E-03 1.0E-05 | 4.1E-03
Carcinogens 1.9E-05 2.2E-02 | 4.8E-07 | 5.00E-05
Winter smog 5.3E-04 3.2E-03 | 3.6E-02 | 2.2E-04
Summer smog 2.9E-04 1.5E-04 | 3.9E-05 | 4.00E-05

Pesticides 0 0 0 0

Energy resources 0 0 0 0

Solid waste 0 0 0 0
Overall 3.5E-03 4.0E-02 | 9.9E-02 | 5.7E-03

Rank 1 3 4 2

Table 13.12 Eco-Indicator 99 Scores for Basic Material Productions

Eco-Indicator 99 score Bt
ABS Aluminum | Copper Steel
Weighted indicator (millipoints/kg)

Carcinogens 4.0E-04 2.6E-02 | 2.9E-05 | 4.4E-03
Respiratory damage-organics 1.3E-04 5.3E-05 1.7E-05 | 1.6E-05
Respiratory damage-inorganics 3.6E-02 1.3E-01 | 7.6E-01 | 1.3E-02
Climate change 1.4E-02 5.3E-02 | 3.1E-02 | 1.2E-02

Radiation 0 0 0 0
Ozone layer 0 9.4E-06 | 7.2E-09 | 1.9E-06
Ecotoxicity 9.1E-05 4.0E-03 | 1.2E-04 | 3.6E-02
Acidification/Eutrophication 5.7E-03 1.3E-02 | 6.6E-02 | 2.4E-03
Land use 2.4E-03 2.5E-02 | 7.4E-02 | 3.3E-03
Minerals 1.2E-05 6.6E-02 | 1.3E+00 | 2.0E-03
Fossil fuel use & crude fuel acquisition 3.4E-01 3.9E-01 | 4.2E-01| 7.1E-02
Overall 4.0E-01 7.1E-01 | 2.7E+00 | 14E-01

Rank 2 3 4 1

265
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Table 13.13 EPS Scores for Basic Material Productions

EPS 2000 score Bitectdl
ABS Aluminum | Copper Steel
Weighted indicator (ELU/kg)

Life expectancy 3.2E-01 _3.8E+00 | 2.7E+00 | 2.6E-01
Severe mobility 1.1E-01 1.2E+00 |-1.8E-01| 1.0E-01
Morbidity 2.4E-02 9.3E-02 | 1.2E-01 | 2.0E-02
Severe nuisance 8.2E-05 3.2E-03 1.5E-05 | 3.5E-02
Nuisance 9.3E-03 4.6E-02 | 4.4E-01 | 3.7E-03
Crop growth capacity 1.6E-03 3.5E-03 | 1.6E-03 | 8.6E-04
Wood growth capacity -6.3E-03 | -1.8E-02 |-1.5E-02| -5.1E-03
Fish and meat production -3.6E-04 | -5.8E-04 |-3.8E-05| -1.5E-04
Soil acidification 2.8E-04 1.2E-03 | 1.1E-02 | 1.1E-04

Production capacity from irrigation water 0 0 0 0

Production capacity from drinking water 0 0 0 0
Depletion of reserves 1.6E+00 | 1.8E+00 | 2.1E+02 | 1.4E+00
Species extinction 6.1E-03 1.7E-02 | -8.4E-03 | 5.1E-03
Overall 2.0E+00 | 7.0E+00 |2.2E+02 | 1.8E+00

Rank 2 3 4 1

Table 13.14 EDIP Scores for Basic Material Productions

EDIP score Mitersl
ABS Aluminum | Copper Steel
Weighted indicator (Person-equiv./kg)
Global warming 5.1E-04 1.5E-03 1.1E-03 | 4.4E-04
Ozone depletion 0 5.2E-05 | 4.0E-08 | 1.1E-05
Acidification 1.9E-04 7.8E-04 | 7.2E-03 | 7.4E-05
Eutrophication 6.5E-05 1.1E-04 | 1.3E-04 | 2.7E-05
Photochemical smog 3.4E-05 1.2E-04 | 6.2E-06 | 7.0E-06 |
Ecotoxicity water chronic 8.4E-05 9.9E-03 | 7.7E-06 | 2.7E-03
Ecotoxicity water acute 8.8E-05 9.0E-03 | 6.1E-06 | 2.3E-03
Ecotoxicity soil chronic 6.0E-08 3.2E-03 | 6.9E-06 | 7.2E-04
Human toxicity air 2.3E-06 23E-04 |2.8E-04 | 4.6E-04
Human toxicity water 8.4E-05 1.2E-03 | 5.9E-06 | 2.3E-04
Human toxicity soil 2.6E-05 1.7E-03 | 3.8E-04 | 9.2E-04
Bulk waste 6.8E-05 8.9E-04 | 1.1E-01 | 1.3E-04
Hazardous waste - L1E-03 1.1E-06 0 0
Radioactive waste 0 0 0 0
Slags/ashes 3.8E-05 3.3E-03 | 3.2E-07 | 3.3E-04
Resources 0 0 0 0
Overall 2.2E-03 3.2E-02 | 1.2E-01 | 8.3E-03
Rank 1 3 4 2
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Table 13.15 Major Contributing Impact to Total Impact for Basic Material Productions
Assessed from the STM and Other LCIA Methods

Method . : Major impact
ABS Plastic Aluminum Copper Steel
ST™M Resource depletion Resource depletion | Resource depletion Resource depletion
Eco-Indicator 95 Acidification Carcinogens Acidification Heavy metals
Eco-Indicator 99 Fuel acquisition Fuel acquisition Minerals Fuel acquisition
EPS 2000 Depletion of reserves Life expectancy | Depletion of reserves | Depletion of reserves
EDIP Hazardous Eco-toxicity Bulk waste Eco-toxicity

Again, it should be noted that EI95 and EDIP do not include resource depletion in
their methods explicitly. Instead, the environmental impacts associated with resource use
are determined in terms of embedded energy for raw material and fuel acquisitions.
However, LCI data for the basic material productions do not identify this portion of
embedded energy. Therefore, the contribution of resource depletion impact to the overall
impacts cannot be identified specifically for EI95 and EDIP. It is plausible that the
environmental impact due to resource depletion is also the major contributor assessed <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>