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Enhancing Life-Cycle Inventories via Reconciliation with
the Laws of Thermodynamics

Jorge L. Hau, Heui-seok Yi, and Bhavik R. Bakshi

KEYWORDS:
data rectification, exergy, industrial ecology, life-cycle assessment,
material balance, uncertainty

SUMMARY:

Obtaining reliable results from life-cycle assessment studies is often quite
difficult because life-cycle inventory (LCI) data are usually erroneous,
incomplete, and even physically meaningless. The real data must satisfy
the laws of thermodynamics, so the quality of LCI data may be enhanced
by adjusting them to satisfy these laws. This is not a new idea, but a
formal thermodynamically sound and statistically rigorous approach for
accomplishing this task is not yet available. This article proposes such an
approach based on methods for data rectification developed in process
systems engineering. This approach exploits redundancy in the available
data and models and solves a constrained optimization problem to remove
random errors and estimate some missing values. The quality of the
results and presence of gross errors are determined by statistical tests on
the constraints and measurements. The accuracy of the rectified data is
strongly dependent on the accuracy and completeness of the available
models, which should capture information such as the life-cycle network,
stream compositions, and reactions. Such models are often not provided in
LCI databases, so the proposed approach tackles many new challenges
that are not encountered in process data rectification. An iterative
approach is developed that relies on increasingly detailed information
about the life-cycle processes from the user. A comprehensive application
of the method to the chlor-alkali inventory being compiled by the National
Renewable Energy Laboratory demonstrates the benefits and challenges of
this approach.
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Environmental Assessment of Waste-Solvent Treatment
Options, Part I: The Ecosolvent Tool

Christian Capello, Stefanie Hellweg, Beat Badertscher, Hugo
Betschart, and Konrad Hungerbiihler

KEYWORDS:
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industrial ecology, life-cycle inventory (LCI) stochastic modeling

SUMMARY:

The software tool ecosolvent is presented that allows for comparative
environmental assessment of treatment technologies for specific, user-
defined, waste-solvent mixtures. The tool is composed of models for
waste-solvent distillation as well as for thermal treatment in hazardous
waste-solvent incinerators and cement kilns. It was designed with a tiered
structure in order to allow for a high flexibility regarding informational
needs. The life-cycle assessment method was used to assess the
environmental impact. The applicability of the tool is shown with two case
studies from industry. In these case studies, various waste-solvent
treatment technologies are compared for two specific waste-solvent
mixtures. Potential use of the ecosolvent tool for its role in practical
decision making in chemical industry is illustrated by two case studies of
waste-solvent systems. In the ethyl acetate case study, the tool indicates
that solvent recovery by distillation is clearly better than incineration of the
waste solvent. The results from the methanol case study are less clear-cut.
In the subsequent article (part II), the ecosolvent tool will be used to
derive general rules of thumb and specific recommendations for 45
important solvents used in chemical industries. Additionally, a framework
will be presented that provides quick and easy decision support regarding
environmentally optimized waste-solvent management.
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A Dynamic Model for Determining the Temporal
Distribution of Environmental Burden

Stephen H. Levine, Thomas P. Gloria, and Eliahu Romanoff

KEYWORDS:
dynamic modeling, environmental assessment, industrial ecology,
input-output analysis (I0OA), sequential interindustry model (SIM),
transient events

SUMMARY:

In an article on the role of temporal information in life-cycle assessment in
this journal, Field and colleagues argued that frequently it is not the single
product but the “fleet” (or cohort) of products that “is the appropriate unit
of analysis,” and that in focusing on the fleet one “explicitly introduces the
notion of time as a critical element of comparative life-cycle
assessments...” Major transitions, such as replacement of one fleet of
products by an alternative fleet, correspond to a system in a transient
rather than steady state, and explicit consideration of time is central to
transient analysis.

One tool increasingly used as part of life-cycle assessment,
economic input-output (EIO) analysis, at best deals with time in an implicit
fashion. This article illustrates how the sequential interindustry model
(SIM), a formulation of the EIO model that explicitly represents time,
might be utilized in life-cycle assessment. SIM introduces this temporal
component by explicitly accounting for the time required by production
activities and the resulting sequencing of the inputs. This can be thought of
as engineering rather than accounting information. The data demands of
such a model are not likely to be met at present or at any time in the near
future. Even so, simulation methods and the use of so-called synthetic
data have a history of productive use in a number of fields, including the
social sciences.

SIM also utilizes the contribution of Joshi on the application of the
EIO model to environmental impact and the inclusion of the use as well as
the production phases of a product in EIO analysis. The possibility of
accounting for discounting of future events, with its impact on decision
making, is also briefly discussed.
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The Waste Input-Output Approach to Material Flow
Analysis: Concepts and Application to Base Metals

Shinichiro Nakamura, Kenichi Nakajima, Yasushi Kondo, and
Tetsuya Nagasaka

KEYWORDS:
double counting, industrial ecology, input-output analysis, material
composition, physical input-output tables (P1OT), triangularity

SUMMARY:

A general analytical model of materials flow analysis (MFA) incorporating
physical waste input-output is proposed that is fully consistent with the
mass balance principle. Exploiting the triangular nature of the matrix of
input coefficients, which is obtained by rearranging the ordering of sectors
according to degrees of fabrication, the material composition matrix is
derived, which gives the material composition of products. A formal
mathematical definition of materials (or the objects, the flow of which is to
be accounted for by MFA) is also introduced, which excludes the
occurrence of double accounting in economy-wide MFAs involving diverse
inputs. By use of the model, monetary input-output (I0) tables can easily
be converted into a physical material flow account (or physical input-
output tables [PIOT]) of an arbitrary number of materials, and the material
composition of a product can be decomposed into its input origin. The first
point represents substantial saving in the otherwise prohibitive cost that is
associated with independent compilation of PIOT. The proposed
methodology is applied to Japanese IO data for the flow of 11 base metals
and its scrap (available as e-supplement on the JIE Web site).
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Screening of Metals in Waste Electrical and Electronic
Equipment Using Simple Assessment Methods

Tomohiro Tasaki, Masahiro Oguchi, Takashi Kameya, and Kohei
Urano

KEYWORDS:
environmental indicator , environmental management, industrial

ecology , metals, simplified environmental assessment, waste
electrical and electronic equipment (WEEE)

SUMMARY:

Various toxic, useful, and/or scarce metals in waste electric and electronic
equipment (WEEE) have rarely been assessed due to low data availability,
except for the four metals regulated by the EU RoHS Directive. This article
describes the results of screening 36 metals in WEEE using simple
assessment methods for cases where the decision makers do not know for
which substances in product countermeasures should be taken and where
data cannot be easily obtained. First, this study examines the decision-
making process and prerequisites for screening, classifies existing
assessment methods, and presents three simple indices for screening—
resource consumption and water pollution affecting human health and
aquatic biota conservation—so that screening can be readily started for
many (20-36) metals. Following this, a case study is conducted for waste
TV sets, revealing which metal in which product module or component
should be targeted by environmental countermeasures. Finally, the
screening results are compared with those of six other methods using
diagrams devised to indicate the superiority of screening methods, and
several screening techniques are discussed. The conclusions are that the
EU RoHS Directive does not necessarily cover all of the toxic metals that
could be of concern and the screening methods presented could help
identify such metals; the selection of methods is critical; and a more
detailed method does not necessarily provide more accurate results.
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Exergy Sustainability Indicators as a Tool in Industrial
Ecology: Application to Two Gas-Fired Combined Cycle
Power Plants

Anita Zvolinschi, Signe Kjelstrup, Olav Bolland, and Hedzer J. van
der Kooi

KEYWORDS:
abatement, decision making, environmental compatibility, gas-fired
power plant, renewability, thermodynamics

SUMMARY:

Life-cycle assessment is an established tool for industrial ecology. An
analysis of the energy use in the chemical and other energy-intensive
industries is still under discussion in this field. We argue that the concept
of energy can play a role in industrial ecology, using a recent Norwegian
power production policy question as illustration. The question is whether to
build a standard natural gas- or a hydrogen-fired gas-turbine combined-
cycle power plant to meet increased needs for electricity in Norway.
Several indicators are relevant for this discussion, and we calculate three
based on energy calculations, as proposed in the literature. The indicators
are energy renewability, exergy efficiency, and environmental
compatibility. We show how these indicators can be used to evaluate paths
for sustainable power production in two gas-fired combined-cycle power
plants. We found that the two plants in question were equivalent, as
judged by their exergy renewability and their environmental compatibility,
but not by their exergy efficiency. This indicator favored the standard
power plant, possibly in combination with carbon dioxide (CO,)
sequestration in a depleted gas reservoir. The analysis suggested that the
present situation for power production in gas-fired combined-cycle power
plants is such that one may have to choose in general between power
production with high exergy efficiency, but low renewability indicator, or
the opposite, low exergy efficiency and high renewability indicator. The
general importance of exergy analysis was demonstrated by this example.
It enables communication between different professional groups. The
technological details, understood by the engineers, can be transposed to
meaningful aggregated indicators for decision makers.
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Coal Tar-Containing Asphalt: Resource or Hazardous
Waste?

Yvonne Andersson-Skold, Karin Andersson, Bo Lind, Anna Nystrém
Claesson, Lennart Larsson, Pascal Suer, and Torbjoérn Jacobson

KEYWORDS:
asphalt, energy consumption, industrial ecology, life-cycle assessment
(LCA), polycyclic aromatic hydrocarbon (PAH), road construction

SUMMARY:

Coal tar was used in Sweden for the production of asphalt and for the
drenching of stabilization gravel until 1973. The tar has high
concentrations of polycyclic aromatic hydrocarbons (PAH), some of which
may be strongly carcinogenic. Approximately 20 million tonnes of tar-
containing asphalt is present in the public roads in Sweden. Used asphalt
from rebuilding can be classified as hazardous waste according to the
Swedish Waste Act. The cost of treating the material removed as
hazardous waste can be very high due to the large amount that has to be
treated, and the total environmental benefit is unclear. The transport of
used asphalt to landfill or combustion will affect other environmental
targets. The present project, based on three case studies of road projects
in Sweden, evaluates the consequences of four scenarios for handling the
material: reuse, landfill, biological treatment, and incineration. The results
show that reuse of the coal tar-containing materials in new road
construction is the most favorable alternative in terms of cost, material
use, land use, energy consumption, and air emissions.
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Promoting Green Innovation or Prolonging the Existing
Technology: Regulation and Technological Change in
the Chlor-Alkali Industry in Japan and Europe

Masaru Yarime

KEYWORDS:
diaphragm, industrial ecology, institution, ion-exchange membrane, mercury,
research and development (R&D)

SUMMARY:

A case study of the chlor-alkali industry in Western Europe and Japan is
conducted to examine the effects of environmental regulation on
technological change. In Western Europe, standards were set for mercury
emissions from chlor-alkali plants, which were gradually tightened
subsequently. Research and development (R&D) efforts were directed to
end-of-pipe technologies as well as process improvements for reducing
mercury emissions, rather than to clean technologies, which eliminate
mercury from within the production process. With a significant reduction in
mercury emission with end-of-pipe technologies, new plants continued to
be built that relied on the mercury process. As long as these relatively new
plants can be utilized, technological transition to the clean ion-exchange
membrane process remains slow. The success in reducing mercury
emissions with end-of-pipe technologies, in effect, helped to prolong the
lifetime of the existing mercury process. In Japan, the government
introduced policies to phase out the existing mercury process. The strict
approach encouraged innovative companies to make R&D efforts on clean
technologies, instead of end-of-pipe technologies for pollution abatement.
Applied in a hasty and inflexible way, however, the stringent regulation
initially induced most of the chloralkali producers to choose the diaphragm
process, which later turned out to be inappropriate. After the regulatory
schedule was modified to allow more time for process conversion, the
remaining mercury-based plants were converted directly to the most
efficient ion-exchange membrane process. The technological transition,
however, was costly, as most of the diaphragm-based plants introduced
following the regulatory mandate were operated only for a short period of
time, with the large investment wasted.
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Calculation of the “Net Additions to Stock” Indicator for

the Czech Republic Using a Direct Method
Jan Kovanda, Miroslav Havranek, and Tomas Hak

KEYWORDS:

durables, economy-wide material flow accounting and analysis (EW-MFA),
industrial ecology, industrial metabolism, infrastructure and buildings,
socioeconomic metabolism

SUMMARY:

Net additions to stock (NAS) are an indicator based on economy-wide material
flow accounting and analysis. NAS, a measure of the physical growth rate of an
economy, can be used for estimates of future waste flows. It is calculated using
two methods: The indirect method of calculation is a simple difference between
all input and output flows, whereas the direct method involves measuring the
amounts of materials added to particular categories of physical stock and the
amounts of waste flows from these stocks.

The study described in this article had one leading objective: to make
available direct NAS data for the Czech Republic, which could later be used for
prediction of future waste flows. Two additional objectives emerged from the
first: (1) to develop a method for direct NAS calculation with regard to data
availability in the Czech Republic; (2) to calculate NAS directly, compare the
results with those achieved in indirect NAS calculation, and discuss the
identified differences.

The NAS for the Czech Republic calculated by the direct method is
equal to approximately 65 million tonnes on average in 2000-2002 and is
approximately 27% lower than the NAS acquired by the indirect method of
calculation. The actual values of directly calculated NAS and its uncertainties
suggest that an overestimation of the indirect NAS is more likely than its
underestimation. Durables account for about 2% of the total direct NAS,
whereas the rest is attributed to infrastructure and buildings. The direct NAS is
dominated by nonmetal construction commodities such as building stone and
bricks, which equal approximately 89% of the total direct NAS.

Calculation of NAS by the direct method has been proved to be
feasible in the Czech Republic. Moreover, uncertainties related to direct NAS are
lower than those related to indirectly acquired NAS. The future work in this area
will be, above all, focused on decreasing uncertainties related to both indirect
and direct NAS figures. The pending objective is elaboration and application of a
method for prediction of future waste flows using direct NAS data.
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