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Synopsis

Global environmental concerns have brought about a change in the way a design team
tackles a new task. The field of process systems engineering has developed in response to
these needs. In parallel, a modern ‘bioenergy’ industry has emerged in response to the
same environmental pressures. The unsustainable modern industrial economy has lead to
global environmental concerns including global warming and human health effects.
Bioenergy, or conversion of biomass to clean modern energy carriers and products,
emerges as a response to these effects and draws strongly on process engineering.

The agricultural sector in South Africa can have an important role in meeting the
renewable energy target proposed by the Department of Minerals and Energy. Such a
medium term target is seen as a step in the right direction to achieving a truly sustainable
future.

The dissertation investigates the role of conceptual design in aiding the development of a
flowsheet for a selected bioenergy system. The main questions that guide the thesis are:

w  To what extent can the processing of crop residues into modern energy
carriers contribute to meeting energy supply?

®  What tools have been developed for generating various product and process
options?

= What tools are available for assessing the various process and product
options that could be generated?

w  What tools are available for the screening of the product and process options
generated?

The questions are addressed with the aid of a literature study and two demonstrative case
studies. The literature serves to inform the current state of process systems engineering
and the advances that have taken place in the field over the last decade. The focus of the
study resides in the conceptual engineering phase. This section of a design is a key focus
area since the opportunities to explore benign alternatives is the greatest. The definition
of this phase is critical for the study. The second part of the survey investigates the field
of bioenergy and the contribution it can provide in the energy sector. Two case studies
are used to provide answers to the key questions and validate the hypotheses.

The first case study compares the environmental dimension of current practices in sugar
production against two alternatives, thus exploring the early stages of product
development. The first, green electricity, is seen as the best method of achieving the
renewable energy targets in South Africa. The second, producing ethanol from excess
bagasse for the automotive industry as an octane enhancer, is thought to have a
significant environmental benefit. The case reveals that both the green electricity system
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and the bioethanol system outperform the base case, current sugar production, in all the
life cycle assessment midpoint indicators chosen. Comparing proposed alternatives, the
two bioenergy options outperform each other in three out of the six methods chosen. The
overall indicator reveals the bioethanol to have the lower environmental impact.

The second case study employed heuristics conceived for waste minimization on an
existing flowsheet to explore whether the perceived better processing route could be
attained. The relevance and power of the available heuristics is evaluated. The first case
dealt with an input/output level scenario, and case two therefore extended this to block
flow and early PFD level.

The excess bagasse is used as the feedstock for ethanol production. The dilute acid
hydrolysis of bagasse, as modeled by Kadam (2002), is used as the base process. Process
systems engineering heuristics were then applied to the system to see what alternatives
could be generated.

A biological conversion of the bagasse intuitively seemed to be the better option. The
heuristics are used to see whether this would emerge as an option in the flowsheet. The
study shows the usefulness of heuristics in revealing waste problems early in the design.
In some instances the heuristics proved to be options generating, but they were not able to
show the benefit of a biological process.

The case studies highlighted the usefulness of LCA in the conceptual design of a process,
displaying strength and value as a screening tool. They also highlighted the power of
hierarchical design and the potential to stimulate the designer to produce novel solutions
to waste problems. The shortcomings in the field of heuristics with respect to bioenergy
systems are exposed. One of the largest shortcomings of the heuristics is the inability to
handle multi-product systems.

The biomass feedstock of choice, bagasse from the agricultural industry, has the potential
to supply a large portion of the renewable energy target. The bagasse is best suited to a
biological process for conversion. A combination of hierarchical approaches is needed to
develop better flowsheet alternatives.

It is recommended to develop the biological conversion route of bagasse to ethanol so as
to become commercially viable. Greater use of LCA and LCIA at all levels of a design is
required. There is also a need to further expand the methods of structured thinking to
include bioenergy systems and give more direct guidance to a design engineer working in
this field.
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Glossary of Terms Used

BFD — Block Flow Diagram

Biomass — Plant material

Bagasse — Fibrous material remaining after sugar extraction. 50% moisture

Conceptual Engineering — “The goal of conceptual design is to find the best flowsheet
(i.e. to select the process units and interconnections among
these units) and estimate the optimum design conditions.”

(Douglas, 1988)

DME — Department of Minerals and Energy

Heuristics — Common engineering principles based on experience

LCA — Life Cycle Assessment

LCIA — Life Cycle Impact Assessment

LCPD — Life Cycle Product / Process Design

LR - Ligneous Residue, unconverted solid material of bagasse

P&ID — Process and Instrumentation Diagram

PFD — Process Flow Diagram

PSE — Process Systems Engineering

TEAM™ — Tools for Environmental Analysis and Management

WSSD — World Summit on Sustainable Development
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Chapter 1: Introduction

1.1 Background

The discipline of process systems engineering has developed rapidly over the past
decade, to large extent in response to global environmental concerns. A major
objective of academic work in this field has been to make such concerns become an
integral part of process design methodologies.

In parallel to this work, a distinct industry -The Bioenergy Industry-, largely driven
by the same environmental concerns and coupled with the unsustainable path of the
modern industrial economy, has emerged. This industry is still relatively immature,
with some established and some new technologies to exploit renewable biomass
resources.

This new industry, occupied with the conversion of biomass into clean modern
energy carriers, draws much more on the discipline of process engineering than its
prominent renewable energy cousins (namely wind and solar energy).

1.1.1 Bioenergy

The increased utilisation of renewable resources is seen as a central element of
sustainable development. Many countries have set targets for contributions of
renewable energy to meeting their energy demand.

South Africa is no different, the Department of Minerals and Energy (DME-SA)
has recognized the need to address the environmental issues regarding non-
renewable resource use and is proposing medium term renewable energy targets,
even though no international targets were set at WSSD 2002. (Department of
Minerals and Energy (DME), 2002)

South Africa has the potential to produce a significant amount of renewable
energy. The share which renewables have in the energy sector is set to increase as
the replacement of fossil fuels becomes more urgent.

The conversion of wind to power (electricity) has developed as the global
dominant form of renewable energy since the early 1990°s. The second most
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1.1.2

accepted form of renewable energy lies in photovoltaic (PV) cells. The
development of PV’s has remained limited to niche markets due to the high
production costs of the cells. Biomass conversion technologies have shown great
potential in completely replacing fossil fuels derived products. Bioenergy has
recently emerged as a potential low cost and large scale renewable energy
provider.

Biomass residues from industry can be used for this purpose. The residues from
industries such as pulp and paper and agriculture are available for further
processing. Another option is to produce crops for the sole purpose of conversion
to an energy carrier, generally referred to as energy cropping.

A study conducted by Marrison and Larson, predicted that South Africa has the
largest energy cropping potential in Africa. The study estimated that
approximately 1350 PJ of biomass energy could be produced in South Africa in
the year 2025, assuming only 10% of the available land is used for energy
cropping. (Marrison and Larson, 1996)

Energy cropping has many social and environmental implications. There is a
growing pressure for land coupled with the fact that world hunger remains an
unresolved issue. Why should this land then be used for energy purposes? This
unanswered question points, at least in the short term, to the use of industrial
biomass wastes and residues for the purpose of renewable energy provision.

The South African Agricultural Industry and its Potential
Contribution to Renewable Energy

South Africa produces a wide variety of saleable crops. The largest of these crops
is maize, which is the staple food of the nation. The current production figure for
maize is estimated at 9 million tons per annum. (Mail and Guardian, 1999). These
large volumes of crops are accompanied by large amounts of crop residues, which
in the maize industry are mostly left on the field, returning nutrients to the soil.

The second biggest crop grown in South Africa is sugarcane used for the
production of sugar. The saleable sugar amounts to 2 million tons per annum. The
sugarcane that is harvested amounts to some 18 million tons. (South Africa Sugar
Association, 2001) The crop residue, called bagasse, is currently used to for the
process utility requirements on the plant. The energy efficiency of sugar mills
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1.1.3

tends to be very poor due to the large amounts of the bagasse available. The
potential to convert excess steam not required for process heat requirements into
exportable electricity for export is good. (Beeharry, 1996)

This practice is employed in Mauritius where the largest crop is sugarcane, and
the bagasse produced during farming, serves to supply the process needs for the
mills as well as providing 8% of the country’s grid electricity. (Beeharry, 1996)

However, it is well recognised that the current coal based electricity price in
South Africa requires significant premiums to be placed on ‘green electricity’ in
order for this use of bagasse to be economically attractive.

Alternatives to the combustion of biomass to produce process heat/steam and
electricity have been raised and include:

- Qasification / Pyrolysis

- Cracking to yield feedstocks for the production of chemicals

- Hydrolysis to sugars followed by fermentation to produce
chemicals and / or liquid fuels

Such, and other biomass conversion technologies to produce clean modern energy
carriers (electricity, gas, or fuel) necessitates considerable process engineering,. It
stands to reason that new developments in process engineering will have the
potential to improve biomass conversion technology.

Recent Advances in Process Systems Engineering (PSE)

The discipline of PSE has seen several developments during the 1990’s, the
development of conceptual engineering as a distinct step of process design having
been one of them.

The majority of the design work is fixed at the conceptual level (Yang and Shi,
2000). The opportunity to make changes during the design decreases as the
project develops and becomes more constrained. This phase of the design is
therefore pivotal in order to address environmental concerns before they are
inherent in the process and can only be addressed by end-of-pipe solutions.
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One of the biggest challenges was that of expanding the system boundaries during
the conceptual design phase. This was largely brought about by the need to
include environmental concerns within the design, with the ultimate aim being
sustainability. The extending of system boundaries led to life cycle assessment
(LCA) emerging as versatile tool to be used in the conceptual design phase.

The generation of flowsheet alternatives taking into account environmental
objectives such as waste minimization and cleaner production has also enjoyed
much development.

1.2 Problem Statement

As mentioned above, technologies that convert biomass to energy are becoming
more widespread. This, coupled with the need to replace non-renewable resource
use, makes it quite clear that excess biomass can be put to good use. Current
practice renders the residues waste rather than a potential energy feedstock.

Global competitiveness and growing environmental issues have brought new
pressures to bear on the process industries, one of them being maximising products
by utilising wastes.

Integration of new technologies into existing plants is a possible response. With
such technologies becoming available, plants that utilise biomass have
opportunities to maximise the gains from their residue. The sugarcane industry in
South Africa has been using their crop residue to provide process heat
requirements, albeit at a low efficiency, in order to satisfy process utility
requirements. The option to convert the excess bagasse to other products is a very
real opportunity that needs to be explored further.

With an increased shift towards wider and more efficient use of renewable
resources, as well as set government targets for renewable energy, an opportunity
has arisen to explore new product development in the sugar industry.

The problem or opportunity to be addressed by this thesis can thus be summarised
as follows:



1.3

1.4

“Recent advances in conceptual design and in flowsheet development of process
systems have created an opportunity for more systematic design also in the field of
bioenergy. No work has been reported on the application of new process design
tools in the field of bioenergy process design, specifically not in targeting the sugar
cane processing industry in South Africa.”

Objectives

The main objective of this dissertation is to first review and identify recent
advances in process systems engineering, and secondly to evaluate their value,
strengths and weaknesses with respect to the design of bioenergy systems by
applying them to current or emerging opportunities in the sugar industry. It is
envisaged that contributions to the bioenergy market in South Africa can be made
by promoting the efficient and maximised used of crop residues.

The design stages to be investigated range from conceptual level design, where the
opportunities to limit pollution are the greatest, to the feasibility stage, where
flowsheets are fixed.

Key Questions

The key questions to be answered in the dissertation are:

v To what extent can the processing of crop residues into modern energy
carriers contribute to meeting energy supply?

Having identified the fact that crop residues in South Africa have the potential to
provide a source of current or future energy carriers, the extent to which, and
how, this can be achieved is to be evaluated.

s What tools have been developed for generating various product and process

options?

In order to design processes utilising new and existing technologies to best effect,
process systems design tools which generate many good and innovative
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alternatives need to be applied. The identification of such tools is therefore
necessary.

®  What tools are available for assessing the various process and product
options that could be generated?

Assessing whether any proposed flowsheet is indeed better than any other, raises

the question of what exactly is a ‘good’ flowsheet? An evaluation method needs

to be developed with the aid of modern assessment techniques. There are

numerous tools and these need to be identified and the best selected for evaluating

design options.

= What tools are available for the screening of the product and process options
generated?

Having generated discreet flowsheets provides the designer with choices. Using a
screening tool to eliminate some of the options helps to arrive faster at the best
product or process option, avoiding the use of full assessments.

1.5 Hypothesis

The hypothesis developed at the outset of this dissertation is:

s Selected recent advances in the process systems engineering sector applied to
the design of bioenergy systems can aid the agricultural processing industry in
maximising the value added by utilisation of crop residues, by enabling
designers to create more efficient processes.

1.6 Methodology and Approach

The first task therefore, is to present a review of the literature pertaining to process
systems engineering (PSE), to reveal the recent advances in this field.

The second task is to review literature on biomass and biomass conversion to

energy products / carriers. Advances in PSE and their applicability to the design of
bioenergy conversion processes are also reviewed.
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1.7

Thirdly, the development of an understanding of current sugar processing both
locally and internationally is necessary in order to generate scenarios for crop
residue utilisation in the bioenergy sector.

Application of selected advances in PSE to the sugar industry would then have to
be demonstrated. This could either by achieved by the development of a generic
argument, or through demonstration by means of case studies. The latter approach
was chosen for this dissertation, with a two part-case study to be developed.

Dissertation Structure

Having highlighted the opportunity and developed key questions to be addressed, a
review of the literature used in this study follows. This is presented in two parts,
where Chapter 2 reviews process systems engineering and the recent advances in
the field and Chapter 3 reviews biomass and bioenergy. Once conclusions from the
literature are drawn, the two-part case study is then presented in Chapters 4 and 5.
Subsequently, conclusions are drawn and recommendations discussed in Chapter 6.
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Chapter 2: Process Systems Engineering (PSE)
Literature Review

This chapter aims to review key features and advances of the recent development of
process systems engineering. The chapter starts with a definition of the discipline, before
moving on to the review of recent advances in process systems engineering and design.
This will be followed by a review of the literature on a related new discipline known as
‘Green Chemistry’, and finally conclusions will be drawn.

2.1 Introduction

2.1.1 Process Systems Engineering

The creative design process occurs when ideas are generated and translated into
processes and equipment for the production of new materials, or for significantly
upgrading the value of existing materials. (Douglas, 1988). The discipline of
process systems engineering uses qualitative approaches (e.g. rule-based
heuristics), as well as quantitative approaches such as modeling, simulation and
optimization, to design and improve processes. Process design should include all
technical aspects. (Herder, 1999)

The term of interest is ‘all technical aspects’. For a long time process designers
did not include taking into account the interaction of the designed system with the
environment. This, however, has changed due to the global recognition that the
environment is an integral part of the design plane and so should be included as a
technical aspect.

Process systems design will be discussed in more detail in sections 2.1.3 and
2.1.4.

2.1.2 Key Questions for the Literature Review

Key questions that need to be answered by the review of the process systems
engineering literature have already been presented in Chapter 1. In some more
detail, these questions are:
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o What are the most important developments in this field over the past 10
years, with particular attention being paid to those concentrating on the
environmental aspects of PSE?

« What new tools are available for generating various product and process
options and how have existing tools been improved?

o What tools are available for assessing value-generating potential of the
various process and product options?

s What tools are available for screening / assessing at the early design stage?

2.1.3 Process Systems Design — a theoretical framework

a) Hierarchy in Process Systems Design

Design in the process industry deals with all aspects of a project from definition to
operation and sales and even to closure at the end of the project’s life. Designs are
most commonly undertaken in a series of stages, with each successive stage of the
design having an increasing amount of requisite data. The progression from
concept to final design can be represented in the form of the different diagrams
needed at each level presented by Turton et al (1998), as shown in Figure 2.1.
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Figure 2- 1: Stages in Process Systems Design and the Associated Diagrams

(Modified from Turton et al., 1998)

Figure 2-1 represents the design progression from early conceptualizing of a
project to the construction of the plant. and the requisite data for the varying
levels of detail and the diagrams needed to carry out the design task.

The figure was adopted from Turton et al (1998) Figure 0.1 and modified to show
the stages which the various diagrams pertain to. Conceptual engineering as
defined by Douglas (1988) is illustrated in red in Figure 2-1. Standard design texts
(Seider et al., 1999; Biegler et al., 1999 ; Sinnot, 1999 ; Douglas, 1988) as well as
various other sources (Basson and Petrie, 2001; Yang and Shi, 2000) have been
consulted in order to clarify the term conceptual engineering as there is little unity
in the definition. Figure 2-2 is therefore developed to show some difference of
opinions as well as the definition of conceptual engineering applied to this study.
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The definition of the term conceptual engineering is critical to place the work to
be done in this study. The term, whilst commonly used in design text, takes no
uniform definition. The term in this study therefore refers to Douglas (1988)
definition:

“The goal of conceptual design is to find the best flowsheet (i.e. to select the
process units and interconnections among these units) and estimate the optimum

design conditions.” (Douglas, 1988)

Figure 2-2 represents the simplified levels of engineering detail, namely concept
definition, flowsheeting, and detailed design. The concept definition is related to
Basson and Petrie’s (2001) strategic design where decisions are made according
to policies, plans, and programs. Relating the concept definition to Seider et al
(1999) lies in the opportunity phase of a project.

The harder phase to define is flowsheeting. The discrepancy occurs, and few
authors agree, where the boundary between concept and detailed engineering lies.
In order to relate to other studies, the definition of flowsheeting again refers to
Douglas (1988) where the designer is trying to find the best flowsheet and
optimum operating conditions. The relevance for this study is therefore placed on
detailed block flow diagrams (BFD’s) and early process flow diagrams (PFD’s).
Turton et al (1998) recognize this as a very important section of design and the
PFD is the single most important diagram for a chemical/process engineer.
(Turton et al., 1998).

Basson and Petrie (2001) break their tactical design phase into four stages. The
line drawn in this study, according to their definition, would lie at tactical design
stage 3 (production of detailed BFD). The PFD falls into stage 4, but is lumped
with detailed engineering and process and instrumentation diagrams (P&ID’s).
This is not consistent with the definition adopted for this study. ‘

Seider et al (1999) refer to process creation and process synthesis. Process
creation involves preparing a flowsheet and applying process integration. Process
synthesis involves first and second law analyses (material and energy balances) as
well as heat and power integration. This remains within the bounds of the
definition adopted.

Yang and Shi (2000) link research and development with conceptual design and
state that it differs from engineering design. They feel that conceptual design is
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the link between laboratory research and engineering design. While this definition
may have merit, it does not sway the conceptual engineering definition used in
this study.

Yang and Shi (2000), do however, correctly recognize the importance of this
design phase, regardless of definition and provide a good account of the
opportunities to make design changes and the costs involved. Figure 2 from Yang
and Shi illustrates the narrowing of constraints and subsequent opportunity to
make process changes at the expense of cost as a design progresses:

& Opportunities &

Cost

\\
\_‘
i o i
Research/  Conceptual  Engineering Plant Startup/  Maintenance/ Close/
Development  Design Design Construction  Operation Retrofit Pull Down

Figure 2- 3: Opportunities of Environmental Impact Minimization Along Process Life Cyele

(Yang and Shi, 2000)

Conceptual engineering is a critical design phase as the majority of the design is
fixed at this level. Nearly all major decisions are confirmed and the rest of the
iterative design process serves to refine the design. (Herder, 1999) Figure 2-3
does not represent Herder’s view sufficiently in this regard, as the slope of the
opportunities line between the conceptual and engineering design phases would
need to be steeper.

The value placed on this design phase is recognized and this study will focus on
conceptual engineering, i.e. on the development of a flowsheet from input/output
diagrams, and progress to detailed BFD’s and early PFD’s.



interrelation is shown in Figure 2-4, taken from the comprehensive review of
environmentally conscious process design of Cano-Ruiz and McRae (1998).

Problem
Statement
The Design Process
Y
Problem Framing Alternatives Generation

Base case / Adaptation of Known Design
Hierarchical Procedures / Heuristics
Thermodynamic Targeting

Optimization of Reducible Superstructures

e Concept Definition

%
e 8 2 @
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Analysis of Boundaries . Anal A .
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v
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& ldentification of major tradeoffs

e Robustness

e  Shopping Rules

v

Design

*(Cano-Ruiz and McRae, 1998)

Figure 2- 4: Components of the Design Process
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2.2 Recent Advances in process systems design

2.21

It is widely recognized that the scope of process systems design has expanded
from a focus on reaction and separation only in the early 60’s to including all
facets of the manufacturing process in the 90’s. According to Cano-Ruiz and
McRae (1998), this first major step in the refinement of process systems
engineering was the expanding of the system boundaries. Basson and Petrie
(2001) as well as Yang and Shi (2000) recognize this as the biggest single change
in PSE over the last few decades. This is a direct response to increased
environmental pressures (Yang and Shi, 2000). The specific environmental
pressures as seen by Basson and Petrie (2001) are:

e Waste Minimization
e Pollution Prevention
e (leaner Production

The inclusions of more facets in the design lead to advances throughout the
design process. The iterative methodology presented earlier in Figure 2-4 will
now be discussed with reference to the advances in the field of PSE.

Advances in Problem Framing

The first design phase addresses the issue of problem framing were all the
decisions are made in order to formulate the optimization problem. In the review
by Cano-Ruiz and McRae (1998) four advances in this phase of design are
discussed:

» Inclusion of waste treatment infrastructure

s Material Integration

o The use of Life Cycle Assessment (LCA) to assess impacts “beyond

the fence”
e Effluent concentration replaced by environmental impacts

2.2.1.1 The Use of Life Cycle Assessment in the Dissertation

While LCA as a field of study has developed significantly over the last decade,
the individual advances in this study will not be presented. The focus on LCA and
its varying applicability in the field of process design is evaluated. The life cycle
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methodology used in this dissertation conforms to 1SO 14000 standards. The
details of each phase is well presented in these standards and so will not be
discussed further. The broad headings used are:

e Goal and Scope Definition
e Life Cycle Inventory Analysis
o Life Cycle Impact Assessment (LCIA)

These phases of the LCA methodology will be used throughout the study and will
be assumed to be understood.

2.2.1.2 Analysis of Advances in Problem Framing

The list presented by Cano-Ruiz and McRae (1998) represents the key core
advances with respect to system expansion. System expansion or larger system
boundaries facilitates almost all of the advances presented. The design stages
considered and their individual advances are a result of the underlying list
above. This places a large emphasis on the problem framing section, and this
fact 1s of critical importance and is recognized by Cano-Ruiz and McRae (1998).
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Figure 2-5 illustrates the mindset change to incorporate wastes and impacts into
problem framing. This has necessitated the expansion of the system boundaries to
account for this developing design trend.

These sentiments are echoed by Yang and Shi (2000), who recognize the
illustrative depiction of the change in conceptual design. Yang and Shi seem to be
greatly influence by the work of Cano-Ruiz and McRae, and regularly cite the
article. (Yang and Shi, 2000 ; Cano-Ruiz and McRae, 1998) Yang and Shi extend
Cano-Ruiz’s process systems review and apply it to Environmental Impact
Minimization (EIM).

This advance stems from designers realizing that waste minimization was a means
and not an end. Measuring emissions of waste in terms or mass or concentration
was not a fair reflection of environmental burden. (Cano-Ruiz and McRae, 1998)
Replacing the consideration of wastes and emissions during design to an
assessment of environmental impacts thus was a direct result of system boundary
expansion.

The need to evaluate the impacts of a design prompted investigations of the
usefulness of Life Cycle Assessment (LCA) during the conceptual design phase.
(Azapagic, 1999)

Azapagic (1999) recognizes the fact that environmental pressures are steadily
increasing and the shift towards the producer responsibility and zero emissions
are becoming more common environmental design tenets. On the other hand,
Yang and Shi (2000) dispute the applicability of LCA in conceptual design as the
information available to a designer in this phase is limited and highly uncertain,
rendering the results inaccurate.

Basson and Petrie (2001) agree with Yang and Shi (2000), in so far as there is
large uncertainty in the early design stage, but argue that at the strategic
(conceptual) level it is essential to consider all life cycle stages and impacts. Their
reasoning agrees with that of Herder (1999): as the problem (design) becomes
more constrained, opportunity for major changes in environmental performance
become fewer, and the focus shifts to management of environmental degradation.
This enforces the idea of the importance of conceptual level design having the
largest scope to affect the environmental performance of a system, through early
assessment and screening of design alternatives. Basson and Petrie (2001) also
state that Life Cycle Impact Assessment (LCIA) is inappropriate at all levels due
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2.2.2

to aggregated loading and estimated risks. Their proposal, therefore, is LCIA be
used for comparative assessment at strategic levels and early design stages.
(Basson and Petrie, 2001)

Advances in Generation of Alternatives

The generation of alternatives or options is the second step in the design process
as identified by Cano-Ruiz and McRae (1998). Environmentally conscious
alternatives generation need to include four key elements, namely:

e High economic potential

e High conversion of raw materials to desired products

e Energy efficiency

e Avoiding releases of hazardous substances to the environment

One of the most recent extensions of LCA, incorporating the above criteria, is its
use in life cycle product or process design (LCPD). LCPD involves selecting a
reference process and applying LCA throughout the design process. LCPD,
therefore, offers the potential to employ technological innovation in the process
concept and structure. This use of LCA can be seen as an options generating tool
as well as utilizing innovative technologies where possible. (Azapagic, 1999)

Cano-Ruiz and McRae (1998) feel that attaining the four key elements lies in
process integration. Yang and Shi (2000) as well as Rossiter (2001) agree that
process integration is an invaluable part of the new design process.

Cano-Ruiz and McRae (1998) proposes six strategies for generating options in
environmentally conscious process design:

1. The use of documented pollution prevention solutions as a source of design
alternatives.

Design by case study

Hierarchical design approach — methods of structured thinking

Pinch Analysis and other targeting techniques

Mathematical programming

Expert systems and artificial intelligence

AN

The use of documented pollution prevention strategies generates questions to
specific processes and equipment changes. This strategy refers to databases,
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journals, and government agency publications. This leads onto point two, or
design by case study, where process models are used to simulate the performance
of existing processes, or a base case. Process modifications are then made
incrementally to see the changes. The third general design approach lies in
hierarchical design, where methods of structured thinking are applied to a design
to test its value and identify possible weaknesses.

The detailed design pollution prevention methodologies lie in options four to six.
Pinch analysis and other targeting techniques have emerged over the last decade
to use all streams in a system to exchange material and energy. The field has
developed to include heat and energy (Heat Exchanger Network Systems) mass
(Mass Exchanger Network Systems) and recently water integration (Water Pinch
Technology).

Alongside this specific design aid, is mathematical programming where the
advent of computer power has lead to large multi variable systems being
optimized rapidly and accurately. The development of multi objective
optimization (MOOQ) is a result of more criteria being evaluated in conjunction
with traditional economic objectives.

Expert systems and artificial intelligence is the newest field being explored by
environmental designers, where computer prediction of changes occurs rapidly,
and global optimization can be achieved by a computer program without
evaluating each scenario provided by a design team.

These methodologies presented by Cano-Ruiz and McRae (1998) are presented
under the heading generation of alternatives, but these design methodologies can
be applied to many sections of the design process. MOO, for example, has great
merit in the analysis and evaluation sections.

Rossiter (2001) proposes placing process integration methodologies under three
headings:

e Pinch Technology

¢ Numerical Modeling

e Knowledge Based Approaches

This process integration strategy is covered by Cano-Ruiz and McRae (1998)
points 4-6.
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2.2.3

Yang and Shi (2000) feel that environmental impact minimization has progressed
to include systematic methodologies such as hierarchical design approach, pinch
technology, knowledge based systems, and numerical optimization. (Yang and
Shi, 2000)

The true point to take from these strategies of various authors is the level of detail
needed to carry out each step. From documented solutions to expert systems, the
difference in the requisite level of detail is large. The information and time
available in this study precludes the use of options 4,5 and 6. This does not place
higher value on options 1-3 however, and the power of the design aids not
explored are duly noted.

Review of Options Generating Methodologies Considered in the
Dissertation

The use of documented pollution prevention strategies is a very powerful and easy
way to address environmental problems. The problem with such documents and
databases is the constant updating and upgrading in order to stay abreast of
developing trends. With regard to the application to the bioenergy field, there is
very little literature in this regard.

Hierarchical design has been a fundamental design tenet for the last few decades.
Structured thinking is very much a part of design. Douglas (1988) recognizes this
fact, and has developed pollution prevention strategies in order to incorporate
environmental concerns in a design.

Douglas (1992) targets elimination of pollution problems at the source, by using
different process routes rather than end-of-pipe treatment and disposal, as a more
efficient design strategy. The constant revision of the hierarchical decision
procedure of Douglas (1988) reveals the change in attitude to environmentally
conscious process design. Douglas (1992) proposes an 8 level decision strategy,
with each subsequent level involving more detail.
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Table 2- 1: Hierarchical Procedure for Process Synthesis

Level 1 Input information: type of problem
Level 2 Input-Output structure of the flowsheet
Level 3 Recycle structure of the flowsheet
Level 4 Specification of the separation system
Level 4a General structure: phase splits
Level 4b Vapor recovery system
Level 4c Liquid recovery system
Level 4d Solid recovery system
Level 5 Energy Integration
Level 6 Evaluation of alternatives
Level 7 Flexibility and control
Level 8 Safety

The major advance to this decision procedure lay in the classification of waste
minimization problems according to the type of decisions that cause them as well
as the level in which the problem arises. The use of the hierarchical procedure to
identify waste minimization problems and process alternatives is simple, and
therefore can be used to avoid these problems. (Douglas, 1992)

Rossiter (1993), who was influenced by Douglas’ work, proposed a hierarchical
process review for waste minimization. Rossiter (1993) proposed a 7 level
approach for reducing emissions as a modification to Douglas (1992). The
methodology is a specific problem eradication (waste minimization) approach
whereas Douglas proposed a more general process synthesis procedure.

The 7 levels proposed by Rossiter (1993) are:

Table 2- 2: Rossiter (1993) Hierarchy of Decisions

Level 1 Processing mode: batch vs continuous
Level 2 Input/Output structure of flowsheet
Level 3 Recycle structure of the flowsheet
Level 4 Separation system

Level 5 Product Drying

Level 6 Energy Systems

Level 7 Equipment and pipework specifications
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2.2.4

Fonyo et al (1994) also saw merit in the work of Douglas (1992) and provided a
systematic waste reduction procedure. This four step procedure included:

Defining and tracking wastes

Data collection

Producing waste minimization alternatives
Technological and economic evaluation of alternatives

PR -

Retrofitting of pollution prevention strategies (end-of pipe solutions), although
necessary, are not the ultimate answer. Design of systems that emit less pollution
are far more efficient than making a problem, then solving it. The key to
addressing potential environmental problems is early identification of waste
streams. This can be achieved in the early design phase where constraints on the
design are far less rigid than further down the design process. This was the
fundamental design tenet of many authors. (Douglas, 1992 ; Douglas, 1995 ;
Fonyo et al., 1994 ; Rossiter and Klee, 1993)

Pennington (2001) feels the Douglas (1988, 1992, and 1995) heuristics require
minimal design knowledge. The base case developed is not intended to be final or
detailed. The decisions made in the hierarchy will identify alternative process
options. (Pennington, 2001)

At this point the number of alternatives is usually large, and flowsheet
development is starting to take shape. The alternatives need to be evaluated in
order to decrease the number of alternatives under consideration.

Advances in the Analysis of Alternatives

The subsequent design phase is referred to as analysis. Information is generated in
order to evaluate the merit of a design. Historically, environmental information
was not generated in the analysis step since economic concerns took precedence.
Energy needs were quantified but the associated emissions were not included.
(Cano-Ruiz and McRae, 1998)

This is seen as a negative in the context of an environmentally conscious design
and again points to the usefulness of LCA in all phases of design where all
associated emissions are considered. This fact is also a motivating factor to have
larger system boundaries in order to gain a true insight into the environmental
performance of a system.
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Life cycle assessment has been used as a decision making tool in the fields of
process selection, design and optimisation. The reason this methodology has
found its way into PSE, is that LCA is based on thermodynamic and system
analyses, which is central to the field. (Azapagic, 1999)

The current view of LCA is one of an environmental management tool which
helps to provide insight into the interaction of systems with their surroundings.
The two main objectives of LCA are therefore to quantify and evaluate the
environmental performance of a product or process and aid the choice between
alternatives, as well as assessing the potential improvements of a system’s
environmental performance. (Azapagic, 1999). These broad applications have
continually been developed and now have made in-roads to sections such as:

s Strategic planning / environmental strategic development
s Product / process optimisation, design and innovation
o Identification of environmental improvements and innovation
s Environmental reporting and marketing
¢ Environmental audit framework creation
(Azapagic, 1999)

All these new aspects of LCA have led to key governmental policy making with
broader life cycle thinking, and this has led to integration into the decision making
process. An aspect that is fundamental to reaching sustainability targets.

The literature pertaining to LCA and its uses has been largely product focused.
LCA used in the context of process selection highlight the need for expanded
system boundaries, and reveals that the environmental consequences merely shift
rather than become extinct with a narrow problem frame. The novel application of
LCA emphasizes recovery of pollutants rather than destroying it. (Azapagic,
1999)

The main advances in this stage of the design process are:
e Environmental impacts considered and not species concentration

e Wider system boundaries
(Cano-Ruiz and McRae, 1998)

Analysis of alternatives provides the opportunity to screen some of the proposed

options. The idea of screening alternatives at this stage can be divided into two
categories: Qualitative and quantitative. Qualitative screening relies on the
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2.2.5

designer’s intuition. Some design alternatives produced will certainly not be
viable and can therefore be removed. Designs where the choice is not obvious will
need quantitative analysis where certain criteria must be met. LCA can be a
powerful screening tool in this stage with regard environmental performance
(Azapagic, 1999). Basson and Petrie (2001) propose three decision support tools
for this screening, namely:

¢ Environmental Risk Assessment
e Life Cycle Assessment (LCA)
o Social Impact Assessment

Process simulators have developed to aid the process designer to model various
flowsheets. Simultaneous optimization of flowsheets in normally inherent in the
software package. Analysis of alternatives can be carried out by modeling a
process and making various alterations to achieve numerous options which can be
evaluated relative to each other. Cano-Ruiz and McRae (1998) feel the
development of process simulators still have some way to go in order to handle
trace elements in complex systems.

Advances in the Evaluation of Alternatives

Having generated the information in the analysis phase, the next step is evaluation
and optimization. The key question governing this aspect of the design is, how to
balance environmental objectives with other objectives and is directly related to
problem framing.

Human nature dictates that people place value on different issues and so trading
off or ranking of alternatives is not site but person specific. These differences of
opinions have led to little development in overall ranking methods and
classification indicators (Yang and Shi, 2000). This fact does not preclude
environmental concerns from the evaluation of alternatives. Cano-Ruiz and
McRae highlight some of these growing trends:

e Environmental concerns as constraints on economic optimization
This key development places higher value on environmental concerns and
lessen the role of economic optimization which has a vital role in
redressing the imbalances of design criteria. Design objectives have been
skewed in favor of economics, but this is set to change. Multi-objective
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optimization (MOO) can therefore be employed to trade of numerous,
competing objectives in order to obtain the best solution.

Environmental constraints to economic objective functions
Mathematical programming and the development of computer power has
lead to incorporating environmental constraints in the objective function.

Environmental concerns as objectives

The corollary to environmental constraints is the environmental objective
which will be traded off against economic and other objectives. This is a
major step in developing inherently cleaner processes. The use of MOQO is
the key advance, where competing objectives can be dealt with
simultaneously.

Minimization of emissions of pollutants of concern

Early identification of potential hazards eliminates the need to apply end
of pipe solutions once an environmental burden has been created. With the
advent of multi-objective optimization and highly enhanced sensitivity
analysis, pollutant concentrations can be measured and provide a
constraint in the optimization problem, thereby limiting a certain species
to a set concentration and trade off against various other design elements
within the optimization problem.

Minimization of mass of waste generated

The shift away from measuring pollutant concentrations is a key step to
assessing the true damage potential of a substance in the environment and
is the link to environmental impact evaluation.

Minimization of contribution to specific environmental problems

The recognizing of local and global environmental problems has led
designers to steer away from documented potential hazards. The increased
complexity of process simulators to monitor trace elements in streams has
led to the evaluation of alternatives far easier. Product and feedstock loss,
as well as potential environmental hazards can be easily identified and
alternatives evaluated against each other.

2-19



¢ Minimization of overall indicators of environmental impact
Overall environmental indicators, while being useful, are not absolute and
large input from the user is needed. This coupled with the subjectivity of
these overall indicators has helped motivate designers to create more
meaningful specific indicators that are of more value to a given situation.

o Trading off environmental objectives with other design objectives
This point is the consequence of all the other points mentioned previously
and is fundamental to a shift in designer attitude and environmentally
conscious process design.

The development of process optimization away from being largely economically
focused has led to LCA being used in this phase of a design. With environmental
constraints employed up front in the design, environmental performance is a key
optimization parameter. Numerous authors echo this idea. (Basson and Petrie,
2001; Cano-Ruiz and McRae, 1998)

The final stage of the iterative design process lies in sensitivity analysis, where
the verification of the variables that affect the system significantly, is evaluated.
The logical progression through the design influences the results of the analysis.
The outcome of the analysis either leads to a finished design or returns to areas of
weakness and so that improvements can be made.

2.3 The Emergence of Green Chemistry (GC")

Green chemistry is touted to provide novel heuristics regarding environmentally
conscious product and process design. In this section, these heuristics are briefly
reviewed, and the principles of green chemistry studied as they pertain to the design
of process systems.

2.3.1 Green Chemistry Definition

Green chemistry is a design mindset to aid the environmentally friendly
manufacture of chemicals. Anastas (1997) defines green chemistry as:
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2.3.2

“... the use of chemistry techniques and methodologies that reduce or eliminate
the use or generation of feedstocks, products, by-products, solvents, reagents,
etc., that are hazardous to human health or the environment.”

Green chemistry and designing for the environment are seen as the core to
achieving sustainable development. Industrial ecology broadens the tenets of GC"
with the aid of LCA and pollution prevention. (Anastas and Breen, 1997)

Green chemistry has been applied in situations from concept design through to
end of pipe solutions.(Anastas and Breen, 1997) In contrast however, Pereira
(1999) proposes that the immediate change should be for compliance but future
changes will be health and safety related and including environmental concerns.
(Pereira, 1999)

It is of interest to note that technical institutions are reportedly starting to offer

design courses teaching the principles of green chemistry to undergraduate
students. (Brennecke and Stadtherr, 2002)

Review of Green Chemistry Literature
Proponents of green chemistry generally offer a set of principles to guide practice.

Hjeresen (2002) and Anastas (2003) both propose 12 fundamentals of green
chemistry.
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Hjersen et al (2002)

Anastas and Zimmerman (2003)

1 It is better to prevent waste than treat or clean up waste after
it is formed

1. Designers need to strive to ensure that all material and energy
inputs and outputs are as inherently non-hazardous as possible.

2 Synthetic methodologies should be designed to maximize the
incorporation of all materials used in the process into the final
product.

2. Itis better to prevent waste than to treat or clean up waste
after it is formed.

3 Wherever practicable, synthetic methodologies should be
designed to use and generate substances that possess little or no
toxicity to human health and the environment.

3. Separation and purification operations should be designed to
minimize energy consumption and materials use.

4 Chemical products should be designed to achieve efficacy of
function while reducing toxicity.

4. Products, processes, and systems should be designed to maximize
mass, energy, space, and time efficiency.

5 The use of auxiliary substances (e.g. solvents, separation agents
etc.) should be made unnecessary wherever possible and,
innocuous when used.

5. Products, processes, and systems should be ‘output pulled’ rather
than ‘input pushed’ through the use of energy and materials.

6 Energy requirements should be recognized for their
environmental and economic impacts and should be
minimized. Synthetic methods should be conducted at
ambient temperature and pressure.

6. Embedded entropy and complexity must be viewed as an
investment when making design choices on recycle, reuse, or
beneficial disposition.

7 A raw material or feedstock should be renewable rather than
depleting wherever technically and economically practicable

7. Targeted durability, not immortality, should be a design goal.

8 Unnecessary derivatization (e.g. blocking group,
protection/deprotection, temporary modification of
physical/chemical properties) should be avoided.

8. Design for the unnecessary capacity or capability (e.g. ‘one size
fits all’) solutions should be considered a design flaw.

9 Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

9. Material diversity in multicomponent products should be
minimized to promote disassembly and value retention.

10 Chemical products should be designed so that at the end of
their function they do not persist in the environment and
break down into innocuous degradation products.

10. Design of products, processes, and systems must include
integration and interconnectivity with available energy and
materials flows.

11 Analytical methodologies need to be further developed to allow
for real-time, in-process monitoring and control prior to the
formation of hazardous substances.

11. Products, processes and systems should be designed for
performance in a commercial ‘afterlife’.

12 Substances and the form of a substance used in a chemical
process should be chosen so as to minimize the potential for
chemical accidents, including releases, explosions, and fires.

12. Material and energy inputs should be renewable rather than
depleting,

Figure 2- 6: The Differences in the 12 Principles of Green Chemistry
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2.4

Figure 2-6 illustrates the 12 principles of Green Chemistry as seen by these two
authors. (Hjeresen et al., 2002) ; (Anastas and Zimmerman, 2003) The one identical
principle that is common to both is Hjersen et al (2002) point 1 and Anastas and
Zimmerman (2003) point 2. There are three other principles common to both and
are highlighted in Figure 2-4.

The fact that the fundamental tenets underlying green chemistry are not same
inhibits the development of this design methodology from becoming more
widespread. The rift comes about to due a split in focus of the definition. Some
authors tend to treat pure chemistry and catalysis as the focal point (Pereira, 1999),
while others expand green chemistry into industrial practice, linking 1t with
environmental and economic constraints (Hjeresen et al., 2002) or even sustainable
development and industrial ecology. (Anastas and Breen, 1997) Yang and Shi
(2000) see green chemistry as fundamental to reaction path synthesis, which has for
a long time been a core consideration in process design.

Further work in this field by Anastas (2003), reveals a life cycle thinking approach
associated with the development of green chemistry. The problems with green
chemistry are highlighted by the general and broad principles laid out by Anastas.
These principles are intended to guide a design process, but unlike the process
design heuristics of Douglas (1992) and Rossiter (1993) they lack definitive rules to
help the designer in specific situations. (Anastas and Zimmerman, 2003)

From the above, it is concluded that the definition of green chemistry is not
sufficiently clear. The concept seems to differ according to the context in which it
is written. The broad definition is usually given with guideline principles, which are
not common to all published works. In terms of process design, it appears that the
more recently proposed design heuristics reviewed above, especially in the area of
reaction path synthesis, should adequately cover the ambitions of “green
chemistry”.

Conclusions

In this chapter, process systems engineering has been defined, and the literature
pertaining to recent advances of process systems design has been reviewed,
especially with respect to environmental demands. The conclusions that can be

drawn are:
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Attitude changes in design methodology gave rise to a decade of advances in PSE

Cano-Ruiz and McRae’s review of design literature serves as testament to the task
of designers to not only recognize the environmental implications of a design but
eliminate the problem in advance. (Cano-Ruiz and McRae, 1998)

A call for a change in attitude is made and the development of PSE over time
shows the field is in a state of flux in response to this call. Forward thinking and
beyond compliance are very real and attainable goals. (Brennecke and Stadtherr,
2002 ; Basson and Petrie, 2001) Education of prospective design engineers is vital
in this regard and is now duly recognized by academic institutions.

Response to environmental pressures brought about expanded system boundaries

The most important developments in PSE over the last 10 years stem from problem
framing where not only is the reaction/separation system considered but rather all
major sections of a flowsheet, and indeed the role of design choices for a flowsheet

within its industrial life cycle.

Assessing environmental burden using impact indicators

The shift away from using concentration and mass of wastes was a major
development. The use of mass of wastes is sensitive to various issues such as
location and climatic conditions. Aggregating all mitigating factors of a particular
pollutant in a specific area and producing a potential impact score gives a more
precise reflection of environmental performance of a system.

Life Cvcle Assessment can be used as a screening tool in the early design phase

LCA has been shown to be a valuable screening tool in the concept or early design
phase. A frequent use is to rank alternatives with regard to environmental
performance.

LCIA best suited for use in comparative assessment

Life Cycle Impact Assessment (LCIA) cannot be used at all levels of the design
process due to data aggregation and assignment of estimated risks. LCIA should be
used for comparative assessment at strategic levels and early design stages where
data sensitivity is not a key issue.
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Multi-objective optimisation can play a role in trading off environmental as well as
economic objectives

Computer power has enabled a designer to use large multi-variable systems to trade
off many objectives simultaneously. The emergence of complex mathematical
programming and multi-objective optimisation, where the design objectives have
increased in complexity, can be evaluated in conjunction with many differing and
competing objectives rapidly and accurately. Economic objectives, while still a
major driver, are being traded off against other objectives, specifically

environmental objectives.

Green Chemistry is not sufficiently developed as a design methodology

Green chemistry as a design tool falls somewhat short, as the fundamental
principles underlying the definition have not been widely accepted by all in the
field. The design principles described by various authors, and the principles that lie
behind this new environmental thrust, are too broad to apply directly to process
systems design. Future revision in the field will lead to more definite process
heuristics to aid the design of green processes and systems.
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Chapter 3: Conversion of biomass to energy:
Opportunities and technology

The previous chapter has shown that there have been significant advances in the field of
process systems design over the last decade, particularly with respect to environmentally
conscious design. Chapter 2 has thus elaborated on the term “selected recent advances in
the process engineering sector” used in the formulation of the hypothesis guiding this
dissertation.

It is the central objective of this thesis to investigate to what extent these recent advances
in PSE can be harnessed to improve industrial processes which convert biomass to
modern energy carriers. To gain a better understanding of this opportunity, the following
chapter will review the current energetic use of biomass, both globally and locally, before
focusing specifically on residue in the sugarcane processing industry, which was selected
to provide case studies for this dissertation. The advances revealed in Chapter 2 are then
discussed for application to process design to better utilize the chosen biomass resource.

3.1 Biomass and Bioenergy

The global demand for energy is steadily increasing while the rate of discovery of
oil and gas reserves is decreasing. This has brought renewable energy to the
forefront of much research and development work.

As stated in Chapter 1, the answer to large scale renewable energy production has
for some time been thought to lie in harnessing solar and wind power. These still
remain attractive options but recent developments have shown the field of biomass
conversion has large scope in completely replacing fossil fuels. Technically, all
products derived from coal, oil and gas can be produced from biomass (renewable)
feedstocks. (Sims, 2001) This agrees with Marrison and Larson’s (1996) prediction
that renewable energy sources (particularly biomass) can play a critical role in
replacing fossil fuels.

The current technologies place the biomass industry in an unfavorable position. The
high production costs and the relatively low fossil fuel prices render these proposed
new fuels too expensive. Their viability lies in subsidies and technology
improvements. The improvements are ongoing and biomass to high quality energy
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carrers (electricity and lquid fuels) is starting to bridge the economic divide
between rencwables and non-renewables. (Marrisan and Larson, 1996)

The allractiveness of rencwable encrgy lies in the replacement of non-renewable
carbon sources. Developing countries. which do not rely as heavily on fossil
energies. have the opportunity to produece renewable energy and trade the saved
carban emissions as credits to the developed world.

The current contribution of’ bicenergy to the world encrgy demand has been
estimated to be 10-13%. {(UUN Development Programme. 0000, Sims. 2001) This is
a large portion of the total but the realily is that this number is inflated due to
inefficient use of wood for heating and cooking requirements in developing
countries, South Africa’s energy breakdown shows a similar reliance on biomass. as
can be seen in Figure 3-1.
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Figure 3- 1: Fucl Contributian to South Africa’s Primary Energy Demand

The biomass {firewood) perccntage is high at 9%. The coniribution of other
renewables is very low, The large majority of energy is derived from coal since the
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reserves in South are large. ‘This notwithstanding, the Department of Mincrals and
Energy (DME-5A) has resolved 1o increase the contribution of renewable cnergy to
10000 GWh of final energy in South Africa by 2012, The main contributors, as seen
by the DML are biomass, wind, sclar and small-scalc hydroclectric energy.
(Department of Mincrals and Encrgy (DME) 2002)The final energy demand in
South Alrica can be seen in Figure 3-2.
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Figure 3- 2: Final Luergy Demand in Seuth Africa 2001

Eskom’s clectricity generation {coal contribution of 89%) was 300000 GWh or
1.LFJ lor 2001, (Eskom. 2001) The entire energy demand in South Afriea in 2001
15, therefore, 670000GWh or 27C). To put these very large numbers into

perspective, the world’s global fossil fuel use was 30200 in 1994, (Marrison and
Larson, 1996)

The renewable target sel by the DME, |.53% of final energy demand derived [rom
renewable resources by 2012, is quite modest. While the target shouid be attained



rather easily, the change from non-renewable resources is fundamental to reaching
the ultimate goal of sustainable development, and so any targets, however modest,
are seen as an improvement.

The proportion of primary energy supplied by biomass is set to increase despite the
continual progression of photo voltaic and wind technologies. (Sims, 2001) The
carbon credits gained from the use of renewable energy will play an important role
in the development of the bioenergy sector.

The development of the biomass derived bioenergy sector depends on the source of
the feedstock. The destruction of the natural vegetation throughout the world has
lead to constraints being placed on the source of the biomass. The answer to the
problem lies in using excess biomass, such as agricultural residues, where the non-
usable (for the agricultural sector) portion of the biomass is sold or given away for
further processing. Another option is energy cropping.

3.1.1 Energy Cropping

This term refers to producing a crop for the purpose of producing an energy
product. A study conducted by Marrison and Larson (1996) showed that Africa
has great potential to produce a significant amount of renewable energy from
energy cropping. The study investigates the effect of harnessing 10% of the land
that is not used as cropland, forest areas, or wilderness. The projection was for
the year 2025 where Africa would be able to produce 18EJ biomass energy per
year. South Africa showed the greatest potential with 1.3EJ per vear. (Marrison
and Larson, 1996)

An example of energy cropping can be seen in the Brazilian alcohol
program.(Moreira and Goldemberg, 1999). When the world experienced the oil
crisis in the early 70°s necessity, rather than willingness produced a search for
alternate fuels, and today they still have a highly developed and well regulated
bioethanol transport industry. The Brazilian sugar industry produced 273Mt of
cane in 1996, 59% of which was used for ethanol production and the rest for
sugar. (de Carvalho Macedo, 1998) This was a result of a global need to find
alternate fuels. The increased population and growing world hunger are further
crises that have developed over the few decades and has rendered the need to
search for alternate forms of energy without compromising the effort to alleviate
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3.1.2

the afore mentioned social issues and strengthens the claim to use agricultural
residues as a source of biomass.

The problems associated with energy cropping are both of an environmental and
social nature. The growing pressure for land and food are unresolved issues and
using the land purely for energy purposes will need serious consideration of
possible impacts.

The current conversion of biomass to bioenergy lies mainly in the use of
agricultural residues, as energy cropping has not overcome the social
implications. This study will therefore concentrate on the use of agricultural
residues as the main source of biomass feedstocks.

Sugar Processing Residues for Bioenergy

The agriculture industry is well established worldwide. A large amount of crop
residue is produced, from corn husks to fibrous bagasse, most of which is used
as fertilizer for the fields or cattle feed (ref). This practice whilst beneficial to
the agro-industry may not represent the best use of biomass.

The potential to use of this feedstock for the energy market is on the rise. This is
not to say that energy products have not and are not being used for this very
purpose, the Mauritian sugar industry is a large contributor to the country’s
electricity production. (Beeharry, 1996) The growing of sugarcane and
production of electricity from the agricultural residues has become a symbiotic
relationship.
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3.2 Biomass to Energy Conversion Technologies

The field of biomass conversion and the technologies available are developing
rapidly. The conversion and yields obtained from such processes are ever
increasing and many of the technologies have graduated from laboratory research
to full scale industrial production.

Bioenergy systems rely on the conversion of biomass to a specific energy carrier.
Growing environmental concerns associated with the rapid and burdensome use of
fossil fuels lends itself to revaluating the energy demands we place on processes
within industry.

Figure 3-2 illustrates the various ways of converting biomass to energy within this
broad heading of bioenergy.
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Figure 3- 3: Biomass Conversion Technologies

{(McKendry, 2002)

McKendry (2002) proposes many options for the thermochemical conversion of
biomass to energy products but does not explore the biological process routes. The
number of thermochemical options validates the claim of Sims (2001) that
technically all products derived from fossil fuels can be produced from a biomass

feedstock.

The current conversion of biomass (bagasse) in the sugar industry is combustion.
The associated efficiency with this technique ranges from 20-40%. Gasification, or
partial oxidation of the biomass at high temperatures, is used to obtain higher
efficiencies (40-50%). (McKendry, 2002) This relatively new process is still in the
demonstration stage, but could have far-reaching consequences for the future.
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The field of bioprocessing, while newer than thermochemical conversion
techniques, is expanding rapidly. The fact that McKendry (2002) does not
acknowledge the biochemical routes is seen as a weakness in the review in the
production of energy from biomass. Szczodrak and Fiedurek (1996) propose a more
comprehensive review of biomass conversion routes. The focus is placed on
biological conversion but physicochemical conversions are noted as well and can be
seen in figure 3-3.

McKendry (2002) states that high moisture content biomass sources are better
suited to biological processes. Bagasse would fall into this category having a
moisture content of 50% on average. (Mohee and Beeharry, 1999)

The commercial application of biological processes is becoming more widespread.
Corporations such as logen and Arkenol are the first to employ the biological route
to convert cellulosic material to liquid fuels. (Reith et al., 2001)

Lynd (1996) proposes that the emerging field of biotechnology be projected to

mature technology in order to compare against the already mature fossil energy
sector in order to gain a fair comparison.
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Maximizing resources within processes is now more than an added bonus, it has
become an aggressive edge in an ever increasing competitive market. The notion of
one process plant producing one output is now replaced by recovering wastes to
extract usable and often saleable products that were previously dumped, causing
large scale environmental problems.

The fact that environmental laws are getter ever more stringent as well as
fluctuating markets reveals quite clearly the need for a process to be flexible. When
the price of a commodity falls, the process should be able to shift and produce
another, sometimes value added, product to help smooth the impact of the changes.
This links to the incorporation of multi-objective optimization in the tools of a
process designer.

3.3 Potential for Bioenergy in the South African Sugar Industry

3.3.1 The South African Sugar Industry

Sugar production in South Africa is second only to maize production. The sugar
industry produces 21 Mt of cane per annum (South Africa Sugar Association,
2001) at 15 mills throughout South Africa producing 2 Mt of sugar and 0.8 Mt
of molasses.

These primary products produced by the sugar industry are sold as such, and
some of the molasses is currently used in a distillery where it is fermented to
produce potable alcohol.

3.3.2 Current Production Statistics

The sugar industry generates a significant amount of bagasse, the fibrous
residue weight, 6.4Mt. This figures is quoted to include the moisture content
which is, on average, 50%. The lower heating value, LHV, of the fuel is 8MJ /
kg.
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Table 3-1 compares the calorific value of some common fuels.

Table 3- 1: Calorific Value of Fuels

Fuel Calorific Value (MJ/kg)
Coal 27
Methane 55
Bagasse (wet) 8

3.3.3

(Department of Trade and Industry - UK, 2001 ; Engineering Tool Box, 2003 ;
Beeharry, 1998)

The available heat, derived from the potential bagasse available and the calorific
value, is 51PJ. Conversion to electricity, assuming an efficiency of 40%
(Technical Consultant, 2002), is 20.4 PJ. This would constitute 1.7% of South
Africa’s electricity production. (See Appendix 1)

The current use of the bagasse is as a boiler fuel to raise steam and electricity to
satisfy mill utility requirements. The surplus bagasse remains very little to none
after satisfying the mill requirements. This is due to the inefficient boilers and
the need to ‘get rid’ of all the bagasse. The opportunity to exploit the bagasse
has become apparent.

Current Practice in the Sugar Industry

Energy integration has long been the industry norm, due to the availability of a
‘free’ boiler fuel and hence process heat requirements have always been
provided for on site. This is therefore seen as plant optimization and efficient
resource utilization.

The misperception of true optimization is leading to resource waste. Having
identified bagasse as a possible source of value added chemicals leaves the door
open a review of current processing of sugar. This in conjunction with (if not
eliminating of bagasse for heating) further processing of bagasse has lead to this
opportunity of applying recent advances in process synthesis.

This view of having long been an efficient operation is a generally accepted
notion. The company consulted does not have a dedicated research and
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development team. They rather rely on the SASI (South African Sugar
Institute). This, however, is still somewhat lacking due to the fact that there is
no initiative form the institute side but rather inspired by ideas from the
industry. Another source of research is based at the University of Natal, but not
linked to the company. This again is driven by ideas derived from the various
mills and sent to the labs for testing and the like.

A suggestion was to form a dedicated research and development team, which
was met with some surprise by the company. They felt (again) that what they
were doing was better than industry standard and therefore enough.

A senior mechanical engineer that has been in the sugar industry for many years
was surprised at the versatility of the feedstock (sugarcane). Highlighting to him
the different products that could be obtained from sugarcane, and more
specifically bagasse, proved enlightening as well as emphasizing the fact that
the current sugar industry in not in a state of flux and does not wish to be either.
(Technical Consultant, 2002)

Illustrating the need for a dedicated R&D (research and development) team the
attitude towards business as usual was seriously questioned.

Out of this conversation coupled with a visit to a semi-independent mill that
specializes in different products from bagasse the term value added products
was introduced. This too sparked conversation and thought. The natural
progression from here was to revealing the worth of these ‘new’ products could
have. This again can only be gained with resource optimization something,
which in the past has not been a key concern as bagasse in excess was used to
raise more steam which would be let down in order to obtain a steam ‘balance’
that neatly provided for all the steam and heating requirements on the plant.

The fact that competitive companies need to diversify operations has been seen
as an area of concern for the local sugar industry. The fact that single input
multiple output systems are seen to be the step towards resource optimization is
recognized but not fully understood. Embracing new technologies is also
underrated. The fact that some industry standard practices in foreign markets are
not employed locally is a cause for concern.

Senior technicians in the sugar industry seem to be unaware of the changing tide
and are preoccupied with the statis quo. Incorporating all people involved in the
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sugar industry can only bring about the shift to a more dynamic process
operation.

According to a project engineer at a local sugar company there is a designated
structure to project engineering. Whilst the generation of new ideas is seen as a
route for improvement a detailed front end package (FEP) is produced for each
new project. This is a detailed document containing all the relevant details of a
proposed project. This document is only submitted when final approval for the
project is required. This is usually done at top level.

The ideas are generated at mill level. If a mill is meeting the target sugar
production and has an idea to either increase production or propose a
modification then a base document of the proposal is submitted, should this
meet head office approval, the FEP is produced and put to the board. Mill level
generation of ideas is not seen to be an optimum source of development. The
primary task is to produce sugar, anything else is secondary. (Technical
Consultant, 2002)

The ideas presented for the diversity in the sugar industry are presented in figure
3-3.

Primary Products Secondary Products

v

Ethers, Esters, deoxyhalogeno derivatives etc.

‘Sucrochemistry’

‘\ Electricity
Steam
Bagasse
Sugarcane Pulp
Paper
Molasses
Boards
Furfural
v
Ethanol
ano Animal Feeds

R e ki S e ol e

(Kirk-Othmer, 1998)

Figure 3- 5: Downstream Process Options
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These options illustrated in this diagram are not exclusive. There are more
products that could possibly be derived from sugarcane but the options shown
are seen to be the most popular.

The distinction between the sucrochemistry products and the rest comes from
the fact that sugar is easily transportable and so these specific products would be
made off site at individual laboratories. The rest of the primary and secondary
product options available are seen to be best suited to on site processing.

Processing the options is generally seen to be possible only after the sugar has
been extracted from the cane. All downstream processes are only applicable
with the aid of sugar production. The various associated policy issues
surrounding the seemingly ‘untouchable’ sugar process are discussed above.

The mill visit served to inform, in more detail, how the production of sugar is
carried out. A standard Fletcher-Smith mill is used for the production of raw
sugar and molasses. The mill layout can be seen in Figure 3-6. The numbered
streams indicate a basis of 100t of cane processed as well as the associated
sugar balance.
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Final Molasses
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Bagasse from the sugar production is seen to be the best feedstock for further
processes. The current practice of using it as boiler fuel is seen as a primary
requirement for heat integration, but this study aims to prove, high value low
commodity as well as high volume low value products can be readily attained
from the bagasse. The associated environmental consequences of this fact are to
be investigated.

3.4 Energetic utilization of bagasse

Whilst the use of bagasse for the purpose of producing electricity is well-
established, the production of ethanol is as yet untested with no plants in
operation. That not withstanding, at least one published study has engaged with
the environmental dimension of this opportunity.

The study presented by Kadam (2002) considers utilizing the excess bagasse in
the Indian sugar industry. The bagasse would be converted to ethanol for use in
the transport sector as an octane enhancer. The study shows the excess bagasse,
after meeting milling requirements, is in the region of 15-25%. Kadam (2002)
does state this figure could be higher with technological improvements, which
echoes the sentiments of Beeharry (1996) where the excess bagasse could be as
high as 53%. A French company operating in Zimbabwe predicts 65% of the
bagasse could be used for electricity export, based on performance data. (Mbohwa
and Fukuda, 2003)

The current excess bagasse in India is allowed to decompose and used as fertilizer
on the fields. Mohee and Beeharry (1999) showed the sugarcane yield can
increase as a result of placing this excess, as well as unused tops and trash, on the
field as fertilizer. (Mohee and Beeharry, 1999)

The two systems which Kadam (2002) compared are the base case where the cane
is burnt (for utility requirements) expanded to include the current use of fossil fuel
derived gasoline, and the alternative of converting bagasse to ethanol, via two
methods, to use as a 10% blend in gasoline. This study places high value on the
transport sector and the avoided emissions from the motor vehicles.

Both methods of bagasse conversion would produce significant environmental
improvements to the current situation. There would be a net decrease in carbon
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monoxide, hydrocarbons, sulfur dioxide, nitrous oxides, particulate matter, carbon
dioxide and methane emissions. There would also be a significant reduction in
fossil energy consumption. (Kadam, 2002)

The potential benefits for using the bagasse to produce ethanol were clear, and the
method of ethanol production was significant. (Kadam, 2002) Lynd (1996) states
that for a bio-refinery (conversion of biomass to a liquid fuel) to be competitive,
technical maturity needs to be reached. Ethanol from biomass at maturity would
be comparable to a fossil fuel refinery of today. This substantiates Kadam’s
findings, where process options play a significant role in the overall performance.
Mature technology indicates a standard production method with only a few
differences present. There are presently numerous routes for the conversion of
cellulosic materials to ethanol with varying degrees of efficiency.

Lynd (1996) proposes an analytical methodology for conversion to ethanol,
namely:

Pre-treatment (including milling and handling)

Biological conversion

s Cellulase production

#  Cellulose hydrolysis

= Hexose and xylose fermentation
Distillation
Power Cycle

The main process: Pre-treatment, Biological Conversion, and Fermentation;
presented by Lynd (1996) is covered by numerous authors in sufficient detail.
(Graf and Koehler, 2000 ; Sun and Cheng, 2002) The adopting of a conversion
process of cellulosics to ethanol is the next step in the development of the field.
The current work is restricted to process models and research and development
work. The options available, particularly in the pre-treatment phase, are broad and
no industry standard has become apparent. The economic factor, producing a
liquid fuel of comparable price to fossil fuel derived source, has not been
overcome and hence re-enforces Lynd’s (1996) call to evaluate the technologies
on a projected basis. (Reith et al., 2001)
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3.5 Application of PSE to Bioenergy Systems

Having identified the opportunity to exploit agricultural residues to add value to
an existing process, the task is to determine the best use of the resource. The
ideas presented in chapter 1 were the production of a biofuel, namely bioethanol
for the use in the automotive industry as an octane enhancer. This system is to be
compared against the DME of South Africa’s proposal of ‘green’ electricity
constituting the renewable energy target.

The task at hand is to asses what value can process systems engineering literature
guide the design of this process.

Heuristics employed blindly due to previous knowledge of a common process was
common place but, these rules of thumb, while many that are based on sound
engineering principles and are therefore still valid, are not the only tools available
to a project engineer any more. New processes that have evolved, such as those in
the bio-technology field, have no dedicated heuristics due to the field’s sudden
rapid growth. The aim therefore, is to evaluate whether the old heuristics are still
applicable to new systems and whether any heuristics have changed to include
environmental considerations.

3.5.1 Applicable Methodologies for this Study

As identified in Chapter 2, Cano-Ruiz and McRae (1998) put forward 6
methodologies to generate and screen various process options. These
methodologies highlighted were:

1. The use of documented pollution prevention solutions as a source of
design alternatives.

Design by case study

Hierarchical design approach — methods of structured thinking

Pinch Analysis and other targeting techniques

Mathematical programming

Expert systems and artificial intelligence

AR

This study makes use of options 1-3 in order to generate flowsheet alternatives.
Options 4-6 while very powerful tools are more detailed design aids, and the
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3.6

requisite data needed to establish true alternatives was deemed too great. The
application of the tools focuses on the early flowsheeting of alternatives where the
data may not even exist at concept level. Tools 1-3 are considered ideal for new,
emerging technologies. The case studies set out to validate this claim that
environmentally conscious conceptual design is applicable to bioenergy systems.
These systems, while becoming more and more popular, still remain data limited.

Conclusions

The review of literature in this chapter has shown the current state of biomass and
bioenergy, both locally and abroad. The conversion technologies were presented
and the possible products derived from biomass sources discussed. The current
situation in the sugar industry was presented and finally the role that process
systems engineering can play in its development was investigated. The
conclusions that can be drawn are:

The contribution of renewable energy to total energy provision is small
The renewables contribution to the final energy demand remains low . The largest

use of biomass is for inefficient cooking and heating purposes in the developing
world.

Biomass derived energy products display environmental benefits

The fact that carbon is sequestered from the atmosphere during the production of
biomass potentially renders the carbon balance zero when the fuel is burnt.
Bioenergy systems are therefore ‘cleaner’ than fossil based systems.

Local recognition of the inherent benefits of biomass

The South African Department of Minerals and Energy (DME-SA) has set
medium term renewable energy targets. These targets are modest but show a
forward thinking approach to reaching sustainable development targets.

Technology advances in the biotech field have increased dramatically

The range of biomass-derived products is on a par with those derived from fossil
fuel based feedstocks due to the rapidly expanding research and development in
the biotechnology field.
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Energy cropping has not overcome social pressures
Producing crops to produce an energy product places burdens on the land that
could be used for other purposes, such as housing and food production.

The agricultural sector in South Africa can provide biomass feedstocks

The agricultural sector in South Africa is well regulated and well managed. This
coupled with large volumes of crops places the use of agricultural residues as the
best source of bioenergy feedstocks.

The current South African sugar industry has potential to deliver value added
products

The sugar industry in South Africa has been using the agricultural residue to
provide heat and power for the production of sugar. The potential to generate
excess electricity, or further processing to a liquid fuel, is great.

Bagasse Conversion to Further Products is Suited to Biological Processes
The high moisture content of bagasse is more suited to biological conversion

rather than the more traditional combustion, or the emerging gasification process
routes.

There is no PSE literature pertaining to the development of bioenergy systems
Currently there is no literature on PSE and methods of structured thinking

specifically geared towards the development of bioenergy system flowsheets. The
applicability of old PSE literature needs to be investigated.

In closing, and to give more guidance to the following two chapters, in which case
studies will be presented to demonstrate how recent PSE developments can be
utilized in bioenergy process design, the hypothesis stated in chapter 1 will now
be revisited. This hypothesis stated that:

»  Selected recent advances in the process systems engineering sector applied to
the design of bioenergy systems can aid the agricultural processing industry
in maximising the value added by utilisation of crop residues, by enabling
designers to create more efficient processes.

Based on the literature pertaining to bioenergy systems as well as process systems
engineering literature the hypothesis is now refocused to two particular process
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systems design tools in the context of better bagasse utilization in the South
African sugar industry:

= Application of Life Cycle Assessment at a Concept Design stage will show
that producing a liquid fuel from biomass residue, namely ethanol via
hydrolysis of bagasse to sugars followed by fermentation, represents an
energetically and environmentally superior utilisation of this crop residue than
conversion via heat and steam to electricity.

Further,

» The application of recently developed process design heuristics for
environmentally conscious design to an ethanol from bagasse flowsheet will
identify opportunities for more efficient processing, thus generating more value to

the sugar industry.

These two hypotheses will now be examined by means of the case studies presented in
chapters 4 and 5.
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Chapter 4: The Use of Life Cycle Analysis in Conceptual
Design of Bioenergy Systems

4.1 Introduction

Having set the objective to investigate the potential of Life Cycle Assessment
(LCA) as an evaluation tool in the early or conceptual design stage of a bioenergy
project, it was decided to design and execute a demonstrative case study, which
would yield insights into the value, strengths and weaknesses of LCA in such a
situation. The case study was positioned within the thematic field of a better
utilization of current arisings of waste biomass in agricultural production in South
Africa.

The objectives of the case study and its topic are described in section 4.2, the case
itself is presented in section 4.3, and an evaluation of the case study follows in
section 4.4.

4.2 Case Study Objectives and Definition

4.2.1 Case Study Objectives

The broad objectives of developing and presenting this case study at this point are
to yield insights into the value, strengths and weaknesses of LCA when applied to
process design in the field of bioenergy, as well as to add to the existing
bioenergy literature in South Africa by illustrating alternative energetic routes of
utilising agricultural residues, specifically bagasse in the sugar cane processing
industry.

Specific objectives for this case study were to:

e Test the value of LCA at conceptual level design with respect to its
potential as a screening tool to various process options

e Verify the ability of conceptual LCA to provide early assessment of
potential environmental impacts of a product or process.
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4.2.2

e Assess whether the results generated by the LCA are reliable enough to
make an informed decision regarding the future of a project.

e Evaluate the sensitivity of LCA to data quality

e Gain insight into the value of taking a life cycle perspective in the
bioenergy sector, specifically in terms of the carbon balance.

These objectives will be revisited in the evaluation of the case study in section
4.4.

Case Study Topic: Which Bagasse Derived Bioenergy Product?

As identified in chapter 1, the increased utilisation of renewable resources is
regarded as an essential component of sustainable development, both for reasons
of resource availability in the long term, and of the more pressing environmental
unsustainability of the unidirectional transformation of large volumes of
materials. In terms of energy, South Africa has the potential to generate a
significant amount of its needs from renewable resources, with biomass identified
as the largest potential contributor. (Sims, 2001; Department of Minerals and
Energy (DME), 2002)

The South African sugar industry produces approximately 21 Mt of cane per
annum, second amongst agricultural products only to maize production. The 15
sugar mills throughout South Africa produce about 2 Mt of sugar as the primary
product from this resource. A secondary product, molasses, is processed off-site
to ethanol by some operators in the industry, destined for beverage and industrial
markets. Fuel ethanol production was ceased in the 1970's.

Under-utilized bagasse is generally regarded as the best feedstock for further
value-addition. On site processing of the bagasse can yield a large number of
products (both high and low value). With some modifications to existing mills to
improve energy efficiency, the amount of bagasse available for downstream
processing could be greatly enhanced.

The options chosen for comparison in this case study represent uses of bagasse
that are deemed to be most applicable for bioenergy provision under current South
African conditions. The case study will compare currently employed operations
(base case), the most likely envisaged alternative (‘green’ electricity from excess
bagasse after implementation of energy efficiency measures), and an alternative
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energetic utilisation (fuel ethanol through the processing of the cellulosic
components of excess bagasse).

The 'green’ electricity option, while only an extension of current use of bagasse,
assumes a change in the status of bagasse from that of a waste to that of a
resource. In the past, bagasse was regarded a large volume waste and was used to
serve the energy requirements of the mills. This is no longer the case, and bagasse
is now increasingly discussed as a resource from which value can be added. With
modifications to the steam economy on the mills, this resource could provide
surplus ‘green’ electricity to export to the national grid. The consequent
replacement of coal-based electricity (most likely through avoiding or delaying
new investments into coal-based generation) is the main driver behind national
policy on this matter (Department of Minerals and Energy (DME), 2002),
potentially resulting in a range of related environmental spin-offs (including
reduced carbon emissions) .

The alternative use of bagasse considered in this study, production of bio-ethanol,
relies on the same starting premise where bagasse is further utilised to add value.
Fuel ethanol produced from bagasse could replace lead additives as the octane
enhancer in gasoline. The transportation sector is still responsible for the emission
of large amounts of airborne lead, which is widely regarded to have serious
environmental and health consequences. The addition of an ethanol blend to
gasoline, it is postulated, would serve to alleviate this problem. A secondary
outcome of the use of an ethanol blend would be savings of non-renewable
resources (crude oil, coal and natural gas) due to a fraction (of the order of 10%)
of the gasoline being replaced by the bio-ethanol.

These two potential bioenergy provision systems will now be evaluated from the
perspective of improved product and process efficiency against the base case of
current sugar production, with respect to environmental performance.



4.3 Life Cycle Assessment to Evaluate the Concept Design
Alternatives

4.3.1 Goal and Scope Definition

43.1.1 Goal

The goal of the study is to analyze the environmental performance of two
bagasse-derived bioenergy products with each other, and with current practice,
with a view to ranking them at the conceptual stage of a new business
development process.

The target audience for this study consists of a) the key decision makers in the
sugar processing industry, in order to reveal the implications of generating various
products other than current practices; b) researchers in LCA uses at different
design stages; c) policy makers at the national level concerned with increased
biomass usage in South Africa. (Department of Minerals and Energy (DME),
2002)

4.3.1.2 Scope

a) Level of Detail

In order to evaluate the selected options at the concept design stage, an
input/output mass and energy analysis needs to be available. In the next phase of
the design each would be expanded to the level of a process flow diagram (PFD)
incorporating all major pieces of equipment.

b) System Boundaries
As stated above, the study aims to compare three different processing routes for
the utilisation of a biomass resource.

The benchmark for the better utilisation of biomass is represented by the base
case system. This is the current production of sugarcane in South Africa, where
bagasse is used internally for process heat requirements. The bagasse is fired in a
boiler to raise high pressure steam. All the bagasse is consumed in this step. The
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sugar mill’s primary product is raw sugar, with molasses as a secondary product.
The molasses is further processed to ethanol at an off site distillery.

The proposed option, for more efficient use of the biomass usage, is reducing the
amount bagasse needed for sugar processing and using the excess steam generated
to produce electricity. This option, touted commonly as ‘green’ electricity, is
deemed the best way to meet current renewable energy targets in South Africa.
(Department of Minerals and Energy (DME), 2002) The green electricity
produced will replace the respective amount of coal based electricity. The reduced
environmental consequences are the benefit of this process option.

The validity of claim that green electricity is the "best" biomass derived energy
product is to be investigated. Technology is being developed which would allow
the production of a liquid fuel from this biomass. The comparison of these two
process options can therefore prove or disprove this claim.

The alternative process option is to produce bioethanol, or ethanol derived from
biomass, which would be added to gasoline as an octane enhancer. The ethanol
additive would be used as a substitute for lead in gasoline. The system therefore
aims to show the avoided impacts of producing the equivalent amount of gasoline
as well as the impact of removing harmful airborne lead.

¢) Functional Unit

The functional unit for the systems under consideration is the products that could
be derived from 1 hectare of land under current sugarcane farming. This farmed
land in use in South Africa, produces on average 64.5 tons of wet sugarcane
which provides the feedstock to all systems and is therefore the reference flow.
Each system is measured in terms of the sugar output (which is kept constant), the
amount of ‘green’ electricity produced in kilowatt hours, and the distance traveled
on an ethanol fuel blend.

The associated farming, transport and processing of the agricultural products,
therefore forms its life cycle. Included are flows to and from the environment
from raw material extraction to delivered product. The systems analysis is a
cradle to gate and is consistent with the tactical design phase. (Basson and Petrie,
2001)

d) Data Categories included
The inputs to the systems have been modeled as elemental flows where possible.
The systems boundaries do not include the return of the materials to elementary
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flows. The expanded systems chosen render the end of life of the products
equivalent, and are therefore excluded from the life cycle analysis.
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Figure 4 - 1: System Equivalence Diagram
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Figure 4-1 addresses the issue of system equivalence. The Green electricity
system produces electricity that would offset the equivalent amount of coal based
electricity. This is therefore the benchmark for the other two systems. The
bioenergy system produces some green electricity (less than that of the green
electricity option) and therefore only receives a partial offset and base case
receives no offset. The bioenergy system produces ethanol and this would replace
the equivalent amount of crude oil derived gasoline. Neither of the other two
systems replace gasoline and hence receive no offset. The offsets represent the
potential environmental benefits from switching to a renewable resource. The
system setup would thus render some flows in the inventory negative.

In order to produce a comparative LCA, the systems need to be comparable on all
levels. The expanded systems chosen render the end of life equal, and the
upstream processes therefore need to be equal as well. The processes preceding
the sugar mill are identical and therefore no allocation of burdens to certain flows
or modules is necessary, hence the systems considered use no allocation factors.

The functional unit chosen represents current and future practice. The land under
sugarcane cultivation is not in a state of flux and well documented statistics of
production are widely available, thereby providing the functional unit of study.
Downstream modifications will need to show a direct benefit in order to be viable.
All environmental burdens would need to be considered, against the base case, of
equal foundation. This can only be achieved if all burdens are accountable to the
entire system and not only certain flows or modules, hence the exclusion of
allocation factors.

The emissions from the three systems have been inclusive where possible. The
process blocks that have not been expressly modeled, are limited to air emission
spectra only. While this is a crude estimate of environmental performance, further
detailed engineering on the systems will yield the requisite data for more detailed
emission inventories.

The emissions associated with each system contribute to the environmental
impact. These impacts need to be quantified and compared against each other in
order to determine the ‘best’ alternative, if indeed there is a best. The base case
will provide the zero line, and each system needs to perform better than the base
case in order to be a viable substitute.

Burning of fuels has the most implications with respect to environmental
concerns. The systems under consideration are dominated by boiler emissions.
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The main concerns are carbon dioxide, sulphur dioxide, and nitrogen oxides.
Relevant impact categories are chosen to best characterize the full impact of each
system. For this reason the following impact categories are investigated: global
warming potential, air acidification, terrestrial eco-toxicity, and eutrophication.

Resource use, particularly non renewable resource use, can be curbed with the use
of renewable resources. The effect of the bioenergy systems on resource use will
thus also be shown.

The overall performance can be measured by taking into account all impact
categories studied, and applying weightings to each individual category. This
phase of the study aims to show environmental trends only, and so an aggregated
indicator (eco-indicator 95) is used to verify the trends attained.

The individual categories chosen were selected to show trends in the overall
performance of the systems. The trends displayed by the various methods are seen
as more important for the level of detail modeled. Further iterations and more
detailed modeling would consequently require a more systematic selection of
impact categories.

Where different methods were available to measure certain environmental
burdens, a comparative method was employed to verify results and trends. This
accounts for the inclusion of double methods.

e) Completeness

There were no obvious life cycle stage omissions. The systems boundaries were
restricted to incorporate raw material extraction and processing to produce a
defined product. The product use is not included in the study as the goal is to
compare the use of a natural resource, rather than evaluate the performance of
using certain biomass derived products.

f) Peer review

The life cycle assessment presented in this case study has been checked by the
research supervisor. A paper on this case study has been presented at a national
conference (Botha and von Blottnitz, 2003). It is anticipated that the external
examiner will comment on the life cycle methodology employed in this case
study, and that specific comments in this regard will be included with the
published dissertation in Appendix 5.
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g) System descriptions
The systems under consideration in this comparative LCA study are the base case,
current sugar production in South Africa, ‘green’ electricity production from
excess bagasse, and thirdly bioethanol produced via dilute acid hydrolysis of the
surplus bagasse. Life cycle diagrams of the three systems follow.

The unit processes involved can be seen in Figure 3, 4 and 5. The current sugar

production system is illustrated in Figure 3.

Figure 4 - 2: Life Cycle Diagram illustrating Base Case (Current Sugar Production)
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The base case system produces raw sugar as a primary product, with molasses as
a secondary product that is sold for further processing. Bagasse is consumed
internally for process heat requirements. The sugarcane processing block,
amongst others, is common to all three systems. The mill is based on a
conventional Fletcher Smith mill (_Idea, 2003), using steam to drive the cane
knives and shredders. The steam is raised using bagasse as a feedstock only, no
coal is supplemented other than for start up purposes.

The fertilizer being used is assumed to be calcium ammonium nitrate (CAN), for
the purposes of this first assessment in the conceptual design phase. The amount
of fertilizer required is based on similar production statistics that were available.
(Brentrup et al., 2001)
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The road transport has an associated estimated average traveling distance to and
from the mills and assumes a 28 ton truck transporting the harvested cane stalks to
the mill as well as taking into account the return journey. The estimated total
traveled distance is 50 kilometers, one way distance.

Lime, diesel and electricity production are common to all three systems. The
electricity used is based on a coal fired power station as employed in South
Africa.

The process blocks preceding the sugar processing are identical, and could
therefore be omitted. The inclusion of these processes is to calculate certain
performance indicators, and comparison against published literature of other
bioenergy systems.

v A
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Fertilizer Production
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Operations Transport Processing
) Molasses
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Diesel po-sos Electricity >
Production : Export
AE——— :
:
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Figure 4 - 3: Life Cycle Diagram illustrating ‘Green’ Electricity Process Option

The significant change in system two is the feedback loop, providing avoided
emissions from the sugar processing block. This is due to the system shifting the
focus of the mill to attaining a rigorous steam economy rather than the
conventional sugar production with bagasse as a by-product being used to fire
boilers for steam and process heat requirements. . (Beeharry, 1996)
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The practice of firing the boiler with bagasse remains standard; the efficiency at
which the bagasse is used is now optimized to free the resource for further
processing which shifts the main objective of the mill. The bagasse derived using
arigorous steam economy is not currently employed on the mill.

Utility requirements on site are decreased in order to produce as much excess
electricity as possible in order to export to the national grid. This form of
electricity is commonly referred to as ‘green’ electricity as no non renewable
resources are used in its production.
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Figure 4 - 4: Life Cycle Diagram illustrating Bioethano!l Process Option

The main process blocks for the bioethanol system are the sugarcane processing
and the integrated bio refinery. The function of the sugar cane processing block,
within the defined system is, again, to produce excess bagasse for further
processing in the IBR. This system again shifts the focus of the mill to attaining a
rigorous steam economy.

The integrated bio refinery is supplied with bagasse from the sugar processing
plant. This process is not currently employed in South Africa, and so data was not
readily available even at a conceptual level. The predicted values are taken from
various literature sources. (Kadam, 2002 ; Lynd et al., 1996) The process model is
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based on the Kadam model, utilizing dilute acid hydrolysis to separate the hemi
cellulose component of bagasse, and to ferment this portion to ethanol.

This process yields ligneous residue (LR) as a by-product which can be used in a
bagasse type boiler to supply the energy requirements. The LR produced is
enough to satisfy steam and heat requirements as well as some excess, which can
therefore be used for electricity export.

h) Data Quality

The goal of the study is to show the applicability of LCA at a conceptual level of
design. The value, therefore, placed on data and data categories are not as strict as
if a more detailed assessment was to be carried out. This illustrates the varied uses
of LCA during this critical design phase, highlighting areas of concern within a
chosen system. Where data were sourced from literature not specific to South
African industrial conditions, they were adapted for local conditions where
possible.

The individual data categories were evaluated with the aid of a pedigree matrix.
(Weidema and Wesnaes, 1996)

Table 4 - 1: Data Quality Indicators
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Bio-ethanol Score
Process Reliability | Completeness | Temporal | Geographical { Technological
Agricultural Operations 5 4 1 1 3
Fertilizer (Ammonia) Production 1 2 2 5 3
Transport 1 2 2 5 2
Diesel Production 1 2 2 5 3
Lime Production 1 2 2 5 3
Sugar Processing 3 4 1 1 1
Sulphuric Acid Production 1 2 2 5 3
Integrated Bio Refinery 3 4 1 3 2
Gasoline Production 1 2 2 5 3
Electricity Production 1 2 3 1 1
Green Electricity Score
Process Reliability | Completeness | Temporal | Geographical | Technological
Agricultural Operations 5 4 1 1 3
Fertilizer (Ammonia) Production 1 2 2 5 3
Transport 1 2 2 5 2
Diesel Prod. 1 2 2 5 3
Lime Production 1 2 2 5 3
Sugar Processing 3 4 1 1 1
Sulphuric Acid Prod. 1 2 2 5 3
Electricity Production 1 2 3 1 1

The lower the category scores the better the data. This matrix highlights the areas
of concern. This matrix should not be taken as absolute, reliability and
completeness scores are most important. Temporal, geographical, and
technological scores should be treated relative to the processes involved. Table
4-1 thus reveals possible areas of concern.

The score of 5 for all geographical categories results from no information given in
the TEAM modules used in calculation. The software is designed by a French
company (Ecobilan ®), and the assumption there are geographical concerns for
the various modules used to represent process blocks, seems fair. The matrix calls
for a poor score where no knowledge of the data is known. This fact, coupled with
the inventory yielding high values of natural gas used in some processes indicates
European standards. South Africa, on the other hand, makes very little use of
natural gas. This is seen as a limitation on the inventory. Further iterations will
need to adjust the energy use in the form of natural gas to local coal based
utilities. The associated emissions will alter the performance of the systems
affected.
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4.3.2

Due to the current level of detail in this phase of the LCA study renders the
quantification of fugitive emissions impossible. Further iterations will serve to
rectify this omission.

Data quality, as with all life cycle assessment studies, is of major importance in
order to present accurate and meaningful results. This study is no different, hence
the best possible data was acquired, and where no data was present literature
pertaining to the subject was consulted. Various unit processes had data pertaining
to it from live sources. All data of poor quality has been highlighted for further
iterations as discussed in the pedigree matrix.

The technology related data was confined to current and near future technologies
only. The reason for this requirement was due to the comparative study being
carried out; all systems therefore compete within a small time frame and on an
equal basis.

Literature sources provided a portion of the necessary data, hence some
conversions to localize the data were required in order to account for geographical
concerns. The range of literature sources was mutually inclusive to represent as
broad a spectrum as possible to ensure completeness and representitiveness. The
sources consulted were journals of various fields, books, articles, proceedings and
government papers.

The large majority of modules have been restricted to South African conditions.
Modules that do not fall into this category are deemed to be uncertainties and
reserved for review in subsequent iterations. The full listing of all flows in the
inventory can be seen in Appendix 3A-C.

Inventory Analysis

The data used were collected from numerous sources. Sugarcane processing data
were obtained from a local milling company (Reid, 2002). Studies of the same
nature were consulted for input to the various processes where no local data could
be found. While this is not entirely accurate, it provides a good first estimate as
well as providing scope for further modeling of the systems. All systems modeled
from literature sources were checked for numerous consistencies as well as
adjusting, where possible, for local conditions.
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The assessment was completed using common process knowledge combined with
various literature sources. Block flow analysis was applied to all major unit
processes. This included first order mass and energy balances. Where no data or
literature sources were available assumptions were made in order to complete the
investigation. These assumptions have been documented (see Appendix) and will
be discussed. All assumptions have been verified and refined. Ratification of the
assumptions consisted of various consistency checks (mass and energy balance,
carbon balance) as well as sensitivity analyses in order to verify the effect of all
major assumptions.

Utilities required that are not expressly revealed in the life cycle inventory (see
Appendix 1) have been included as reminders within the relevant modules. These
reminders were calculated in the TEAM model automatically for all inherent
modules, and using mass and energy balances in derived modules. The energy
requirements for processing to the various products are illustrated in Table 4-2.
These flows are consumed internally and are therefore not expressly shown in the

inventory.
Table 4 - 2: Internal Energy Flows
Internal Energy Required for Key Process Blocks
Feedstock Electricity Production | Diesel Production | Sugar Production | IBR
NR Energy 68 MJ 9000 MJ oMJ oMJ
Bagasse 0 MJ oOMJ 72000 MJ oMJ
Ligneous Residue 0 M) oMJ 0 MJ 31000MJ

Table 4-2 reveals the fact that bioenergy systems can approach a net carbon
balance of zero. Almost all energy utilized in the production of the products stem

from renewable resources.

Table 4 - 3: Pertinent Reference flows within the 3 systems

Base Case | Bio - Ethanol Green Electricity

Bagasse t 0 52 52

Sugar t 7.8 7.8 7.8

Molasses t 2.6 2.6 2.6

Ethanol kl 0 1.2 0

Electricity MWh 0 2.1 6.9
Reference Flow 65t wet cane

Functional Unit Utilisation of resources from I ha cultivated land
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Table 4-3 highlights the various key reference flows in the various systems. All
systems produce 7.8 tons of sugar and 2.6 tons of molasses per 65 tons of
harvested cane. Currently, these are the only significant outputs. The view that
more could be made of agricultural residues is represented by systems 2 and 3.
These are seen as value added products.

A carbon balance was done on each system from which the carbon closure was
calculated for each system. These are illustrated in Figure 4-5.
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Base Case Green Electricity BioEthanol
In Out In Out In Out
Renewable tRenewable Renewable
Field Uptake - Growing Care 836t Field Uptake - Growing Cane 836t Field Uptake - Growing Cane 836t
Sugar (7.8 3.27 t|Sugar (7.81) 3.27 t|Sugar (7.8 327t
IMolasses (2.6 1) 048 tiMolasses (2.61) 0.48 t iMolasses (26 1) 0491
CO, (bagasse burning) 4,55 1 1CO, (bagasse buming) 4.55 t1CO, (LR & Bagasse buming + Ferm.) 401t
8.3t 831t 836 ¢ 8.31 tiEthanol 050t
Biogas Methane 0.06 t
8.36 ¢ 8.33¢
Fossil Fossil #ossil
Qil 0.180 Qil 0.180 Oil 0.198
Cod 0.004 Coal 0.004 Cod 0.006
Lime Stone 0.012 Lime Stone 0.012 Lime Stone 0.024
Diesel Production 0016 t#Diesel Production 0.016 t 1 Diesel Production 00181t
Electricity Production 0.002 t]Electricity Production 0.002 t|Electricity Production 0.004 t
Ammonia Production 0.039 t|Ammonia Production 0.039 tiAmmonia Production 00391t
Lime Production 0.017 t}Lime Production 0.017 t}Lime Production 0.034 t
Transport 0.119 t§ Transport 0.119 t{ Transport 0119t
Sulphuric Acid Production 0.004
0.196 t 0.193 t 0.196 t 0,193 t 0.28t 027t
Credits Credits Credits
Qil 0.000 t 10l 0.008 t{Oil 0.559 t
1Coa 0.000 t§Coal 2.200 t{Codl 0667t
0.000 t 2.200 t T 1% t
[ o193t [ -2017 ¢ 1000
Carbon Closure 9B% 124% 112%

Figure 4 - 5: Carbon Accounting of the three Bioenergy Systems
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4.3.3

The carbon closure is a ratio to indicate the degree of renewability of energy
systems. The ratio is defined as:

cC,, = 100{1 —[ﬁﬂ (Mann and Spath (1997))

rC

in

Where: fC,, is the fossil carbon entering the system and,
rC,, is the renewable carbon entering the system.

Table 4-4 represents the relative carbon closure for the three systems.

Table 4 - 4 Relative Carbon Closure for the three systems

System Carbon Closure
Base 98 %
Green Electricity 124%
Bio-Ethanol 112 %

Both the green electricity and bio-ethanol systems exhibit carbon closures of
greater than unity. This is a result of the fossil carbon savings for the two systems
in the form of coal and crude oil. The base case exhibits a high carbon closure due
to very little fossil carbon utilized for the production of sugar. The bioethanol
system has a higher fossil carbon use compared to green electricity. This occurs
due to the extra processing step required to convert the bagasse to ethanol.

Life Cycle Impact Assessment (LCIA)

An LCIA may be carried out within an LCA, in order to obtain insights into the
environmental problems which result from the resource uses and emissions
compiled in the inventory stage. In this case study, it was decided to calculate so-
called "midpoint" indicators for a number of impact categories, in order to gain
insight into the relative environmental performance of the three systems.

4.3.3.1 Calculation

Impact category midpoint indicators were calculated with the aid of the life cycle
software (TEAM) as approved by the ISO 14040 standards. All the fundamental
flows needed for the various methods employed are inherent in the calculation
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procedure. All missing flows were verified to be absent from the systems and
were not needed contribute to the score of the indicator.

4.3.3.2 Limitations

The indicator methods employed in the TEAM software are calculated using
standard procedures. Certain defined variables (e.g. Particulates PM10) have not
been included in the impact assessment and this is seen as a limitation. The
exclusion of such defined variables arises from the impact methods using specific
key flows to determine the environmental score. These defined variables in the
study, such as PM10, are therefore excluded in the calculation. Inclusion of these
variables is therefore a key to refinement. A sensitivity analysis of these
omissions yielded less that 1% difference in the impact scores.

4.3.3.3 Results

The results of the impact assessment illustrate the environmental ‘score’ of each
system. The comparative results for the systems are seen as indicators of
performance not absolute results. The relative scores indicate the projected
performance for further and more detailed design criteria.

The category indicators were chosen to represent a fair and relevant comparison
for environmental performance of the bioenergy systems. Where more than one
method is offered for impact assessment, the robustness of the results was
checked by comparing their results.. These indicators were applied to the base
case to provide a reference point. Case 1 used the following indicators:

i. Greenhouse Effect, 20 years (IPCC — Inter-governmental Panel on Climate
Change) — This method is set out by the inter-continental panel for climate
change. The 20 year estimate is seen as a direct impact and uses scale factors
to portion chemicals relative to carbon dioxide. Major contributors include
CO,, methane CHy, and nitrous oxide (N;O). All of these major contributors
are present in the three systems and therefore need to be monitored.

ii. In order to reveal the potential of bioenergy systems to reduce the burden on
natural or non-renewable resources, two methods were chosen to measure the
resource consumption. These methods are: Depletion of non renewable
resources (CML — Centre of Environmental Science, University of Leiden)
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iii.

and Depletion of non renewable resources (EB(r) — Ecobilan Group). These
methods apply scale factors to resources, dependant on their respective
scarcities.

Burning of fuels to produce energy yields oxidized sulphur compounds in the
exhaust gases. The potential of these substances to convert to sulphuric acid in
the air significantly contribute to acid rain. Other components with the same
potential to lead to acidification are scaled accordingly. Production of energy
from all the systems is a result of burning bagasse. The monitoring of air
acidification needs to be measured, even though the sulphur content of
bagasse is relatively low (0.1%) The two methods chosen are: Air
Acidification (CML) and Air Acidification (ETH — Swiss Federal Institute of
Technology, Zurich).

iv. The use of lead based petroleum has significant implications when the fuel is

burnt as the lead is released to the air. The associated effects on both land and

people need to be investigated. In order to measure the potential savings of

airborne lead in ethanol enhanced petroleum fuels was carried out by the

methods of Human Toxicity (CML) and Terrestrial Eco-toxicity (CML).
v. The overall performance of the systems can be assessed via the methods

already described, that take into account the flows pertaining to the systems

and producing a score to weigh against each other. In order to validate the

trends displayed, an aggregate method, Eco Indicator 95, was used. The major

contributors to the impacts methods chosen can be seen in Table 4-5. All

negative flows in the table are a result of the credit system employed

(electricity production and crude oil refining).

Table 4 - 5: Summary Inventory Table
Flow Units Base Case Green Electricity | Bio-Ethanol
Inputs: | (r) Coal (in ground) kg 6.846 -3858 -1167

(r) Lignite (in ground) kg 0.03 0.0263 -0.02
(r) Limestone (CaCO3, in ground) kg 98.81 -541.0 6.025
(r) Natural Gas (in ground) kg 63.22 -2.93 5.83
{r) Oil (in ground) kg 212.1 200.9 -422.9
Water Used (total) litre 1641 -8556 -3331
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Outputs: | (a) Carbon Dioxide (CO2, fossil) t 0.71 -5.65 -1.50
{a) Carbon Dioxide (CO2, green) t 16.70 16.70 14.70
(&) Hydrocarbons (except methane) g 2021 917 -2394
(a) Lead (Pb) g 0.085 -5.149 -334.4
(a) Methane (CH4) g 2247 -20705 -8286
{a) Nitrogen Oxides (NOx as NO2) g 68273 53585 63056
{a) Nitrous Oxide (N20) g 61.91 -10.65 38.05
(a) Particulate Emissions kg 5.98 2.79 7.99
(a) Sulphur Oxides (SOx as S02) g 198092 -12786 9956
{w) COD (Chemical Oxygen Demand) | g 31.44 30.10 -83.07
(w) Lead (Pb++, Pb4+) g 0.04 -0.20 -0.06
{w) Nitrates (NO3-) g 31.27 29.66 2529
{s) Calcium (Ca) g 0.90 0.86 -0.76
(s) Carbon (C) g 0.67 0.64 -0.57
(s) Chromium (Cr lll, Cr V) g 0.0011 0.0011 -0.0010
(s) Iron (Fe) g 0.45 0.43 -0.38
{(s) Sulphur (S) g 0.13 0.13 -0.11
Waste (hazardous) kg 0.21 -0.21 -0.65
Waste (total) kg 418 -2116 -644
Waste: Radioactive kg 0.02 0.02 0.00
Products: | Molasses t 2.59 2.59 2.59
Sugar t 7.76 7.76 7.76
These key inventory species (amongst others) were then used to calculate the
various impact methods highlighted.
Table 4 - 6: Impact Assessment Results
impact Method Units Base Case | Green Electricity Bio-Ethanol
Air Acidification (CML) geq. H+ 2103.4 667.2 1652.1
Depletion of non renewable resources (CML) | frac. of reserve 1.4E-12 -1.5E-12 -2.4E-12
Eutrophication (CML) g eq. PO4 8902.6 6953.9 8152.0
Human Toxicity (CML.) g 772687 18211 4105
Terrestrial Eco-toxicity (CML) t 1.05E-02 1.01E-02 -8.93E-03
IPCC-Greenhouse effect (direct, 20 years) geq. CO2 871184 -6879580 -2021046
Eco-indicator 95 millipoints 9470 -2153 -27745

Table 4-6 reveals the environmental impact scores for each system. Duplicate
methods were used to verify the results. Depletion of non-renewable resources
was the only duplicate method that did not yield the same ranking of results. The
results of the EB(R) and CML methods differ by a factor of 10° and this
discrepancy is attributed to a different unit of measurement. The figures in bold
represent the best score for each indicator.
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The impact category inventory shows that the green electricity and bioethanol
score best in three indicators each.

The indicators where green electricity appears the better option lies in lower
Nitrous Oxides (NOy), Sulfur Dioxide(SO,) and Carbon Dioxide (CO,) emissions.
A NOy and SO, balance can be seen in Appendix 4. This fact is attributed to the
clectricity credits gained in this system.

The bio-ethanol system outscores the other two systems in the depletion of
NRR’s, human toxicity and terrestrial eco-toxicity. The reason for lower NRR
score is the scarcity of crude oil having a higher weighting with respect to coal.
The saved crude oil and coal in the bioethanol system is higher than the coal
based savings in the green electricity option. The two toxicity midpoint indicators
outscoring the other two systems is a result of the saved airborne lead emissions,
where ethanol replaces the lead in gasoline.

Both systems outperform the base case. The overall indictor used (Eco-Indicator
95) sees the bioethanol system having the best environmental performance of the
three system evaluated. This fact is qualified by the large weighting of airborne
lead emissions saved in the bioethanol system.

4.4 Evaluation of the Case Study

As discussed in section 4.2, the above case study was prepared in order to develop
insights into the applicability and usefulness of LCA in the business planning
phase of a bioenergy project. The case study will now be evaluated in terms of the
specific objectives laid out:

e Testing the value of LCA at conceptual level design with respect to its
potential as a screening tool to various process options

The two alternative uses of bagasse were evaluated on a life cycle basis
and their performance measured with respect to certain environmental
impact categories. Even at this phase of design, where the uncertainties
were large, it was clear that both systems outperformed the base case. This
fact would therefore be a motivator to pursue an option to improve the
current situation. Had one or both of the systems fared worse than the base
case they could have been eliminated immediately.
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Verifying the ability of conceptual LCA to provide early assessment of
potential environmental impacts of a product or process.

The results, while possibly containing large uncertainties nevertheless
yielded inventory and impact indicators that were consistent amongst
themselves, and could be used to rank alternatives.

Assessing whether the results generated by the LCA are reliable enough to
make an informed decision regarding the future of a project.

Having discussed the first two objectives, the reliability of LCA to
determine the future of a project is subjective. Enough facts are available
to trade off impacts and compare systems in terms of various criteria.
(Energy consumption and wastes)

The case study was also able to provide a detailed list of areas of concern
with regard assumptions made, data quality, and further iterations. Data
quality and further iterations are inherent in LCA and so this is seen as an
advantage in this use of LCA.

Both options explored, Green Electricity and Bioethanol, outperformed the
base case in all impact categories. These two options provide a good case
to put forward for further development. The comparison of the two
improvement options did not yield an outright ‘better’ performer. Further
analysis and selection criteria would be needed to choose between the two
options.

Evaluating the sensitivity of LCA to data and data quality

LCA is data intensive and the greater the data availability and the higher
the quality of the data the better the results of the LCA. The case studied
proved to be more sensitive to system definition rather than to issues of
data. This fact was highlighted by the change in overall indicator (30000
millipoints in the Eco-Indicator 95) when including the final use of the
ethanol, to replace the lead, in the gasoline. The saving of lead emissions
in the end use of the product skews results far more than data sensitivity.
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e Gaining insight into the role of taking a life cycle perspective in the
bioenergy sector.

This fact was crucial in revealing the true environmental benefit of a
bioenergy system. This was evident when including the growing of
sugarcane in the life cycle. This process could have been excluded as it
was common to all three systems but the carbon sequestered from the
atmosphere was vital in distinguishing the system from other non-
renewable systems.

4.5 Conclusions

The value, strength and weaknesses of LCA in the conceptual design phase were
investigated. The following conclusions can be drawn form the demonstrative case
study:

LCA proved to be a valuable screening tool at conceptual level design

The applicability of LCA at concept design level as an options development and
screening tool are quite apparent. Even at this early stage, a poorly performing
product can be eliminated as an option. Informed choices between competing
processes and products can be drawn.

Conceptual LCIA informed trends of environmental performance

The data available does not lend itself to true environmental impact assessment.
The LCIA at this phase is used rather to predict potential problems at an early in a
design. Removing error and assumptions would replace the trends shown with

potential impacts.

LCA sensitive to data and data quality

Uncertainty in sections of the design is inherently highlighted by the LCA. All
areas of concern are noted for better modeling, new data sources, geographical
locations and the like. This is provided by the framework offered by LCA.

Life cycle systems definition is of great importance

The definition of system boundaries and the inclusion of all phases of a life cycle
are of vital importance. Clear system definition at the outset of a project is crucial.
The objectives need to be clearly defined in order to ascertain boundaries under

investigation.
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LCA can reveal the true benefit of renewable energy conversion processes at an
early stage of design

The ecological value of a renewable energy system lies in the extent to which net
carbon emissions can be reduced. All renewable carbon used will cancel with the
carbon taken up in the growth of the crop (or waste). Exclusion of this fact yields
inaccurate results as only the carbon released is accounted for and not offset against
the uptake, which will equate it to a fossil energy system.

LCA has merits as a design tool in conceptual level engineering

This investigation of the value, strength and weaknesses of LCA revealed positive
results. The tool proved to be a powerful product screening tool, as well as
highlighting areas of optimization within a design. The early identification of
environmental impacts was a great attribute. The data intensity, and sensitivity to
methodological issues were weaknesses, but did not render the results meaningless.
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Chapter 5: Heuristics for Flowsheet Development in the
Pre-Feasibility Phase

5.1 Introduction

The structuring of flowsheets requires decisions that can generally not be justified
by a quantitative analysis, but rather, are informed by sets of design rules, often
referred to as heuristics. Consideration of sustainability has necessitated the
development of new heuristics to complement those traditionally used, when
objectives of design focused on technical feasibility and cost effectiveness.

Extended flowsheet heuristics that have developed as a specific response to such
needs were reviewed in chapter 2.2.3. The support, which these extensions can
offer to the task of flowsheet structuring for the better use of residual biomass, is
investigated in this chapter, by means of a second case study linked thematically to
the one presented in chapter 4.

The objectives of the case study and its topic are described in section 5.2, the case
itself is presented in section 5.3, and an evaluation of the case study follows in
section 5.4.

5.2 Case Study Objectives and Definition

5.2.1 Case Study Objectives

The case study aims to use recent developments in flowsheet heuristics (Douglas,
1992 ; Douglas, 1995 ; Fonyo et al., 1994 ; Rossiter and Klee, 1993) to develop a
flowsheet for the processing of sugarcane bagasse to ethanol. The use of a
hierarchical design approach and heuristics to guide the design process is tested in
the context of a bio-energy system. The power of heuristics as options generating
tools is of special interest in the design context. In the case study, an early process
bioenergy flowsheet will be further developed by application of heuristics for
environmentally conscious process design. The usefulness of the heuristics is to
be probed by comparing the suggested flowsheet improvements against cited
literature on the same bioenergy topic.
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5.2.2

In order to apply heuristics the designer should be aware as to how useful the
heuristics are in terms of:

e Relevance, and

o Power.

The applicability of heuristics to the bioenergy sector is thus to be evaluated in
terms of these two criteria. The relevance of the heuristics is related to the ability
to generate environmentally benign and more efficient process options. The
power of a heuristic lies in the ability to produce not only many solutions to the
given problem but novel solutions as well. From this, conclusions are to be drawn
as to the applicability of process systems literature to the bio energy sector. This
framework for the evaluation is illustrated graphically in Figure 5-1.

/ More Efficient Options
Relevance » Environmentally benign

Options

Power
Many Alternatives

Novel Solutions

Figure 5- 1: Applicability of Heuristics
Case Study Definition

Case 1 confirmed that current practice in the sugar industry can be modified to
create a situation where supply of a renewable feedstock would become available
for further processing. It was estimated that each hectare of land under sugarcane
plantation (in the South African case) could generate 5.2 tons of surplus bagasse
for utilisation.

The further processing of bagasse is the point of departure for the case study. The
production of ethanol from the bagasse is investigated. Process alternatives need
to be generated and evaluated. The task is to use heuristics to improve the dilute
acid hydrolysis flowsheet proposed by Kadam (2002).

The goal is to produce the best design by applying the Rossiter (1993) waste

minimization techniques as discussed in Chapter 3.2. This involves generating
process alternatives, and then screening them to produce the optimum flowsheet.
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Figure 5-1 illustrates the input-output mass balance of the process for making
ethanol from bagasse utilizing dilute acid hydrolysis.

S — i

wZ= .| Dilute Acid Hydrolysis of
Bagasse

SO — Lpoous Reske

Figure 5- 2: Input / Output Analysis of Dilute Acid Hydrolysis of Bagasse

This level of detail was sufficient for Case 1 and conceptual level design. Case 2
extends the detail. Following the “Roadmap for Decision Making” by Basson and
Petrie (2001), the next stage of tactical design is the feasibility stage, where input
output analysis is exchanged for block flow diagrams. This case builds on the
input/output approach, and it extends to detailed block flow and early process
flow level, as illustrated by figure 5-2. (Basson and Petrie, 2001)
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Figure 5- 3: Dilute Acid Hydrolysis of Bagasse to Produce Ethanol
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Figure 5-2 represents the dilute acid hydrolysis of bagasse and subsequent
fermentation to ethanol. The bagasse received from the sugar mill is sent to the
first hydrolysis stage where dilute sulfuric acid (1%) is used to convert the hemi-
cellulose portion of the bagasse to fermentable 5-carbon sugars. The remaining
solids pass into the second hydrolysis stage where the cellulose fraction is broken
to produce 6-carbon sugars. The five and six carbon sugars are then fermented to
produce ethanol. The remaining solid material referred to as ligneous residue
(containing lignin and unconverted hemi-cellulose and cellulose) is combusted in
a boiler for process utility requirements. The ethanol is distilled (95% purity) and
then purified for use in the automotive industry (99.5% Ethanol). This flowsheet
modeled by Kadam (2002), was chosen as the starting flowsheet technology for
the case study. This technology has been around for a long time (Paterson-Jones,
1989) but has not become attractive for cost and environmental reasons.

This point is therefore the basis for employing recent literature on hierarchical
design to systematically guide the development of a better process flowsheet. The
questions that need to be answered, or at very least guided by the literature are:

Is this the best design for the further processing of bagasse to ethanol?
Are the wastes generated hazardous?

Is the yield of ethanol high?

What are the most energy intensive steps?

What measures can be put in place to lower these energy burdens?

Several authors (Kadam, 2002 ; Reith et al., 2001 ; Sun and Cheng, 2002) also
proposed an enzyme hydrolysis process. Models predict the ethanol output to be
higher than that of the acid hydrolysis as well as eliminating a portion of the acid
(a high level waste of concern) needed. The interest therefore lies in whether the
advanced heuristics can direct the flowsheet modifications towards the features
found in this enzyme hydrolysis model. The improvements suggested by
application of the heuristics will then be compared to Kadam’s second option
(seen in figure 5-3) .
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5.2.3 Approach

Various recent additions to the literature on process design heuristics have been
discussed in chapter 2. For the case study, it was decided to test the usefulness of
Rossiter’s 7-level hierarchy of decisions for pollution prevention (Rossiter and
Klee, 1993). These heuristics were to be applied to the major process blocks
identified in the Kadam dilute acid hydrolysis model.

The key streams for each sub system were identified, and the guiding questions
were then applied to the sub systems. The key streams were waste streams,
process feeds, or a combination of these according to the level under
consideration. Any improvements suggested were then used to develop a
flowsheet for each level.

Finally, the pieces of the flowsheet were integrated and a summary of the
proposed changes presented. This was then compared to the features of newer
processes for the hydrolysis of bagasse to ethanol.

5.3 Case Study: The Use of Heuristics to Guide Bioethanol
Flowsheet Development

The Rossiter (1993) heuristics, reviewed in Chapter 2.2.3, divide flowsheets into
the broad categories of reaction and separation. More emphasis is placed on
reaction since product and by-product formation occurs in this step. Separation
details are dealt with in level 4 heuristics. Separation of by-products and wastes that
can be recycled are considered in level 3.

5.3.1 Level 3 Heuristics — Recycle Structure and Product Formation
Considerations

The ethanol process to be developed utilizes the cellulosic feedstock known as
bagasse from the sugar industry, amounts of which are sufficient to run a
continuous process (level 1 decision). In the previous chapter, an input / output
analysis was completed to quantitatively analyze the further processing of bagasse
to ethanol (level 2 requirement). The level 3 analysis is therefore the starting point
for this case study as level 1 and 2 have been covered.
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The key to applying the level 3 heuristics correctly lies in identifying all wastes
streams and how they relate to the reaction section. It is here that the data is
readily available to determine the impact of reaction conditions on waste
formation. (Rossiter and Klee, 1993)

For the conversion of cellulosic material to ethanol, there are three main phases in
the reaction section, namely pretreatment, hydrolysis, and fermentation.
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Figure 5-5 identifies the wastes generated in each reaction step. The first stage
considered is pre-treatment, where the hemicellulose is broken into 5-carbon
sugars and at the same time decreasing the crystallininty of the remaining
cellulose and increasing the porosity of the materials for subsequent reaction.
(Sun and Cheng, 2002) The second step in the reaction series is hydrolysis, where
the cellulose fraction is hydrolyzed to produce 6-carbon sugars. These 5- and 6-
carbon sugars are then fermented in the third reaction step to produce ethanol.

The heuristics are then applied to each waste in the three reaction steps.

5.3.1.1 Pretreatment

The Kadam flowsheet employs acid pretreatment for the first hydrolysis phase,
which produces water and spent acid as wastes. The reaction for the
pretreatment phase is (CsHgQs), +nH,O — nCsH;0Os (Paterson-Jones, 1989).
The acid hydrolysis leads to side reactions of the sugar produced and therefore
needs to be removed rapidly. This leads to low residence times and poor
conversions. The wastes arising stem from unreacted feed materials (biomass,
water and sulphuric acid).

The water, condensed steam, is regarded as a waste and included in the analysis.
The remaining solids, comprising unreacted hemi-cellulose, cellulose and lignin,
pass into the hydrolysis reactor, from which the lignin or ligneous residue
emerges as a waste that is finally used as the energy feedstock for the process. It
deserves consideration at most levels.

The first question - Do any waste output streams contain feed or product
material that could be recovered and recycled? - applied to the waste streams
raises concerns of feed and product loss in waste streams. While no product is
lost (pentose sugars are deemed to be the product at this stage) as the liquid
streams proceed to the fermentation section, feed loss occurs in the form of
unconverted hemicellulose. The conversion efficiency of the hydrolysis steps
(this includes the 2™ hydrolysis stage) is approximately 50%. The unreacted
hemicellulose passes with the ligneous residue to the boilers to satisfy utility
requirements.

The second question - Can reaction conditions be altered to minimize
formation of waste by-products? - stimulates thought as to the selection of
reaction conditions. While the heuristics do not expressly call for a change in
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reaction mechanism, they could inspire such a thought by the emphasis on
minimizing the formation of wastes. Applied to the acid waste resulting from
pre-treatment, this question should stimulate much thought both as to
minimization of acid losses, and to use of alternative pretreatment schemes not
using acid. Applied to water formed as waste in the pretreatment process,
prompts discussion of changing of reaction conditions so to move away from
steam use in the pretreatment phase. Finally, applied to solid residue, this
question leads to the observation that the low conversion efficiency results in
more solid material, but that this material is fundamental to the process (in the
form of utility requirements), yielding a different end product in the form of
exportable electricity. Nevertheless, it might be possible to modify reaction
conditions to improve conversion of hemicellulose, thus improving ethanol
yield. This could be done with the aid of a solvent. Solvents can be used to
reduce crystallininty of the cellulose and increase the porosity of the materials.
(Sun and Cheng, 2002)

The third question - Can waste by-products be recycled to extinction ? -
suggests investigating whether waste material can be re-introduced to the
process to the extent that they will, at some stage, resurface in the product. The
opportunity to form closed cycles of water and acid exist. The water, appearing
as steam in the pretreatment phase could be returned to the utility section of the
plant, or as a feed stream for the hydrolysis reaction. The strength of acid needed
(1% dilution in the first hydrolysis phase) would be a major consideration in the
recycling of acid.

5.3.1.2 Hydrolysis

Kadam's flowsheet employs dilute acid hydrolysis to convert the cellulose to
hexoses (six-carbon sugars); the waste generated is spent acid. This waste is
transformed to gypsum, which arises from the use of lime to neutralize the low
pH streams, which are detrimental to fermentation. Gypsum has a low retail
value and is considered as a waste, which cannot be recycled or reused.

The first question - Do any waste output streams contain feed or product
material that could be recovered and recycled? — yields a “yes” when applied
to spent acid in the hydrolysis section since the concentration of the acid in this
phase tends to be higher compared to the pre-treatment phase.

The gypsum waste would contain some dissolved material (pentose and hexose
sugars) in the damp filter cake. Normal operating conditions predict a filter cake
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to be approximately 50% moisture. The gypsum waste streams therefore
contains potential product that is lost.

The second question - Can reaction conditions be altered to minimize
formation of waste by-products? - probes the changing of reaction conditions
to increase the yield of the desired products. If a change of reaction mechanism
is to be considered, then enzymatic hydrolysis in conjunction with acid
pretreatment is a candidate. This changes the reaction conditions since the
catalyst cellulase is used to promote hydrolysis.

The third question - Can waste by-products be recycled to extinction? —
applied to the unutilized acid destined for neutralization by lime, prompts the
following responses: Given that a more dilute acid is needed in the pre-treatment
step, it may asked why a counter-current system is not employed, whereby the
acidic hexose containing stream would be contacted with the solid feed for
pretreatment; the liquid stream from the subsequent solid-liquid separation could
then be sent to fermentation.

The waste by-products encountered stem from successive reactions, since the 5-
and 6-carbon sugars degrade rapidly after formation. The degradation is
attributed to the high sensitivity of the sugars to reactions conditions. The
reaction conditions used in this phase are ideal for subsequent reaction to
furfural. (Sun and Cheng, 2002)

An issue arising from the dilute acid hydrolysis process (pre-treatment and
hydrolysis phases) is the amount of ethanol that could be produced if all the
available fibrous material (hemicellulose and cellulose) is converted to
fermentable sugars. Changing the process for higher conversion efficiency
would affect the amount of exportable electricity as there would be less boiler
fuel. The trade-off exists between producing ethanol or electricity. Increased
ethanol production yields lower exportable electricity and vice versa.

This raises the possibility of routing a portion of bagasse straight to the boilers
and the rest to ethanol production. Variations in price for each product could
determine the route chosen, and provides scope to adjust to fluctuating market
conditions in the energy sector.
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5.3.1.3 Fermentation

The fermentation step converts five and six-carbon sugars to ethanol with carbon
dioxide as a by-product. The five-carbon sugars are converted with the aid of
modified yeast or bacteria but as yet no industry standard has emerged. The six
carbon sugars with are converted using the Saccharomyces cerevisiae yeast.
(Reith et al., 2001)

The first question - Do any waste output streams contain feed or product
material that could be recovered and recycled? — does not aid modifications
to the process as the only waste stream present is the carbon dioxide released in
the fermenter which does not contain product or feed material.

The second question - Can reaction conditions be altered to minimize
formation of waste by-products? — is again not helpful for increasing the
efficiency or eliminating a waste since the carbon dioxide is the only waste
stream and minimization of the formation of the CO, would mean a decrease in
the ethanol yield.

The third question - Can waste by-products be recycled to extinction ? —. Is
not directly applicable but research and development has shown the use of
supercritical CO; can be used as an alternative pre-treatment method, while this
does not recycle the waste to extinction, the CO; is turned from a waste to a
process aid, before being released.

5.3.1.4 Summary of Modifications Arising from the use of Level 3

Heuristics

The proposed improvements from the various stages of the reaction systems are:

e Possible use of a solvent in the pretreatment phase

e Closed loop water recycle

e Addition of the enzyme cellulase in the hydrolysis step

e Eliminate gypsum formation

e Route a portion of the bagasse straight to the boilers for utility
requirements

e Use some CO; (in super-critical form) generated in the pre-treatment
section.



A possible flowsheet from applying the above mentioned proposed changes is
illustrated in figure 5-5.
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Figure 5- 6: Flowsheet design after applying Level 3 heuristics

The heuristics identify scope for pre-treatment optimization, providing

numerous options.

The carbon dioxide, as mentioned earlier, poses a waste problem that cannot be
solved without sacrificing the formation of the primary product ethanol.
Changing reactor conditions can inhibit the formation of CO, only at the

expense of the ethanol.

The second waste problem, gypsum, is a result of the technology used. The
specific heuristics supplied by Rossiter do not provide a method of eliminating

this waste and only serve to highlight the problem.
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5.3.2 Level 4 Heuristics - Structuring the Separation System

The level 4 heuristics deal with the structuring of the separation systems on the
flowsheet. The products generated in the reaction section proceed to the
separation system as well as the separations used within the reaction system.

The level 4 heuristics aim to evaluate the impact of separation technology on
waste generation. This requires early identification of the waste streams. The
reduction of emissions is achieved by either using alternate separation
technologies, or re-arranging existing ones. The interactions of the separation
system with the reactor and recycle systems are also considered. (Rossiter and
Klee, 1993)

The level 4 heuristics are applied to the waste streams of the distillation and
purification sections as illustrated in Figure 5-7.
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The fermentation products are sent to the first distillation stage where the ethanol
is separated from rest of the products. The bottoms from the distillation contains
solids and liquids. The tops from the first separation step proceed to product
purification where the ethanol is purified from 95% to fuel grade ethanol (99.5%).
The bottoms (solids and liquid) are centrifuged and the liquid stillage goes off as a
waste and the solids are sent to the boiler to produce steam (utilities). (Lynd et al.,
1996)

The gypsum waste arises from the addition of lime to neutralize the stream
preceding the fermenter. The waste stream does contain product material, as a
solid liquid separation results in the formation of a filter cake which contains
moisture, and hence dissolved sugars. This fact was dealt with in the reaction
system and will not be considered again.

The heuristics are then applied to the remaining waste streams.

5.3.2.1 Distillation

The distillation section receives fermenter product containing solids (ligneous
residue) and liquids (dissolved ethanol). The top of the column collects the
ethanol water azeotrope at approximately 95% purity. The stillage and solid
material collect at the bottom of the column.

The first question - Are amy waste streams the result of poor or
inappropriate separations? — evaluates the technology chosen and the
efficiency of the separation. The two streams leaving the distillation section are
a product stream and a waste stream. The waste stream, bottoms, is result of the
purpose: to separate the ethanol from the reactor products. The liquid waste
(stillage) is again a result of function as the solid material is required as boiler
fuel.

The second question - Can any wastes (especially hazardous) be removed
from the process effluents by adding new separations? — does not apply to
the only waste stream (liquid stillage) as it is removed in a separation and no
further separation is needed.

The third question - Are there any separation technologies that could replace
or supplement existing separations and reduce releases? — probes the use of
new techniques to carry out the separation sequence. Knowledge of the liquid
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waste stream is needed in order to justify use of a more efficient technology for
the distillation of a solid and liquid system.

5.3.2.2 Dehydration

The ethanol water mixture forms an azeotrope and passes into the product
purification stage. The concentration of ethanol required for use in the
transportation market is 99.5%. This step therefore serves to remove the
majority of the remaining water from the ethanol. As such there is only one
waste stream and one product stream.

The first question - Are amy waste streams the result of poor or
inappropriate separations? — The only waste stream is water and can therefore
be recycled.

The second question - Can any wastes (especially hazardous) be removed
from the process effluents by adding new separations? — The water stream is
not considered hazardous and no new separations are needed.

The third question - Are there any separation technologies that could replace
or supplement existing separations and reduce releases? — The use of a more
efficient method of azeotrope separation should be explored.

This question provides the basis for generating novel techniques and flowsheet
design to recover the product. Highlighted techniques for further investigation
into the separation of an ethanol water mixture (for high purities) are:

Saline extraction

Membrane Distillation

Electrolytic Extraction

Solvent extraction

Solvent extraction raises environmental issues, however, as further separation
and recycling is needed to reuse the solvent creating higher energy use as well
as possible waste streams. Distillation has been shown to be seldom economical
when separating organic compounds dissolved in water. (Douglas, 1995)

The separation system chosen will be the major energy consumer within the
system. The energy efficiency provides an optimization problem. The ligneous
residue that remains after the first separation is large enough to provide steam
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and electricity to drive the process. The use of this resource needs to be
conserved, as any surplus the system is able to provide aids the environmental
performance by replacing non-renewable resources.

5.3.2.3 Summary of Modifications Arising from the use of Level 4
Heuristics

The proposed changes from the separation system are:

e Modified distillation column to handle solid material, includes the
use of a centrifuge.

e Solvent extraction of water

e Water recycled to other parts of the process

The proposed changes for the separation systems can be seen in Figure 5-8.
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Distillation #  De-hydration
Stillage
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Figure 5- 8: Proposed changes for Level 4 heuristics

The heuristics prompt the use of novel solutions to separate the water from
ethanol.
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5.3.3 Level 6 Heuristics - Energy Systems

The energy systems employed in the process are evaluated in the level 6 analysis.
Rossiter (1993) proposes that this section be governed by the use of pinch
analysis, where insight into process integration is gained.

The major benefits of this section are the reduced steam consumption and fuel
firing. This is critical for the net export of electricity. Appropriate utility selection
can maximize cogeneration. (Rossiter and Klee, 1993)

Rossiter states that an employment of a heat exchanger network design reduces
fuel firing and steam consumption, which is vital. Questions guiding this section
of the design may seem intuitive but are essential nonetheless. The goals are to
lower the energy consumption, whilst proving that energy at the lowest
temperature possible, using a renewable (clean) source for fuel. (Rossiter and
Klee, 1993)

The first question - How far can the energy consumption of the process be
reduced economically? — involves a preliminary economic analysis which goes
beyond the scope of this study.

The second question - Can the temperature at which heat is delivered to the
process be lowered? — prompts the understanding of the way the energy is
delivered to the system. Stretching the context of the question, this can be
interpreted as a decision to gasify or combust the ligneous residue. The usual
procedure to combust the fuel delivers low efficiencies in the region of 20-40%.
(McKendry, 2002) The better use of fuel would be gasification, where the residue
is converted to a combustible gas mixture at a slightly lower temperature than that
of pure combustion, and can be used in a biomass integrated combined cycle
system producing electricity at efficiencies as high as 50%. (McKendry, 2002)

The third question - What fuels are used to provide heat for the process? Are
cleaner fuels available? — refers to fossil fuel based systems where fuel contents
vary greatly. The fuel in a bioenergy system should be purely renewable and are
inherently cleaner, as the carbon released was originally taken up from the
atmosphere. Ligneous residue has a lower sulphur content compared to fossil
fuels. (EPA, 1996)

The level 6 heuristics prompted the evaluation of the energy system employed. A
further more detailed analysis, including pinch analysis, is needed to truly gain

5-20



benefit from this section. The flowsheeting options for this section stretches to
detailed PFD level where economic consideration can be carried out.

5.4 Evaluation of Case Study

In evaluating the improvement suggestions obtained, it should be borne in mind
that the Rossiter heuristics have waste minimization as their main objective. The
case study will be evaluated in terms of relevance and power as defined in section
4.2.1.

The pretreatment section was identified to have numerous improvement options
which relates back to a powerful set of heuristics, defined earlier. While the
heuristics probed understanding of the process, there were no direct heuristics in
level 3 to use novel solutions. The heuristics therefore displayed some relevance, as
the solutions provided were environmentally benign but no novel solutions were
provided. A generous interpretation would guide the designer to seek out novel
solutions.

The use of acid in the process necessitates two neutralization steps as the
fermentable sugars produced are highly sensitive to process conditions
(temperature and pH). This gives rise to gypsum waste that cannot be recycled or
reused, as well as some product loss when removing gypsum from the process.
While the heuristics identify these issues and hence show some power, it seems (in
this case study) that they do not give sufficient guidance to overcome this problem.
Further more general heuristics are needed to address the problem; one solution
might lie in application of Douglas’ hierarchical approach, as illustrated in figure
5-6.
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Figure 3- 9: Application of Douglas’ hierarchical approach to gypsum waste problem

The waste is treated in a general manner where its significance with respect to
product loss is evaluated. The Douglas heuristics thus explicitly suggest the
possibility of a process change away from the acid technology. This is regarded as

a powerful attribute.

The input/output analysis in case 1 revealed that surplus electricity could be
produced. The amount of electricity is directly dependent on the technology used
since, the better the conversion efficiency of the technology (with respect to
ethanol), the lower the potential to export electricity. The heuristics were not able
to deal with multi product systems, as all emphasis was placed on the desired
product and the wastes related to it. Co-products were not dealt with. This is seen

as a weakness in the power of the heuristics employed here.
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Figure 5- 10: Diagram [llustrating the Value Product Trade Off

Figure 5-9 shows an operating point in the system. The value products considered
can be moved along the curve. The curve is seen as the optimum, but the trade off
exists when pushing system to produce more of product 1 over product 2. This is
a favorable situation since the process can be changed to produce more of product
should the need arise (i.e. increased market value of a product 1).

Achieving an operating point on the line is not always the case, and so pushing
the system to produce more of one product without affecting the other is possible.
This is achieved by increasing the efficiency of the process. This is an example of
a co-product system where multi-objective optimization is used to produce the
curve as well as determining the operating point/s. The heuristics presented do not
deal with such systems.

The separation system investigation did not yield many insights to improving the
process. The separation system for the production of ethanol is not complicated
and the value of level 4 is rendered less useful. The level 4 heuristics do call for
novel solutions when addressing the ethanol water separation which illustrates
some relevance.

The investigation of the energy system reveals how Rossiter sees the development
of a flowsheet, where subsequent levels need more detailed data. Some level 6
considerations were therefore beyond the scope of this study. Relevance is
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introduced by the suggestion to use a clean fuel, and there is significant power in
the question probing the temperature at which process heat is provided. A major
factor in level 6 considerations is the use of pinch technology which is both
relevant and powerful in the bioenergy design context.

5.5 Conclusions on the Use of Heuristics for Bioenergy
Flowsheet Development

The conclusions drawn from testing the Rossiter level 3, 4 and 6 heuristics in this
case study are:

The heuristics address the use of a hazardous material

Dilute sulphuric acid (H,SOy) is used in the hydrolysis stage which creates waste
and environmental problems. This is addressed by the heuristics, which is
considered a strength. The heuristics, in conjunction with the hierarchical
approach, were able to address the use of a hazardous material

The heuristics have options generating potential

The level 3 heuristics of Rossiter guide the design of the bio-energy system, and
in some instances, the heuristics proved to be options generating, specifically in
the pre-treatment stage.

The overall view is that the heuristics were able to identify weaknesses within a
design, and provoke thought for changes. In a broad sense, an experienced
designer would find the heuristics options generating by stimulating thought for
creative alternatives.

Waste materials are clearly identified.
The heuristics identify waste streams early in the analysis and then attempt to
eliminate them. This is a powerful tool to address waste issues.

Primary Product Selection Changes the Process

Flowsheet modifications yield different amounts of the two products. The choice
remains as to which is the primary product. This choice has implications for the
process routes employed. The heuristics employed did not, however, deal with
multi-product systems and this is seen as a weakness.
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Hierarchical design is a powerful tool

The level 3, 4 and 6 analyses proved helpful in producing a number of possible
amendments to the modeled flowsheet as well as identifying wastes. The
supplementary hierarchical approach was very powerful in determining the value
of the process. This approach has merits in choosing between options or screening
process alternatives.

No Clear Evidence that the Enzyme Process is Favored over Dilute Acid
Hydrolysis

The intuition that a biological process would indeed be a better option was hinted
at with the use of heuristics. The neutralization step pointed the design away from
acid use; coupled with the loss of product in the resulting gypsum waste stream,
this called for a process change. This was identified by the use of a supplementary

approach.

Combination of Heuristics is Needed

The Rossiter heuristics showed value in identifying wastes and suggesting to the
designer alternative routes and processes, but further analysis is needed in
conjunction with the Rossiter approach in order address the limitations, where
problem areas are identified but no sufficient explicit guidance to come up with

alternatives is given.
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Chapter 6: Conclusions and Recommendations

The dissertation set out to prove the hypothesis that advances in process systems
engineering could be applied to bioenergy systems within the agricultural sector to add
value as well as create more efficient processes. In this final chapter, the findings will be
summarized, conclusions drawn and recommendations presented. The chapter starts by
summarizing the findings of the literature study and then proceeds to summarize the
results of the two case studies.

6.1 Conclusions Drawn from Literature

The endeavor to reach a more sustainable method of operation has prompted a
myriad of changes in the field of process systems engineering over the last decade.
Design engineers now have a social and professional responsibility to incorporate
environmental concerns up front in a design.

6.1.1 Process Systems Engineering

The scope of process systems design has significantly expanded, and the systems
under study include more than just recycle and separation. Also, within the
expanded boundaries under consideration, the designer needs to address potential
environmental impacts rather than merely consider concentrations or mass loads
of key pollutants.

The fact that aggregated scores of potential impacts are under consideration
within broad system boundaries has prompted the use of Life Cycle Assessment,
and more specifically Life Cycle Impact Assessment, at various stages in the
design cycle, most notably in the early design phase as a screening tool for
ranking alternatives.

The choice between product or process alternatives often needs careful
evaluation. The development of tools that can consider many criteria became
apparent with the advent of increased computer power and the progression of
mathematical programming. Setting up and solving of complex objective
functions with multiple criteria became possible. The extension to this was the
advance of addressing multiple competing objectives simultaneously in the field
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6.1.2

of multi-objective optimisation. Environmental concerns can now be addressed
concurrently with the more traditional economic objectives.

Bio-Energy Systems

The renewable contribution to energy provision, globally, is small. This is set to
change however as the replacement of fossil fuel derived energy products gathers
momentum. The plan to implement new fuels to the energy sector is a global
initiative of which South Africa is a part. The inherent environmental benefits of
bio-fuels have been recognized.

The advancement of the bioenergy sector has come about rapidly. A change in
political priorities coupled with the fact that all fossil fuel derived products can,
potentially, be obtained from biomass sources places the bioenergy sector in a
very good position.

The agricultural sector in South Africa has the potential to provide biomass
feedstocks for further processing, specifically the sugar industry, where the
infrastructure is already in place to convert biomass to energy, albeit at a low
efficiency. The processing of bagasse (biomass) to liquid fuels is a lesser
alternative. A biological process is suited to this residue due to the high moisture
content and needs evaluation.

The recent rise of the bioenergy field has not been followed by traditional process
systems engineering development. While generic design methods are largely
applicable, there is no direct literature pertaining to design rules or tools for this
new bio-technology field.

The case studies were then selected to validate the claims selected from various
literature sources and to answer the key questions.



6.2 Conclusions from Case 1

The value, strengths, and weaknesses of LCA in the context of conceptual design
were explored. Two proposed bioenergy alternatives, utilizing agricultural residues,
were compared against a base case of current sugar production. The two systems,
‘green’ electricity and bio-ethanol, were then evaluated with respect to
environmental performance using selected midpoint indicators.

The applicability of LCA at concept design level as a screening tool are apparent
from the case study. Even at the early design stage, environmentally poorly
performing products or processes can be eliminated as an option. Informed choices
between competing processes and products can be drawn.

Uncertainty in sections of the design is inherently highlighted by the LCA. All
areas of concern are noted for better modeling, new data sources, geographical
locations and the like. The framework used in LCA expressly shows this.

Conceptual engineering as a science has developed to a decidedly structured field.
The broadening of system boundaries in the design prescribes to a life cycle
approach, and the use of LCA in this design phase is a logical progression.

The use of LCIA in the conceptual design phase was able to inform trends of
environmental performance with the midpoint indicators selected. The analysis of
performance was used to screen the discrete alternatives.

As a final conclusion from case 1, it can be noted that the net carbon emissions of a
renewable energy system remains one of the biggest motivating factors for its
development. The use of LCA was able to highlight the benefit of a bioenergy
system by accounting for the uptake as well as the release of the carbon.

6-3



6.3 Conclusions from Case 2

The second case study investigated the extended flowsheet heuristics that have
developed as a specific response to the needs identified for waste minimization.
The previous case study revealed a potential biomass feedstock for further
processing to ethanol. The structuring of a better flowsheet, and the support these
extensions can offer, was examined.

The ability to generate options by applying structured questions to identified
sections of a primitive design flowsheet showed potential for the bioenergy
system chosen. Direct options generation was not clear however. The heuristics
employed served to highlight weaknesses in the design. An experienced designer
would be able to employ these heuristics to generate creative process alternatives.

The hierarchical approach of Douglas, used in a supplementary fashion in this
case study, proved powerful in determining the value of a process. This dual
approach used, served to choose between or screen discrete process alternatives.

Multi-product systems are becoming more common and the heuristics did not
adequately deal with this situation. Flexibility of a plant to adjust to fluctuating
demand for products is vital in competitive markets, but the environmental
dimensions of production changes need to be understood as well.

At the outset of this case study, it was postulated that the emerging biological
process will be more effective than the chemical process. The shaping of the
flowsheet with the aid of the heuristics did not expressly yield this result. Whilst
the initial design solution was shown to have opportunities for improvement, none
of the questioning explicitly prompted the use of a biological process. Again, the
supplementary route was more favourable for prompting a process change.

In conclusion, the Rossiter (1993) heuristics showed value in identifying wastes
and suggesting to the designer alternative routes and processes, but further
analysis is needed in conjunction with the Rossiter approach in order to address
the limitations shown.
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6.4 Key Questions Revisited

6.4.1

6.4.2

The key questions framed in Chapter 1 will now be revisited with respect to the
findings in the dissertation.

Possible Contributions of Modern Bio-Energy

» Jo what extent can the processing of crop residues into modern energy
carriers contribute to meeting energy supply?

The share of renewable energy in the energy mix in many countries is increasing.
The medium term targets in South Africa are modest and attainable. Crop residues
are relatively abundant and cheap, and can therefore aid the transition to
renewable resources by providing a multitude of biomass derived products.
Having satisfied mill requirements the ‘free’ bagasse would be able to produce
6.9 MWh of ‘green’ electricity per hectare of sugar cane farmed. The alternative
system, bio-ethanol for the transportation sector, would produce 1.2kl of ethanol
as well as 2 MWh of ‘green’ electricity per hectare.

Options Generating Tools

s  What tools have been developed for generating various product and process
options?

Hierarchical decision procedures and methods of structured thinking have been
part of design methodologies for a long time now. These methods have developed
over time to address environmental concerns and generate cleaner process options
by putting forward questions the design must answer. The response to the
questions generates different processing options. The Rossiter heuristics for waste
minimization provided a 7 level hierarchy, with each level requiring more data,
where questions are posed to aid the designer generate process alternatives. This
in conjunction with Douglas’ (1992) hierarchical approach appeared to be
valuable, in the bioenergy sector, in creating cleaner, more efficient process
flowsheets.
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6.4.3 Options Screening and Assessing Tools

»  What tools are available for assessing the various process and product
options that could be generated?

Assessment techniques have developed to provide accurate information for a
designer, from which informed decisions can be made. The emergence of LCA as
an assessment tool has become more widespread. The advancement of process
simulators to generate accurate information has lead to assessment becoming
easier for the designer. The modeling of complex systems has therefore become
more accurate, providing data for LCA type analyses where data quality is
critical.

s What tools are available for the screening of the product and process options
generated?

LCA in bioenergy product development was a valuable assessment tool, where
flows in a system can be monitored and compared. LCIA has emerged as a
screening tool for products and processes, where the selection of midpoint
indicators yields potential impacts based on certain criteria, from which options
can be ranked accordingly.

6.5 Concluding Statement

The hypothesis developed at the outset of this dissertation was:

s Selected recent advances in the process systems engineering sector applied to
the design of bioenergy systems can aid the agricultural processing industry
in maximizing the value added by utilisation of crop residues, by enabling
designers to create more efficient processes.

Having presented the literature review pertaining to the topic the hypothesis was
reframed to yield, firstly:
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Application of Life Cycle Assessment at a Concept Design stage will show that
producing a liquid fuel from biomass residue, namely ethanol via hydrolysis
of bagasse to sugars followed by fermentation, represents an energetically
and environmentally superior utilisation of this crop residue than conversion
via heat and steam to electricity.

The bio-ethanol system outperformed the green electricity system in three out
of the six midpoint indicators chosen, and the overall indicator used. The
conversion efficiency of the proposed combustion of the bagasse for
electricity was poor. Whilst it cannot be concluded from the case study that
the bio-ethanol system is a better option environmentally and energetically
than the green electricity system, the illustrative application of life cycle
assessment at this stage of the design has showed how this tool can be used to
guide process designers to select more efficient processes.

Further,

The application of recently developed process design heuristics for
environmentally conscious design to an ethanol from bagasse flowsheet will
identify opportunities for more efficient processing, thus generating more
value to the sugar industry.

The heuristics proved useful for stimulating options development for the
further processing of bagasse to ethanol process. The heuristics did not,
however, explicitly guide the design towards the ‘better’ biological option.
Heuristics are gained from experience and this will guide the development of
further heuristics in the bio-energy field as it matures in the future.
Nevertheless, any process improvements derived from the application of these
new heuristics should be translating to more efficient processing, and thus
should contribute to maximizing value-addition in this industry.

There is therefore an appeal that can be made from the conclusions discussed
above, where an attitude change from all process designers is needed to
embrace environmentally conscious process design. This includes all facets of
design from concept to closure.
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6.6 Recommendations

Following the conclusions drawn from the dissertation, the subsequent
recommendations are offered:

® There is great value in using LCA and LCIA in conceptual engineering.
There is a need for more widespread use of these screening and analysis
tools in the context of bioenergy.

e Heuristics dealing with multi-product systems must be developed, especially
if the integrated bio-refinery proposed by Lynd (1996) is to be a key feature
of future biomass processing.

e The use of biomass derived liquid fuels in South Africa needs to be explored
further. The opportunity to supplement the liquid fuels market with ‘cleaner’
alternatives is very real. This would also contribute to the renewable energy
targets that have been proposed.

e Additional work in the field of PSE, with respect to bio-energy systems, is
needed. Currently there is little literature pertaining to bio-energy process
systems engineering. This field has shown great potential, and hence PSE
applications should be valuable in helping to realize superior design
outcomes for future process plant.
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Appendix 1: Scale Figures Used for Comparative Purposes
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Appendix 2 Input | Outpul Analysis
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Appendix 3A

System: Sugar Production {base case]

Inputs:

Outputs:

Inventory: Base Case - 07-04-03

Etectricity (South Road Transport
Diesel Of Lime (Siakad, Ca(OH)2) Adrica, 1886) (Truck 28 t, Diessi Oil| Sugarcane Processing -
Flow Units Sugar Production (base c_aﬁ) P _ P i Praduction g km} Ops | Fertiiizer Pt Base Case

v) Barmum Sulphate (BaS0O4, in ground [ 0.01760%1% 5.006375 [i} L12E-02 [ i) [4)
1} Bauxits {ARO3 ora' 0.0082134 £.00616747 g 49508 ] 0| [l
v} Bentonite (AZO3 48102 H20, in ground) s 0.00188343 0.000802211 [] _0BE-03 [] [] [
¢) Celeium Sulphate (C8S04, ore’ g 8.00112263 £.00112113! 7] 49E06 [1] 9 []
r) Chrorpium (Cr, ora’ g 3.36E-08 1.23E-Dsl 1] 18E-06 [ [} [
r} Clay fin ground £.0105335: G.00748783 1) 10E-03 5] [1] [
) Coal {in ground: g 0.0231824 1.61818: 03E-02 [] ] 8
7} Copper {Cuy, ore! g & 24E-06 [] 0E-05 [ 8 [
1) Gravel {unspecified [ 0.153221 ] J4E-04 [ [ [}
1) iron (Fe, ore ks £.01678331 0.000541008 1E-02 [ 4 []
1) iren Sulphate (FeSO4, ore) s .96E-08 (1] . 28E-11 1] [} []
r) Lead (Ph,_ore L85E-06 [] 43E-08) a [ 0
1} Lignike {in ground’ ks 0101031 1] 78E-02) b [] [
1) Limestons {CaCD3 in ground, 2 £.0470503 8 0453094 97.862) [] g []
r} Manganese (Mn, ore} [3 7.14E-07 ] 1.268-08) 1] 3 [{]
r} Netural Gas {in ground &i 469841 51,2162 8.92148, [ [1] []
1} Nicket (N}, ore’ X 415607 ] 7.31E-07 [ g []
1} i {in ground kg 211,525 0.216382 0.30345/ [] [4 [
r} Pyrite (Fe52, ore 8.0102177 ] 80E-02/ 1) ] []
¥} Send (in ground’ [ 34E-04| [ ) [
r} Sikver {Ag, ore; ks 45E-08| [ ] 1]
¢} Sodam Chiorids (NaCl,_in ground or in sea) i 16E-04 [ 3] g
r) Sulphur (S_in ground; g [] [] []
7} Uranium (U, ore) S41ED7 ] 9{ [
& [ [}

[ [1]

34

(]

[

44

Q_i

a

v} Zinc {Zn, ore) 7.98-08

Ammonia (NH3) 8.00E+00 67626
Digsal Ol G.00E+00 61.44. a
Electric 10.48 L] [i]
Explosive (unspecified 5.57E-08 1.08E-09 [} [1]
Fertiliser [1] 0.00E+00 g 426.0: [1]
iron Scrap 0.176093 | 33E-04) g []
Lang Use (il -> 1If) 0.000316019| | 20E-07 g [4)
Land Use (ii > IV 0.000384771} . 12E-07 of O* 1]
Land Use (4l -> IV’  BOE-10 _Q} 100001 [e]
Lime {siaked Ca(CH)2) L 00E+00 0 af [i]
[Raw Materiats (unspecified 11E-0¢ 9+ i [i]
Sugarcons OOE+00 ] [] [i] X
Transport Road (diese! ofl_kg km L00E+00 1] [ [ 323608
‘Water Used (fotal 95E+01 9_; 1] [1]
Water Public Network . 00E+00; [ [1] 1)
Water: Unspecified Origin 19.4501 [ [ 11
Wood [i] 84E-04. [ [] 0
3} Acetaidehyde (CHICHO) [1] G3E-04 0 1] ﬁ
3} Agetic Acid (CHICOOH) i) 16E-02 0 [] 1]
a) Acetone (CHICOCHS) 1 . 84E-05 g{ a g’
&) Acetylens (C242) [ . S8E-08 1} o [
3} Aldehyde {unspecified [] 5436-04' [{] ] of
3) Alkans (Lnspecified [+] .06E-01] [) [ 3}
) Akene {unspecifisg 0.00900317 0 73E-03) 6] [ [i)
&) Alkyne (unspecified 1.04E-05 g i [} [1) []
&} Arninium (Al 8.07E-04 [1] B8BE-04 ] [ []
@) Asmwnionia (NH3) 0.00453185 0.067626 O4E-04 7] [
) Antimony (Sb) 717E-08 L 55E-11 ¢ [1]
a) AOX {Adsorbable Organic Halogens) L 10E-16 [] 13E-18 [ [1]
8} Aromatic Hydrocarbons (unspecified 73E-08) 0.033813] 3IE-09 1] ]
a} Arsenic (As . 12E-03 of 24E.05 0 [}
&} Barium {Ba _G5E-85) OBE-DS. 1] [
&) Benzaldehyde (CEHECHO) _8BE-09 L 31E-00 [J [{] g
a} Benzens {CCHE: 1.5824% 13601 3 [}
a) Benzo{a)pyrene (C20H12) .  SOE-08 0.000894588 []
3} Berylium {Be S7E-08 [
®) Boton {B L 71E-04 ] [
2) Bromium (Br) . S8E-05 0 []
2} Butane {n-C4H10,  89E-01 1] [
2} Butens {1-CHICH2CHCHZ)  81E-04 [ 4(_}{
&} Cadmium (Cd  29E-08 0.00878825 [1] [
&} Calcuim {Ca BSE-03 0.307215} 1) of
8} Carbon Dioxide {CO2, fossii 6073470 854331 [ O[
&} Carbon Dioxide {COZ, green 0.00E+00 [ [] ] 16760
8} Carbon Monoxide (CO) H85E+00 11.0112] [] [1]
a} Carbon Tetrafuoride (CF4) g 2.66E-06 2.43E-10 0] 4(‘){’




Potassium {K]

Propane (CIHE}

Propionaideh CHICH2CHO)

ololololololol

Propionic Ackd (CH3CH2C00H)

ccooaacap:&o*okaloooaaoaoog

3} Chlorinated Matter (unspacified, as C} 0.033813 Ul 0033813 [ [4] Bl 0
@) Chiorine (C12} 3.38E-02 1 D.0CE+00) 4 36E-07 [} [0
&} Chromium {Cr i} Cr Vi) £.00605835 4.90£-05 2.08E-03! [ [i]
2} Cobat (Co) 0. C0B07E2S X DTE-05! £.000286805' 4 [}}
& i (Cu, 0.0131038 .‘75—02] 3] 18E-05 31E-03F 1] 1]
&} Cyanide (CN-)  O7E-08 1] 78E-08 .35E—04l [ 1]
) Dioxing {unspecified A7E-11 [ 24E-10) J0E-09 [i] [1]
8 Ethane {C208] 531E+01 [’} 1186400 B2E-01¢ i) [q
&} Ethanol {C2HSOH  $11E-05 [ 3.23E-05) ACE-O8 g 0
&} Ethyibanzens (CBH10 379515 g B0E-04 7BE-05! ) [i]
3} Ethylens (C2H4} 2867188 [1] 37E+00) 383553 ] ]
@) Fiorides (F-) 4.27E.05) 0.033813 B83E-08! 12E-07 ) 0,
a) Fluotine (F2) Q [ 0.00E+00 36E-07 [} [}
a) Formaldehyde (CH20) 7E-02) 9_} 78203 79E-03 ] [}
2} Halogensted Matler {unspecified, 4 07E-18] fi} 42E-21 79E-15 1) ]
a) Haloa 1301 {CF38r} 0.0430631 Dl 0
a) Heptane (CTHI6 3.79493 [ ()
a) Hexane (CBH14)} 7.59£+00 a 3

8} Hydrocarbons [except methane 14313.83 i} 588.013 ]
#) Hydrocarbons {uns) 1.306-0 317842 [i} i)

a) Hydrogen (42 8.38E- ol [ bl

) H n Chiorids (HCH 0.3582 Mmaq i [

3} 1 n Flugride (HF 0.0356578 1] D4E-03 0,152582) 1} 3]

&} H e Sulphide (H28 0.0804277 0.0338131 £.108371 0.117288 g JD‘I
@) foding {{ 1BE-05! [] TAE-05 0.00424233] 1] of
&} Iren {Fs 4 04E-02 [1] 3.58E-011 ol )
2) isnthanum (L8 A7ED7 [1] 0.000281852 1] )01
2) Lead (Pb] A0E-07 £.033813 701503' 0.0300623 [l
=) Magnasium (B 0.00032481 [) 0.313331} 9! []

3) Manganese {Mn ©.000877208 Q 0001887521 9 )

a) Mercaplans X ) 0.033813 ] [} )

2} Mercyl 0000705168 0.000363117 [} 1] )

2} Matals {unspecified’ 2 .86E-05! 0.033813 [} 1)
a} Methang (CH4) 1021.58 114664 18.0867 [}

a} Msthanol (CHIOKH) 247E-05 [i] & [}

&) Motybdenurm (Mo! £.0038823 [3] O! ]

2} Nickel {Ni) 1.56E-01 [} [ [i)

#) Nitrogen Oxides (NOx as NO2) 1. 43E+02 165 353 5558 9) g

8) Nitraus Oxide {N20) 6810 b) 61.0943] [
8) Organic Matter (unspecified! 0.00336532] 351655 g )
@] Particulate Emissions K 0 1] b )

a} Particulates {un: g 30.3241 351855 305 7 0

a} Pantane (CSHI2Y ) [}

a} Phenot (CBHSOH) 9_} [7)

@) Phosphorus (P} bl 0

a} Phosphorus Pentoxide (P205 of [\

a) Po lic Aromatic Hydrocarbons {PAH unspecified 3 i}

al [i]

8 g

a 1]

a :
a [1]

Py [
0 [)

a [1)

a ]

8, 1]

a [}

@ ]

) [

£} [

2 [1]

3 [

) [1]

B g

B g

a

s

2

eipjelololblololololalolofo ch‘orao‘a‘oioﬁolooloio’o{a(qoicchaaaoocoaooooooocooooooaoooaoaocoooooacaoa

Propyiens (CHXCHCH3) 0F

Scandium {Sc| (ll

Selenium (Se g

Silicon {Si of

Sodim (Na’ [

Strontium {Sr] 5.0175918 [1]

Sulphur Oxides {SOx as 802} 19808 2 98E+02) 67.526.

Tars {unspecified 0.000122014 0.000121848, Ol

Thaikum (TH 8.75E-05 .54E-08 ¢

Thorium {Th 0.000180437 | _50E-08 o}

Tin {Sry 5.84E-05 . 34E-08 i)

Taanium (Ti 0.0313673 JIE-05 (]

Toluens (CEHSCH3) 2 42E+00 2.35E£400! 0 ]

Uranium (U 175804 7.27E-08 1] 0.000175001] []

Vanadium (¥ 6.282 01 6.23E-01 9 3 5803 [i}

Xyiens (CBHA(CHIY i ] 0.00854478) [}

2inc {Zn 0 18,4253

Zirconaum (2r) g [
v} Lead (Pb210 KB [1] [} ]
2r) Polonium (Po210; B Q [ [
8f) Potassium (K40] [1) [} ()
ar) Radioactive Substance {unspecified) ki ] 0 [)
ar) Radium (RaZ2¢) [) [} [
7} Radium (RaZ28 il  28E-07. 20507 ) 0 [
ar} Radon (Rn220) ki _OSE-08 B4E-U6 [ [ of
ar} Radon (Rn2722 kB 0,155187, 16326, ;0'{ 0 ©
@r} Thotium {Th28] S4E-07 4E-07 [i] AEI 3]
ar) Thorium (Th232) k8q 23E-07] 3E07] of ol )




a1} Uraniim (U238 0f AASSE-QOI [i] [)
5) Alurmsnium (Al [ 43E-01 [ [
3) Arsanic (As [ TIED5 o G
s) Cadmium (Cd) 0 . S8E-08 [) 0
$) Calcium {Ca] 1]  T3E-01 [} [}
3) Carbon {C) 1] | 30E-01 [ ]
s) Chromium {Cr i, Cr Vi) 3 17604 [} [
5} Cobslt {Co’ [1]  BIE-06 0 0
5) Copper (Cu! [ .322—07[ [ 7]
3) fron (Fe 865011 [} B
5} Lesd (Ph) . 02E-07 0 0
s} Mancanese (Mn [1] 0
5} Marcury (Hg [4 [1]
s} Nickel {Ni) [] 0
s} Nitrogen (N [ 1)
5) Ois (unspecified [] []
s} Phosghorus (P) [1] 0
s} Sulphur (S [1] 1]
s} Zinc {Zn [] ]
(w) Acids (He) [1] []
(w} Aldehyde {unspecifiad ) [1]
(v} Alkane {unspacified 1) 0
w) Alkens {uhspecified 9 [1]
(w} Alurninium (AR+) [5] [1)
(w) Amimonia (NH4+ NH3 as N} ] [1]
(w} ADX {Adsorbable Organic Halogans) 1] 9
w} Aromatic Hydrocarbons (unspecified) 9 2
w) Arsenic {As3+ AsS+) [1] 9
(v} Barium {(Bav+) 0 3]
o) Barytes [1 []
w) Banzane (CAHE Q [3]
w) BODS (Biochermical Oxygen Demand [] []
w) Boren (8 fil 3] [
w) Cadmium (Cd++) 9 3}
w} Calchum (Cass) 0 [1]
w) Cerium (Cers) g [3)
w) Cesium {Csee) [ ] [1}
'w) Chiorides {C1) 8.15388 [} [}
w) Chiorinsted Matier (unspecified, as Cl} ] [} [}
) Chioroform (CHCI3) 2 [1] [
w) Chromium (Cr Hl) X 3} 1) 0
w) Chromium {Cr 1), Cr i} 0.0503283| 1.0502415 [} [} [{]
(w) Chromium (Cr V1) 4.43E-06 1.61E-08] ] 3] 3}
w) Cobalt (Cot, Coll, Co i1} 1.46E-04 5.288-05 £} d 0
w) COD (Chemical Cuygen Demand’ 3.14E+01 3.13E+01 0033813, ] 1]
(w) Copper (Cut, Cus+) 3.00E02 2.96E-02 ) [3] i)
'w) Cyenides (CHN-} C.0850742] 4.44E-02 0.033813 6* [{]
(w} Dissotved Matter {unspecified) 4.04E+008 21E-G1 0.033813 0
w) Dissotved Organic Carbon {DOC) TB8E-01  49E-02 ) 0
w) Ethylbenzene (CEH5CZHS) . 500074, . 499362 o] []
w] Fluonides (F.} . 280381 0.21825 0.033613 [}}
w] Formsidehyde (CH20) . 88E-05  49E-09 ) 38E-08 0
(w) Hexachioroethane (C2CE  S6E-13  67E-13 [ i,‘HE-ﬂl 1)
'w) Hydrocarbons (unspecified) g 0.0339142 . 48E-05 0.033813 . 92E-05 [1]
w} Hypochlorite {CIO-) g 1.83E-047  G1E-05 [] .O4E.04) 0
w) Hypochiorous Acid (HGIO) 3 04E-04 $
w) inorgenic [issolved Matter (unspecified g . 1BE-05 ol
'w) lode {1} g  78E-03 ai
W) lron (Fet+, Fed+) g L0BE-02 3]
'w) Lead (Pb++, Phée) § . 42E-04 [}
'w) Magnasiam (Mge+] g L 15E-02 [1]
w) Manganess (Mn {1 Mn IV, #n VIl) g K .99E-03l []
'w) Marcury (Ho+, Hges) g 8.8BE.05 15E-07 [
'w) Matals (unspecified) g 00355075 I5E-05 [i]
'w) Mathylene Chiotide {(CH2CT2} g £.00155882 . 93E-04 [1]
w) Modybdenum (Mo i, Mo Iif, Mo IV, MoV, MoV} g 0.00869073% I5E-05 [}
w) Micked {Ni++, Ni3+) g 0.0511984[ | 22E-04 [1]
w) Nitrates (NO3-) g 312703 4.29E-02 [}
w) Nitritas (NO2-} 8 4.05E-051 .58E-DSI ]
w) Nifrogenous Matter (Kieldahl as N} g 0.000194938} 3.00E+00 [1]
w) Nitrogenous Matter (unspecified. as N g 447767 17E-03] [1]
) Ols (unspecified g 47.8873 . 14E-01 [3]
w) Ovganic Dissotved Matter (chiorinated g g 0
) Organic Dissobvad Matter {unspecifisd g G2E-05 E_)'_‘
(w) Phenol {CEHSOH 3 . 8IE-03 3]
w) Phosphates (PO4 3- HPO4- H2PO4- HIPOA4 as P g 000131114 .33E-04

‘w) Phosphorus {P) g 0.0866171' [) 5S5E-04 1

w) Phosphorus Pentoxide (P205! g £.000159886 d: . 85E- _BOE-04

w} Polycyelic Aromatic Hydrocarbons {PAH, unspecifisd! g 02708317 1] . 73E-04 §.20-05




Methods

Waste: Radioactive (unspecified

'w) Potassium {(K+) 91.8639, [ 0.00430507 [ B1 )
'w) Rubidimn (Rb+ 0207888 [4] 8.74E-06 [ [i) [
w) Salts (unspecified 0.0222315 [ £.6821483 [ [} )
w) Seponifisble Olis and Fats 101.5] 1] 4 78E.03 [} ) ]
w) Selenivm {Se |l Se IV, Se Vi) | B4E-03 [ 11E-05 [ [1) o
w) Siticon Diexida (Si0Z) . OZE-D4 1) 25E-08 ) [) )
w) Sitver {Ag+} 0.0124794| [l BSE-07 0| 0 ]
w} Sodium (Na+] FX 8.40F+03 0.946763 2.57E+00! [ [4] [
w) Strontium (Sr 1 [ 1.25E+02, . 20802 [ 0 ©
w} Sulphutes (SO4—) g 173218/ 8.81151 2.78E+00! [ Q [
w) Sulphides (S—} , 337328 TIE-L5 0 [} 4
w} Sulphites {SO3—) . 73E-07) 47E-08 0 Q, )
w) Suiphurated Matter (unspecified 85 &  92E-08 89E-07 0 1] [}
w} Suspended Matter {inspacified) 4.98E+00 . 32E-02) [1) 2] (1)
w) Ters {unspecified 1.74E-06 B0E-11 a ] [}
w} Tetrachiorosthylene (C20W) 8.48E-10 [] A365~13l [1] [ [
v} Tin {Sn++ Snd+) 4] [1] OBE-07 1] [ 0
w) Tianium (Tid+, Tid+] 0.00212088] 0 1.93£-05 0 [{] )
w} TOC (Total Organic Carbon, 152.853 [} 0.00721856 [1] [1] i)
(w) Tolusne (CBHSCHI 224808 [{ LOSED41 [} [1] []
w) Trichlorethane (1% $-CHICCI3 1.84E-00] 0 . O7E-13 0 [i] [
w) Trichiorosthylens {C2HCE! 5.26E-08 1]  48E-12 [1] [1] [
'w) Tristhylane Glycol (CH 1404} B8.49E-02 [1] D4E-05 0 [} ]
w} Vanadium {V3+, Y5} 0.00884353 1} 216040 [1] k)
(w} VO (Volstie Organic Compounds) 726822 Q 0.00034041 3| 4 [']
v} Water (unspetified (0 0.0123561 0 5.03E+00 [ 0|
(w} Weter: Chamicaily Poliuted Here 358071 Q 005738531 of ]
w) Xylene {CBHACHI2 18.5526 [] 0.000918084 [1]| []
(w} Zine (Znv+} 0.0879242 1] 0.000354868 ]
(wr) Radioactive Substance {unspecified [ 1.258-10 1] . 00607 [}
(wy) Radium {R8224! kB 03895 [1] 4.87E05 [
(wr) Radium {Re226: % 7989 2 0.150808 ]
wi} Radium {Ra228' 07389 £.00E+00! 74E-05) ]
(wrj Thonum (Th228! KB | 15981 Q 0.000194881 ]
Ammoria (NH3) kg 0.00E+00 §7.6268 [] 0
Bagesse it [ [i] 0|
Diesel Ot s 200 441 [1] 1) [
Electrich HJ elec [] 1] 3326201 [)
Fertiliser & Q 1} X 0.00E+00
Lime (staked Ca{OH)2) Q 1]  47E+0%{ ]
Molgsses ¢ 1] [} . D0E+00! g
Recovered Maiter {{otal 0.00248582 [} . 32E-06 . USE-03
Recovered Madter (unspacified ke 2.49£-03 [  32E-06 .08E-03
Recovered bMatter. iron Scrap k 0 9 g . 26E-08
Sugar i [i] [)  DOE+00 BOE+00
Sugarcane ot 9 [)] | BOE+00 [
Transport. Road {(diesel oil, kg km kg.km Q 8.00E+00| 00E+00 [
'Wasts (hazardous ks 0.20737 3.38E-05|  78E-04) 000561838
\Wasle {incineration] X 1.156-01 1] .BEEoOS{ . 000176648
Waste {municipal snd industnial ke 2.24E-051 0001014389 28E-07
Waste {iotal K 0.880571 0.448867 X
Waste {unspecified ke 00281415 3]
Waste: Highly Radioactive (class C) s 2] 3]
Waste: Low Radioactive (class A} ks 0.92887 ]
Wasts: Mineral {inert) ks 0.358218' 0.351855 0
Wasts: Mining s 0.00E+00)| 1] 0
\Waste: Non Minerai {inert) SIE-02 1] )
Waste: Non Toxic Chemicals (unspecified kg | 28E-07]  0.00448777 g
Waste: Radicactive K g [5)

[7 [’

L3 [i]

[]

Waste: Slags and Ash {unsgecified) 12AED7] 00046763 5}*
CML-Alr Ackdification He 124E+01] 6 120,3673913[

a) Ammonia (NH3) He ]

a) Hydrogen Chioride (HCH He []

a) Dydrogen Fluoride (HE) _ L He A 7.63E-03 [

2} Hydrogen Sulphide (H2S) L He € 80E-03 [ il
a) Nitrogsn Oxides (NOx ss NO2  Fiv 3 12E+00] 4 118369565 0.427571739[ 120.8673813 8
#) Sulphur Oxides (SOx as SO2) . M 5 30E+00]  2.1133925] 4.353825 5] ]

—

#ik Depletion of non aity resouree:; trac. of raserve | 23E-13. 4.08E-13 . 82E-15) 1] [
¢} Bauxile (AZO3, ore  20E-18 0.00E+00 87E-20 ) []
v Cost {in ground’  J8E-18 5 43E-18] .74E-15 [1] [
v} Copper (Cy, ore’ O2ZE-37 0.00E+00) B4E-21 ] ﬁ
£} lron (Fe, of8 BEE-18 541E-18 LO0E-17 1] [
r} Lead (Pb, ore’ 62ZE-17 [{] . 81E-21 [] []
r} Manganess (Mn, ore} A3E-18 S.00E+D0 2 g,
7} Naturai Gas {in greund f , 77E-94 3.85E-13 2 1] )
7} Nickei {Ni_ ore frac. of reserve  JTE-18 0.00E+00 G7E-22 [1] ()
7} Qi {in ground frac of reserve . 85E-13 8.80E-18] . 26E-17] ] [




) Silver (Ag, ore! ttrac_of raserve 7.3BE-17] 0.00E+03 1.30E-36 1.18E-20. [} [ [}
1) Uranium (U, ore: Ifrnc. of raserve 2.79E-17 124834 478617 1.27E-15 46* ¢ D
1} Zinc {2n, ore’ frac,_of reserve 437618 1) 2.42-18 221E-23 g [ ()
1 I
ML Eutrophicatia . PO4 24.88870591 2 84E+00 2 800365834 138.28246 [+] i)
a) Ammonis (KH3) g, PO4 0.02035891 1.08E-04 £.006110475 [ ]
@) Nitrogan Oxides (NOx a8 NOZ2) . PO4 24 61589 2.80E+00 2.5BE+00 72278 [ Bl
) Nitrous Oxide (N2O)' 2q, PO4 BTE+D1 1,76E-01 7] _78E-02  B2E-02 18 45548 [ [1]
w) Asmsmionia {NHd+ NH3. as N] 2q. PO4 48E+00 7.45E+00F  D.01420148 O7TED2 BTED2 [1] [] ]
w) COD {Chemical Oxygen Dernand; sq. PO4 6.92E-01 6.88E-01] 0000743836  17E-03 . DBE-05 a [ [
w) Nitrogenous Matter {Kjeldehl, as N 8 PO4 7.77E-05 L O0E+00) [5] Q.00E+00 T7E-05 [} 1) ]
W] ogenous Mafttar {unspecified, a3 Ni g 29 PO4 1.83E+00 SEE+00]  0.01420148 . 43E-03 L BBE-05) [ [) ()
w) Phosphates (PO4 3- HPO4— HIPO4- HIPO4, as P g2q PO4 4 01E-03 ASE-03) ]  55E-03 BTE-05 [4) g 0
w) Phosphorus (P} rg. PO4 2.85E-01  85E-01 b) .TSE{MI 24E-05! [1] 0 3]
wi Phesphorus Pentaxide (P205! #g. PO4 14E-04 .88E-08 £.00E+00| 48E-10 1404 0 [ b)
]

(CHE -Hum axicih 7.73E404 6.70E+02] 234389529 2.31ED1 71.81E+01 B‘I 3
) Ammonia {(NH31 1.69E-03 8.52E-08] 0.001420148 B837E-08 3.87E-04 [ [
2} Arsenic (AS 2.28E+01 1.47E+D1 [1]  B4E-02 8 13E+00! 5{ 5
a) Barium {Ba 1.78E-05 1] B1E-05 82802 0 [5)
2} Benzens [COHE §.17E+00) [} 47E-01 [ [
3} Benzo(ajpyrene (C20H12)  O3E04 8  44E-03 [] )
) Bromium {Br) 9.00E-07 0.00E+00:  B0E-04 [} ]
8} Cadmium (Cd] 4.52E+00 []  78E-02 [ [
2} Carbon Monaxids (CO) £.4442618! 0.0405756 | [ G}
) Coppes {Cu’ S1E-03 1] [} Bl
&) Cyanide (CN-) 40E-08 [1] 3] B
2} Fluorides (F-] O5E-DSE  0.01823024! 1) [
8} Heptane (CTHIS 8.07£+00 ) [ [
8} Hydrogen Sulphide (H2S! 4 71E-82F 009837414 3] [
&) iron {Fe 1.70E-03) ] a )
a) Lead (Pb! 2.23E+00 541E+00 [ [
8} Mangsnese {Mn' O5E-01 0 [ [
8} Mercu q T2£-02 0, 0 6]
) Molybdenurmn (Mo 26E-02 0 0 o
8} Nicke! (Ni) 7 32E+01] [ 5] 5
a) Nitrogen Oxides (NOx as NO2} 12E+02 1.48E+00 [{] D
2} Phanot {CEHE0H 8.07E-09) [:] D"I [
&) Suiphur Oxides {SOx 85 S02} STE+02) 61.1512 Q [}
a} Yin {Sn 3.98E-10 E)'} )
a) Tolugne {CBHSCHT) S.37E-02 8.00E+00 0 )
8} Vanadium (V) 7.53E+01 7 47E+01 $.00E+00, 0 o
a} Xylens (CEH{CH3)2) 3, 3BE+00! 3.34E+00 [1] [4] 0
8) Zinc {Zn) 0SE-01 . 40E-C4 ) [) [}
5} Arsenic {As  86E-08 40E-08 5} 0 [
s} Cagmium (Cd B4E-O7 .B3E-07) ) 1) )
s} Cobalt {Co G8E-08 . 70E-10) [s] [} [
5} Coppar (Cy 0,00 . 88E-10] [} [} i)
). Lead (Fb) 2.36E-08 54E 0D q B 3
s} Mercury (Hg 12E-09) .0BE-10 4] 0 [
s} Nicket {Ni 4 34E£-09) STE-08 ol [ )
s} Zinc (Zn 2.36E-05 . S5E-08 2.00E+00 0 [
v} Arimonia (NH&+ NHI, s N} 0.03033483 0.03015392 57505 0 (i)
w) Arsenic (As3+, AsB+) 1.24E-02 122802 [s] 0 )
w) Barum (Bee+ 7.30E+00 7.28E+00 [] 6" [
w} Benzeng {CEHE 1.79E+00 1.7857158 ] 0 5{’
w) Cadrium (Cd++) 0.04236586 0.04226837 [1] 0 [
w} Chromium (Cr i 001345385 0.000487062 s [} )
w) Chromium (Cr 1, Cr V1) 028585851 . 85E-02 [1] [} )
w3 Chromium (Cr Vi} 1000181813} | 5BE-08 ] [} 3
w} Caobalt (Co | Co b Colil) 000281516 (OBE-O4 [s] [ [3)
w) Copper {Cut, Cused . 000800078 . 93E-04 0.00E+03 [ [}
w Fluorides (F-} lg 011485621 £.00884825F 0001388333 [} [}
w) fron (Fes+ Fad+} 9.84E-03 B.22E-03 1. 22604 5} o
‘w) Lead (Phe+ Pbé+) 3.50E-02 7.25E-03] 0.02871227} ] )
w) Mercury (Hagd Hoes} 4.07E-04 4 06E-04 {.00E+08 D [
w) Molybdenurn (Mo If, o i, Mo 1V, Mo V Mo Vi) 2.52E-03 [} [
w) Nicka! (Nive, N3} 7ED4 3 7
w} Ofs {unspecified 65£-02] b) o
(w) Phosphates {PO4 3. HPOA— H2PO4- H3PO4 as P 5 38E-08 R [
w} Tetrechiorasthylene (C20M) 4 2610 [ ]
w) Tin {Sn++ Snd+! 52E-10] 3| ]
(W) Xylerve (COHA(CHII2) 5.68E+00 ) S
w) Zing {Zn+e) 2.84E-04 of %)




3} Nitrous Oxide {N20}

335602

3} Particulates {Unspectfied

&) Pentans {CSH12}

1

[
1.80275362] 1.858641557
of

JO9E+00

@) Propane (C3HS

2) Tars (unspecified

) Barium (Baee)

w} Boron (B Hi

w) Kercury (Hgt Hge+)

] |
ML -Yarrastrial Eco-toxici 05E-02: .81E-03 0.00E+00| .71E-03! . 1207 [] [} 1] [
'5) Arsenic {As | 23604 TE-04) ] L O8E-04 ,ase-oai [ 0| B [{]
3} Cadmium {Cd) . 28E-07 S1E-07 0.00E+00  3TED7 X [}) [ 3| )
3} Cheamium (Cr i) Cr Vi) | 72E-04 T1E-04 ) O1E-04 g ) B [
s} Chromium (Ce i, Cr Vi) A TIE-04 TIE04 0.00E+ L. B1E-04 ) [1) [
3} Chromium (Cr i1}, Cr Vi) A4 T2ED4 T1E04 0  01E-04 [ el [
5} Cobalt {Co. . 3E<08| . 27 E-09! [1] .10E-06 [ [} [
s} Copper {Cu) 58E-O7! N 0.00E+00; G1E-07) 0 [} [
3} Lead (P L 08E-D7 A7E-07 0  SGE-07 [ [7) 0
3} Mereury (H:  17E-D7 _BEE-08 0.06E+00! 3BE-07 [ ) [)
8} Nicked (N . 26E-07 1.91E.07 [ . 38E-07 [ g ()
s) Zing {Zn . 78E-03) 3.18E-03 0.00E+00  GDE-03! [] [ [
of non renewabde resou; unit A4E-D3! . 3BE-04 4 17E.04 7.B4E-08 [ [
7} Barium Sulphate (BaSO4, in nd, it . 87TE-05! 3BEDS 1) 2.34E-05 [ 5]
1) Bauxite (AI2O3 ore] unit 83E-07 B1E-D7 [ 32E-09 [] [}
1) Chromium {Cr, ore! unit . S1E-10 . 3BE-10 0.00E+00) 4.18E-10 i) g
1) Coal {m ground Junit  30E-08 78E-08 5.43£-07 O2E-08 [i] [d
1) Copper {Cu, ofe Junit  BSE-08; . 59E-08 0.00E+00 69E08 0 [
1) iren {Fa, ors unit , 71E-07 ATE-OT 3 38E.03| G7E-07 [ [
r} Leed (Pb, ore unit .84E-08; 39E-08 [+ [ [}
1} Ligaite {in ground unit  38E.08 .39E-09 3] 0 ()
1} Manganese (Mn_ore unit .84E-10 A3E-10 0.00E+00 )] )
r} Netural Gas (in ground) Uit LBGE 04  77E-051  0.00039474 [l b
1] Nickel {Ni, ore’ unit . 19E-08 . OBE (19 G.00E +00| [i] [
r} Ol {in ground’ uni . STE04 . B5E-04 8.80E-07 i} [i]
7} Siiver (Ag, ora uni¢  Q3E-O7] IBE-08 §.0OE+00| 0f 4
1} Sulphur (S, in ground’ uni 02608 0.00E+00] 8.02E-08 9. of [
£} Uranium (U, ore unit .3BE-08 2.71E-08 1.24E-05) 4 78E-08 ) [
£} Zine (£, ore unit  B5E-10: 1.036-10 [ 1.82E-10 [1] [+]
1 1
icator 85 9 47E 03 1 c1§:g_—3t:'ss§§~o1l BE [ 7705 791788
aj Acstons (CHICOCHS3) 0SE-06. 732607 [ 23E-06 [1] 0
a lene (C2H2) 09E-03 4 5BE-07) . 0.00E+00 . 06E-10 [ 0
a) Aldehyde {unspecified A4E-04 .COE+00) . 32E-08 0: 0
a) Ammaonia (NH3) LGSE-04} 0.014258249) . S0E-05 [] 0
a) Arsenic {As' 288 . DOE+00) 01E-04 [ [
a) Benzene (CEHE' . T8E-02 . 0OE+0D) . 14E-03 [}] 0
a) Benzo{a)pyrene (C20H12) 0802 9 5.056-03 3] 0.
a) Cadmium (Cd! 3.55E+ 0.00E+00 .04E-01] [ [i]
a) Carbon Dioxide (CO2, fossil 1. 13 27.4021426] 118E+01 of )|
a} Ethanol {CIHSOH) 90E- 0.00E+D0 21E-08) 0 [1]
2) Ethylene (C2H4} L 7AEA 0.00E+DD  72E-01 [1) 0
a) Formaldehyde (CH20) . 26E-04 ] 64E-03 [1) 1]
a) Halon 1301 (CF3Br} T 44E+ [1] I2E-01 4] [+)
a) Hydrocarbons {axcept methane: 117.6232779) 822878764 [] 30E-0 0 1 0
a) Hydrocsrbons {unspecit  20E-01 8.56E-03] 0209083819 2.43E-04 0 [i}
2) K en Chiorids (HCH 4 JE-01 2.31E-92] 0.068916058  B8E-04 0 [i}
) Hydrogen Fluoride (HF) . TOE-02 5.08E-03 ke 48E-04 0| [i}
) Lead (P 7.762588768 27E+D0} 30832813151  SSE-02 el [§}
) Manganese {Mn 383201 8.00E-02| [ A1E-01 [} D
) Meroury (Ha) 6.43E-02 3 58E-02 [e] .O1E-03 1] [
@) Methane (CH4) 8.92E+00 3. 15E+007 3.530419661 . 26E-02 [] 1]
a) Nicke! (Wi’ 6382543123 6291192684 [ 97£-01 1] Q'
3) Wi n Oxides (NOx as NO2 11384508841 1504235002 Q. 1
[} 5]
Q [1]
[1] 0]
(2} Phenol {CEHE0H) 1.53E-08 [ ] [} [}
a} P chic Aromatic Hydrocarbons (PAH, unspecified milfipoint 1.44E+00 1) Fl 0 [}
millipoint EX ] 0 [i}
a) Propionaidehivde (CHICH2CHOY) miftipoint 1.20£-08/ 4. [} [ [}
8} Propylene (CH2CHCHI) milipoint 0.116874068 [ [ )
#) Sulphur Oxides (SOx as 802} millipoint 2 81E+03 [} 7] 3752 868175,
; misipoint 1.235-0@[ 3 6 5
2) Toluene {CEHECHM3 mi int 1 91E-01 [ [ [0
v} Ammonia (NM4+ NH3, as N} milipoint 0.084817064 [} [ 0
w) Arsanic (As3+ AsS+} millipoint 4] o] [
dllipoint ] [1] [i)
i ] [i] 0
w) Cadmium {Cdv+) millipok [}] 0 0
we) Chirorewurn {Cr 311, Cr VY millipoint 1] [} [}
wi COD {Chemical Oxygen Demand iitipoint [ Q [1)
w) Coppar [Cue, Cuss) milfipsint [ 9 9
(w) Lead (Pbe+ Phbde) iipoint [4] 0 0
w) Manganese (Mn 1, Mn 1V, Mn Vil mrilipoint ) [ 3}
0 ] [}
2] 4 1]

w) Molybdenum (Mo Il Mo Il Mo 1V, Mo V, Mo V1)

l miiipoint
millipoint

0.110946534

ciololololololoiolaloloialalolololololololaioialaiolalololalolololololalolojolojololoialalolo)




3306500 TO3E03] TS0 T ]
TBGE04 3.336.04 5 44E 06 [ 0
5.034628465 621605 1.69€.06 ) (ﬂ
1343380394 200 130,867 3613 [
S 6TE-04 1.03E-03 i [
3.16E.01 ) 0
To076281 0 i
6.90-03 [ [
6.434778281 T427571736 208673013 0
0 150086563 1.363625 0 i
1
§2473.05859 1051237527 1)
§0734.7 §513.31 [
5.010360437) G 46E-07) [
051236051 0,015941726‘ )
716.0576 1566.8564 G
2 Nitrous Oxide (N30) 429777 31778951 32062932 [




Appendix 3B

System: Green Electricity

Inputs:

Qutputs:

tnventory: GreenElec 17-03-03b

Ammonia | Lime (Slaked,| Electricity (South Road Transport
Green Diesat OHf {NH3) Ca{OH)2) Afvica, 1996) {Truck 28 8, Diesel Energy Module

Flow Elsctricity Producti Products Prod _ f _ Oil, kg.kmy) Ops b g ing!

Banum Sulphate (8aS04, in ground) [F 0.0168438 0.008375 .12E-D2/ -0.000764301 i il
Bauxite (Al203, are) _ & 0.00565535 0.00616747| [0 4 49E-05/ -0.000557007 1] 0 0 0
7} Bentonite (A203.45i02.H20_ in ground) [ 0.00159113§  0.000602211 [ 08E-03 0 [ 1]
1) Calcium Sulphate (CaS04, ora) ikg 0.00112283 G.00112113 {3 AYE-06) [¥ 0 0l [
Chromium (Cr, ore} 2 3.24E-08 1.23E-06 1} . 16E-0B! 0 i) 0 [}
Clay (in ground, kg -0.70746] 0.00746783) 4 {0E-031 0 i) of [« q
Coal (in ground [ -3857.58) 0.0231824 1.61819 0.03 [0 ) 0 [ [i)
Copper (Cu, ore) ks 1.85E-05) 2AE-06) g : osml [} _o'_'l‘ oi [0 B
Gravel (unspecifiad) ks 0.153425 0.153221 0 OAE-04! ] '] i) 0 0
iron (Fs, ore) fag -5.16834/ 0.01878331  0.000541008| .31E-02 [ b} 51 0 o
Iron Sulphiate (FeS04, ore) k -0.124951 S6E-08 0 .28E-11 3 0 [i] 0 [0
1) Lead (Pb, ore) [ S.HE—DGI B5E-06) 0 . 43E-08) 0 0! ) 0 0
1) Lignite {in ground) F& 0.02625981 0.0101031 [ 78E-02] [ [5] Oj 3] Bl
Limestons (CaCO3, in ground) kg -540.953 0.0470503 0.0453084 97.862 of 0 0 [} 0
Manganese (Mn, ore) [ 1.89E-06 7.44E-07 5] 1.26E.06 [ [] 0 0 [1)
) Natural Gas (in ground) ki -2.83421 4.80841 51.316_2| 8.92148 X 0 1) [ 0 [¥)
1} Nickel (Ni, ore) ki 1.1 JE-OBl 4.15E-07) [} 7.31 EﬂT -4, 98E.08 [i ] 0 [0 i)
Qil {in ground ki 200,876 211.525 0.210392 0.30345: -11.1827 0 ] 1) 0 0
Pyrite (FeS2, ore) ki 0.0269968| 0.0102177 [{] .80E-021 -0.001225 0 D' ) [V 0
Sand {in ground ki -0.335217! 0.00268885 1) .34E-04, -0.33824 [y [i] 0 [0 [i)
) Silver {Ag, ore) kg 8.17E-08; 3.09E-08) [1]  A5E-08 -3.71E-09 0 s [+] [i] ")
Sodium Chioride (NaCl, in ground or in sea) tkg -2.1331 0.0280501 0.243453| {GE-D4! -2 40472 o 3 [ [} 0
I Sulphir (5. 1 Ground ks 0280648 [} 0.0260648 i [} 9] B [} [ [
) Uranium (U, ore g -0.0125262 3.64E-07 0.00016663) 8.41E-07 -0.0126939 0 0 0 [1] 0
1) Zinc {(Zn, ore) ks 1.20E-07! 4. 3E-081 0 99E-08 -5.43E-09 0 [ 0 OI 3}
Arnmonia (NH3) [ 0 0.00E+00; 0.00E+00 [ 0 [ 0 [}
Bagasse 1 0 QL ).00E+00! gl [+] [i 5172 [] 0
Diesel Oil kg 0 0 0.00E+00| 0 138.958 61.4434 q [} 0
Elactric M []) 227773 0 1.05E+01 I 0 0 0 0 0 [}
Explosive (unspecified) kg -0.00354249| 8.13E-07 [§ 1.08E-089 -0.00354331 ¥ 0 0 [} [}
Fertiliser [1] [ [1] 0.00E+00| [¢ [¢ 428.044 0 [¥ 0
iron Scrap -0.5728 0.174857' 0] 0.00023201 -0.7478_91 i} 0 0 0! 0
Land Use (1t -> §il) 0.000316019 0.000315538 4.20E-0 0 1] [ 0 i) i)
Land Use (il -> V) 0.00038477 0.000384259 5.12E-0 [ ol [ 0 [1] [

Land Use (il -> IV} 10000, 4.35E-07] 5.80E—10' [ 0 10000.1 1) [

Lime {siaked, Ca{OH)2) [ 0 1) 0.00E+00 0 0 [i] [1] ]

Raw Materials (unspacified -178.10 0.158032 0 2. 11E-04/ -178.259 0 1] [V [1]

Sugarcans 3 0.00E+00 [0 6.00E+00 [} [ [i [ ol

Transport: Road (diesel oil, kg km) 0 0.00E+00 [ 0.00E+00 0 [}) 0 [i)
Water Usead (total -6556.44| 866.708 743.885) 1.95E+01 [1) [ [1] [ [3
Watar: Public Network 743 885! i 743.885 0 [1] 0 0 0 [
Water: Unspecified Drigin -7283.06) 866.708 [{] 1.95E+0 a 0 Q-l [{] d
Wood -2.03E+01 2.35E-04, [1] 3.94E-04 [1] [] [] ] [$)
a) Acetaldehyds (CH3CHC) -0.00231478]  0.000166995 [1] 2.93E-04 0 [ ) 0 i)
a) Acstic Acid (CH3COOH) 0.0518244 0.0235127 [i] 4.18E-02 [} [} [i] [i] 0
a) Acstone (CHICOCH3) -0.0026833 2. KE-05I a 4. )4E-05‘ i) 0' [ 1] [{]
a) Acetylene (C2H2) -3.4TE+D 1.94E-05 [1] .58E-08| [ [] 5‘ [] [
&) Aldeh unspecified) -0.0978538[ 2. l2E-03| 0 .50E-04 0 [] _(4 [+] [
a} Afkanes (unspecilisd) -26.8823) 441168, [V .0BE { i [ [1} 0 B
2} Alkene (unspecified -34.7209] 0 T3E- [i] Q [} [ i}
a) Alkyne (unspecified) 2.75E-05! 0 .B3E-05 i} [1] [1] [1] [i]
) Aluminium (Al 666 966 0] 0.000766232 [i] 0 [] 1] [
®) Aminonia (NH3) -12.9484 0.067626 . D4E-04/ 0 [ [y 3] [
a) Antimony (Sb -0.128845 [1] .55E-11 61 [ 0 [1] [+
a) AOX (Adsorbable Organic Halogens' -5.56E-10| [i] 4.13E-19 of Q [} 0 [{]
a) Aromatic Hydrocarbons (unspacified) 0.0305885 . 0.033813‘ .31E-09] gi [Y) ) 3 )
a} Arsenic (As’ -1.28683] 0.00311846} [ 24E-05 . [i} 0 i} [{ [1]]
@} Banum (B -7.99611 1.05&05[ 1] .UGE~05! L 0 [1] O [} [}
a) Benzaldehyde (CBH5CHO) 4.96E-09) 1.88E-08 [1] 3.31E-08) 25E- [] [ 61 [4] )
3 {CBHB) -45.4487] 1.58248) [] 13E-01] -47 2835 0.138988 [] of [] a




g

a) Benzo{a)pyrene (C20H12) -1.06E-0 [1] 5.50E-08 -1.07E-01 0.000694988 [1) 0 o] [
a) Berviium (Bs) -0.13085 Q 4.57E-08) -0.130857) 0 [] 0 [} [
) Boron (B) 53,305 0] _0.000: 70713‘ 63,310 [} [ i 01
a) Bromium (B8r) -1.27E+0 o 3.56E-05] -1.27EH [1) [1] 1} [}
a) Butans (n-C4H10) 14.764 1584441 0| 0.26917) -1.14964 6{ 3] Bl 0|
a) Butene (1-CH3CH2CHCH2) 0.3668. 0.37951.’1 0} 0.000580594 -1.33£-02 OI [} [} [}
@) Cadmium -0.05851 0.00779156] [} 2.20E-05 -0.0741159 0.00678825! ] [1] 7]
@) Caleium (Ca -79.9 0.0283185] 0 1.85E-03] ~79.9832 0 [} 0! [i)
3) Carbon Diexide (CO2, fossil -5.65E+06 14201 8.07E+04! -8.35E+06 435388 0 [ [i)
a) Carbon Dioxide (COZ, gresn) BIEX07] 0.00E+00 ) 0 o[ RIS 79E +08)
) Carbon Monoxide (COj 3.3681 | B5E+00, -B.21E+03 1208.96 [} [] Oi [i]
a) Carbon Tetrafluoride (CF4) [ 2.66E-06 -1.81E-07 0 ] [1] [ [+
1) Chiorinated Matter (unspecified, as CD 0.033813 0.00E+00) [] 0 [1] [ Ol [i}
) Chiorine (CI2 0.033813 0.00E+00 -3.25E-04 0 [ 0 []) i)
&) Chromiam (Gr 1. Gr V1 ] A.O0E-05 -1 55865 [V j g ) B
@) Cobalt (Co} S7E-05 -(1.20048 0 0 1] [ [i]
3) Copper (Cu 16E-05| G80E-0 [} [i] [ 0 B
a) Cyanide (GN-) [}  76E-U6 0.174053 [ [l 4 0 (]
@) Dioxing {unspecified 6f -1.26E-0B] 1] a [ [5) i)
a) Ethane (C2H6) [i 135,655 [i [} ol [ B
2) Fthanol {C2H50H 0 0055196 0 () [1] [¢ [i]
®) Ethyibenzene (C8H10) 0 -0.013262 0 0 1] [ [1)
%) Eihylens (C2H4} ~286.06 0 [ 0 0 [}
a) Fluorides (F-} -0.00080585 [ ] ] 0 [1]
%) Fluonng (F2) 1.76E-04 q [ 0 ] ﬁl
2) Formaldehyde (CH20) -5.06671 [] [}] 0 0!
a) Halogenated Matter (unspecified -731E-12 0 0 0
2) Halon 1301 (CF381) -0.00 5050.51 [1] i} 0
s} Heptane (C7TH18) -0.132594! [) [] 0
a) Hexane (C6H14} a -{3.284 135) [} ] [
a) Hydrocarbons (except methane P [{] 7.38E+001 -1102.54 508.013 0 [)
a) Hydrocarbons (unspecified) 0 317842 3.70E-03 -29.021 Q{ [} 0 [¢ )
7) Hydrogen (H2) [1] 1. 11E-13] -1.50E-04 [ 0. 0 0 1]
2) Fydrogen Chionids (HCI) 087913 7 G0E-03 -3160.8 0 B ) )
& drogen Fluoride (H| 0.00104212) -113.799 1] [1] 0 0 0
a) Hydrogen Sulphids (H2S 0.03381 1.06E-01 87 4744 i) 0 0 0 [']
2} todine (1) 1.74E-05 -3.16402 D 1) 0 0| i)
3 Tron (Fe) 0.00245458 567 168] 5 5 g G 5
a) lanthanum (La) 56E-10 02162111 o ) [} [i o
a) Lead {Pb) 0.033813 79E-04 ~5.22734 0.030062! ] d— [¢
a) Magnesium (Mg 1] 4 3E-04 -233.688 0 0 Oi [
) Manganese (Mn 0f  0.0015443 -1.40775 Ol [1] [
a) Mercaptans 0.033813 0.00E+00! o] 0 5] [+] o
) Wercury (Hg -0.191704]  0.000393117 [0 © E0E-05, 0.191742 [ [ 0 [
a) Metals (unspecified) 0.0253032 2.66E-05 0.033813 3.54£-08 -0.00793843| 0 Q [+
a) Methane (CH4} -20704 9 1021.56 1149.64 268134 -22921I 18.069 0 0 [
a) Mathanol (CH30H) -0.0093218! 47E-05 0 3.54E-05] -0.00838199 0 0 [ [}
a) Molybdenum (Mo -2.55E-01 .89E-0! [{] . 18E-06! -2.59E-01] 0 517 [ 0 [
a) Mickel (Ni ] -1.16676 S6E-0 Q 4.89E-041 -1.3231 0| g“ [€ [1] [
) Nitrogen Oxides (NOX as NOZ) 535848 TA3E+02 180.353] 2 0OE+D1] 14669 55599& [ 33248, [i SH052.5]
a) Nitrous Ohade (N20) ~10.653 0.650084 ) 6.60E-02l -7 25E+0 51.0843, 0 [1] ol
) Organic Matter {(unspecified) 3.27605 0.00336532 3.51655‘ 4 49E-08 -{3.24387. [1] [ 0 )
a) Particulate Emissions K [{] [{] [ 1} 0 a zjwal
@) Particulates (unspacified 3.03E+01} 351655 B8.35E+402 ~4 93E+{4 3057050 3190.59| 0 []
a) Pentane (C5H12) [s] BOE-0 -0.681333 [} 0 [1] [1] )
a) Phenol (CEH50H) [1)  S4E-08 -1.73E-08/ 0 0 1] [] [}
a} Phosphorus (P) [1] 14E-05 -5.89368 [1] i) [+] [d 0
a} Phosphorus Penloxide (P205) 0 97E-12 -0.00398845 0 0 [ 0 6‘
a) Polycydlic Aromatic Hydrocarbons (PAH, unspecified) [1] T8E-03 -1.62E-04! 1] D [1] [1] [}
a) Patassium 0 . 75E-03] -79.9613 [ 0 [ ] Q;
) Propans (C3HB O] 3.33E.01 ~81.1823 0 0 0 [
3) Propicnaldehyde (CHICHICHO) 0 . 10E-09] £.19E-10] Er 0 T.,.l
) Propionic Acid (CH3CH2CO0OH) D .20E-05! 0.00E+00! 0f [ [
@) Propylens (CH2CHCH3) 1] 12603 0 0 0 [4] [}
2} Seandium (Sc) 0 . 29E-1 ] 0 [ [l] #
2) Selenium (Se] Q L2E-04 0 D 0 [ i}
a) Silicon (Si g . Bl L J0E-03 ] 0 [} [y 1)
a) Sodium (Na g X A 7| [  B6E-04 i) B! [i] 4] [
a) Strontium (S g -13.067 B.BSEAOGI 01 T8E-06 0 D 1] [1] [




) Sulphur Oxides (SOx as S0O2) [1] 0] 10344 [

a) Ters (unspecifisd) [{] i} b'{ 4

@) Thalliuem (11} B [} ol §

) Thorium (Th [1] [} _o_I 3

a) Tin (Sn [} [1] 1] [i]

2) Tianium (T3 1] [i] [1]

2} Toluene (CEHSCHI) 4 0 D

3y Uranium (U} [{] 1] 0!

2} Vanadium [} q !:J:l 0

&) Xylene (CEH4(CH3)2) [} 1] Y] [ [

@) Zinc (Zn) [} 18.4253 1) a 1]

2) Zirconium (Z7) [) . [) [}

ar) Lead (Pb210) k! [}  20E-09 [

ar} Polonium (Po210 k| [1] . 99E-09 [

‘ar) Potassium (KAQ KEgy c_){ 10E-10, q i)

ar) Radicactive Substance (unspecified) kBg [ [i] 0

ar) Ratum (R8240 kBg X o1 ol 0

ar) Radium (Ra228 By [0 o_"i 0 q

ar) Radon (Rn220) KBy 1) [1] 1] [1)

ar} Radon (Rn222) }LBQ [1] [} ]

ar) Thorlum (Th228! kig [] [] 7]

ar) Thorum (Th232) kBg 1] 0

ar) Uranium (U238 kB X [} of

) Alurvinium (Al g 215014 0.0813782 [}) 0[ [i]

3) Arsenic (As o .59E-05 :.25E-05[ [] 0 [}

s} Cadmium (Cd g .89E-08) ATE-08 [ g{ [)

5) Calcium (Ca) o 5OE-01 3 EED [ i [

5} Carbon (G} “45E-01 S AAE-D [ o [

5} Chromvum (Cr itl, Cr V1) LOBE-03 4.07E-04 3 of 0 0

5} Cobalt (Co .ME—O&i _43E-08; X . [1] ] [{

) Copper (Cu) 97E-07 47E-08) . X 0 0 EF

) lron (Fe 0.429397 162518 X X Y4 0 0! 0 1]

s) Lead (P} 8.02E-07 3.41E-07) X X 0 0 0 ] [1)

5) Manganese (Mn) 0.0085903 0.00325126 . [ 0 1] 0

s) Mercury (Ho) AGE-00 | 2.71E-09 4.77E.00] . [} [ [ 0

s) Nickel (Ni .96E-0_7{ A2ED7 GBE.07 - i [ [} 0

s Nitrogen (N} .37E-06 27E-08| . 24E-08 K 0 [1] [1] [] [}

3) Oils (unspecifisd) 0.00127558 0.0004827 .51E-04 0 t')‘i 0 0 [

5} Fhosphorus (5} 0.0107658]  0.0040707 [} ATE-03 ~0.D004BB03Y [ 0 0 i) 9

s) Sulphur (S 0.12886 0.04877 1] .53E-02 -0.00584715 [] 1) 0 o [

5) Zine {(Zn) 0.0032283 0.0012218¢ 0  15E-03 -1.46E-04 [ ] 0 1 0

W) AGUS (H+) 14113 0.00348773 0.003613  34E-05) -1.14868 [} 0 ol 0 )

(w) Aldehyde (unspecified) QB2E-05] 3.48E—05| 0 ;3@-05! 0 [] U] [i) [}

'w) Alkane {unspacified 2.51539 2.70479 [§) 0.0051875 -0.0945828 1] 0 0 i}

(w) Alkene (unspecihed) 0241415 0.249660 [ - -0.0087306 0 tjl [ [)

(w} Aluminium (Al3+} -12.4514 0.0837007) of X -12.6045 [ 0 [)

w) Ammonia (NH4+, NH3, as N) -17.2063 17.7376 0.03381:1' . -35.0032 0! _qf [i]

w) ADX (Adsorbable Organic Halogens: 0.0426937 0.0441581 [ . -0.00152888 1] 0 []

w) Aromatic Hydrocarbons (unspecified) ] 10.344 10,8219' 0.0257331[ -0.503624{ El [

w) Arsanic (As3+ AsS+) 0.00208422 0.00872138 0.000148675 -0.00588584 1] Q [

w) Barum (Ba++} 50.3283 52.09 7.96E-02] -1.84155 [i]] [}]

w) Barytes 3.04 1.15326 q 2.0321 -0.138264 0 9‘{ [

w) Benzene (CEHG) 2816, 2.70563 0} 0.00519463 -0.0946 51 0 [i]

'w) BODS (Biochemical Oxygen Demand;  B9E- L45E-01 0.03381_3_{ _86E-03 -1.00E- 1] 1)

w) Boron (B il 0.326274 0.337422 [{] L 49E-04 -1.18E- ﬁ-k 1)

W) Cagmium (et e) 0.0130088 00145753 [} 0 o)
Caleiurn (Cat++) B.4BE+02] 6.69E+02 5{ of [1]
Cerium (Ce++} 2.08£-02 2085-021 [1] of [3] 0

w) Cesium (Cs+t) -0.000897739; [ 0 gi [4] [

W) Chiorides (Cr} 597964 10740.8[ [} [ [ [

wi Chiorinated Matter (unspecified, as Cl) ).484489 1] 0| i)
Chioroform (CHCI3) 5.20E-07 [1] 4] E[ 1)

[w) Chromium (Cr i) 0.00225771 0 [] [ [

(w} Chromium (Cr i, Cr Vi) 0.0389696! -0.0133388 g{ [] of [1]
Chromium (Cr V1) 4.24E-08/ -4.92E-09) [1] [1] o [] [1]

w) Cobalt (Co |, Co Il, Co lif} 1.39E-04 -6.33E-08! 1) 0 [ [} 0

w) COD (Chermical Oxygen Dermand o 3.01E+ 3.13E+01] 0.03381 44E-01 -1.34E+00 [1] [ 0 [1] [}

W} Copper {Cut. Gur+) o B.0262913 2,965-02I BOE-04 -nooemmzl 0 ) B [ [

(w) Cyanides (CN-) ] -4.92E+00 4.44E-02/ 0.03381 01E-04 -5.00035 o] ol [} [4] 0




) Dissolver Matisr (unspacined] o 3 43+ F21E-O1L 0.033813] G3E-02) ZA30 4] 3 [} [ [ )
Dissoived Organie Carbon (DOC) 0.17 1434 0.0648805] 4E-04 -0.00779843] 0! [ [¢ 5}7 7}
w) Ethyibenzene (CEHBG2H5) 0.48260 0.409362 BBE-04 0.0174492 0 0 ol 9
) Fiuorides (F-) ~7.1860, o,mzsf 003381 .aaE-ozI -7.43648| ¥ [ [
) Formaidehyde (CH20) EOE-09 AGE-09) 35E-09 2.98E-10) [V §1 i
W) Hexachioroethane (C2C16 A7E13 47E-13 0 S 11E-13 -4.1BE-14) B [} [}
Hydrocarbons (unspecihied) 0.0286077 4BE05 0.033813 3 92E.05 ~0.00529938] [} ) [}
Hypochiorie (CIO-) 1 BIE. 04 G1E-08 [} D4E04 G.00E+00 1 i [ 0
ypochiorous Acid (HCIO) 0.000163254 ; )1E-J_5_I 0 DAE-04 0 0 i) [ [
inorpanic issolvad Matier (unspeciied) 0.236982]  D.00170176 [} 18E-05 23060 [} 0 [i) [}
w) lode () g 2.01002 2.079911 0 18E-03 D.072674, 0 0 [ [}
(w) iron (Fe++, Feat) -7.26649) 2 5608 _1_{ 0.03381 .usE-ozI -9.9320: 0 [} 0 0]
(W) Lead (Pbt+, POAt] -0.199645] _ 0.00917145 0.03381 42604 -0.243572 [i o] 2l [}
(W) Magnesium (Mg++) T 53E+01] 7.73E401] 16E-02 -2.06E+00) ] g{ g+ [i
(w) Manganesa (Min il Win 1V, Win Vil 214784 1:00424 0.00299366 ©3.16507 0 0 [} 0
w) Mercury (Hg+, Hget) . 15E-05 8 B4E-05 gl ABE-07 -5,02E-08! 0 [ 0 [4
W) Melals (unspecihied 0.250614] _ 0.00128789 0.033813 : 55-051 02947286, [} [} i 0]
W) WMethylane Chionde (GH2GI2) 0.00148525 o,ooosaaasl 0] _0.000883179 6. 7BE-05, d 0 0 7;‘
Wiolybdenum (Mo I, Mo 1ll, Mo IV, Mo V, Mo VI} 20.0179877 B.04E-0) [} REEE 00266127/ 0 £ 0 0 i
W) Hickel (Ni++, Ni3+) g 0167162 0.0504435, O 427E04) ~0.248028) 0] [V ol [} [}
() Nitrales (NO3-) 29.6641 312259 4.29E-02 ~1.60406| g} i 0 [} 0
Nitrites (NOZ-) 3 BTE-05 1.47E-05) 2.58E-05 1.76E-06 [} i [} 0 0
Nitrogenous Mattsr (Igsidani, a3 N) g 5137028 X o.oos+oc[ 20137029 9_{ [V 0 [
'w) Nitrogenous Malter (unspecified, as N/ g 430065 4 43546 033813 8 17E-03| -0.176788} [} [ [1) i}
W) Oils (unspecified g 156830 17.6169 033813 0.31357] 2.28042, 4 [ 0 o
w) Organic Dissolved Matier (chiorinaled) g 0.033613 [ uass_i,i 0.00E+00 [ 0 o] 0 0 0
W) Organic Dissolved Matler (unspecitied) g 0.00635391 3. 28E-05] -0338 -92E-085 -o.oz7521| [i] gl [} 0 [}
W) Phenol (CBHSOH g 235628 740587 0.033813] _0.00482592 ~0.0862296 [} i [i 0 3
) Phosphates (PO4 3- HPO4._H2PO&_H3PO4 as P} |g -3.25E-03] _0.000472489 33E-04 0.0045515 0 0 [0 [} [i
W) Phosphorus (P] r 0.0835907 0.086458 S5E 04 -3.02E-0 il [} i) ] u__]
Phosphorus Pentoxide (P205) g 0.119204 6 BAE-08 ] B5E. 0. 119204 1 0 0 0 [}
Polycychic Aromatic Hydrocarbons (PAH, unspecified) |9 0223834 0.270385] O] 0.00037318 0.0469337 6# o] ] ] i
W) Potassium (K+) g B8.815 918639 Bl 0.16493 321378 0 o] i) ol o)
(w) Rubidium (Rb+) la 0.200998 0.207989 g{ 0.00027 704 -0.007267285) [} 0 0 i) [}
(w) Salis (unspecitied [ 68,6647 0.0222315 [} 91E- 68,728 [i [} ] §1 [}
w) Saponifiabie ONls and F ats q 98.0888 T.02E+02 [} 35E -3.54648 ] [} ] 0 [
W) Selarium (Ge Il 58 IV, S Vi) g -1.46E-02 B.64E 03 0 15E-05] -2.392E-02) i) gl 0 [} [
W) Silicon Dioxide (S102) 9 0.000534200]  0.0002021 8] 0.000356262 2. 42E.05 0 [i i) [} 0)
W) Sitver (Ag#) T21E-0 T.25E- [y 1.66E-05, 4. 36E.-04 0 o] 0 i [}
W) Sodium (Nat) 3 50E+0 B.AGE+D ﬂ.94676_3_| G 32E+00 1.92E403 0 9+ ) ] [}
W) Strontum (Sr 11} TOSE+02 125.179 i 0.173635 1.B4ESD 0 0 0 [ 0]
W) Sulphates (SO4—) ~1807.05] 173218 0811511] __ 1.07E+00 207214 0 J{ ] 0 [
W) Suiphides (S 0.325038 .3373281 O] 0.000484459 0.0127767 0 [} ) ) o)
W) Sulphites (SO3-) -0.00¢ TIE-07) 0 1,715%1 ~G.0008745281 [} 0 [} 0 [}
w) Sulphurated Watier (unspeciied, as 5] 1. .iZE—OG} [} 5.23E-09 1A1E-04] 0 0 [} [} o)
w) Suspended Matier (unspecified) -5, 4 95E+00] 4.73382 7. 14E+00! o i) 1] 0| [}]
(w) Tars (unspecified) 1.74E-06 _4 2.32E-09| 0 0 0 [ 0
eirachioroethylene (C2GIA) usE-ml [} T49E.09) 0 [i i) i) 0
(W) Tin (Snr+,_Snd+) K [ g{ 0.00E +00 0 0 0 0 0
W) THanum (Tia+, Ti4+] 0.0 0.00212086 0 3.74E-03 0 0 0 ] 0
W) TOC (1 otal Organic Carbon} - 152,853 0 1.B4ET00 [ G [i] 0
W) Tolusne (COHSCH3) 217387 3. 24806) 1 4.43E-03 0 0 ] ol
(W) Techiorethane (1,1,1-CHICLI3) 05E-09 T91E-08) [} 37E-09] 0 ol 0 0 [0
w) Trichioroethylene (CZHGI3) 30E-07) 5 2BE-08 0 27E-08 [} 0 0 [0 0
(w) T nisthylens Glycol (CBH1404) 0.171451 0.064690. 0 14E-01 0 0 [} 0 0
Vanadium (Va+, V5+) 0.0B12738] __ 0.0086435 i 15E-05 o] [i 5 0 0
W) VOC (Volaliles OTganic Gompounds) 022 7.2662 0 B8E-03 [} 0 [} o] [
Water (unspecified lifre 375482 0.01235 % B5E-05, [} [} oi g+ q
Water, Chemicaily Polluted Titre -7.162 35.607 0] __0.0474294 [} g{ 0 0 [}
(W) Xylene (CEHA[CHI12) 18,6665, 19,5526 T2E-02 [} [} 8 0 [
W) ZinG (Zn++) 0.174008] __ 0.0879242 T4E03 ul [ 0 [
wr) Radioaclive Substance (unspecified) kBq 223604 1.25E-10, BOE-13 0 [X [i [
(wr) Radium (Ra224 kg 7,008, 35681 0.00138524 [ [q [ 0]
Radum (Ra220) kBq -110.468] 7989 TTE-0 [} i 0 ) g{
(wr) Radium (Ra228 kBg 3.00899] 7965 ST7E-03 i} [ [i [ i
(wr) Thorium (1n228) kBg 4.02 41BE+00 54E-03 [} 0 [} [} i
[Amymornia (NH3) & 0 [ 0.00E+00 [} [} 0 [7 i
asse i [i [ 0.00E +00] [} [ [} 0 5172
Diesel Oil Tkg il 200,441 0] 0 o [} [ 0




Electrici ;__hg; elec [1] QOOE*-DO] -24792 4 gi G4B25 [ )
Fartiiser ki 1] 0.00E+00 [} 426 044 [
Lime (siaked, Ca{QH)2) kg 1] B84.65 [}
Molasses it 2.586I 0.00£+00 of 3586
Recovered Matter (total (3 -8.77711 2 49E0: 3.32E-08 -8.78E+(0 [
Hecovered Matier (inspeciied] kﬁ 7 R 330608 57750, 5] i
Racovered Matter: iron Scrap j_k_g -0.006904 73| 00E+DO} -0.00830473 1] [ [
Sugar f 7,758 Amewol [0 [ [ 7758
Sugarcane i 0 00E+00 [V 0] 6t.6__5'l ol [5)
Transport: Road (disse! oil, kg km) kg.kem [{] 00E+00 )] 3.23E+06)] [] [
'Waste (hazardous) kg -0. 0.20737 3.386E-05 .76E-04 -0.41903! 0 [ [
Waste (incineration kg -0.0113067 0.114546 0 . BSE-03 -0.131747, 1 6} [1)
Wasts (municipal and indusirial & -0.577155] 24E-05]  0.00101439; 7 0 2!7 D
Yasis (lotal ke -2116.44 0.880571 0.448867 [4 [] [ [3)
Waste (unspecified) kg -707.458 0.0281415 [] 0 g‘ [1] [i]
Waste: Highly Radicactive (class C) kg -0.00170283 [{] Q* . [{] g Bl [] [}
Wasts: Low Radioactive (clags A) kg 0.0648034 0.1268 0f 0.0001 ai [{] [1) [{] [
Waste: Mineral {iner) 1ka -1225. 0.35621 0.351855 [i]| [i] [i] [i] [
Wasts: Mining ks -88.3054 [1] 0 [{] [1] [] [i]
Waste: Non Minesal (inert) kg -(0.0139817 0.015076 [ [ jl (:):[ [i} ;
aste: Non Toxic Chemicals (unspacifisd) kg 0.001358107 9 28E-0 0.00148777 [} ] [Y] [] 0
'Wasts: Radicactive kg 0.0202385 0.0202385] 0 [ [ [] 0
Waste: Radioactive {unspecified [ -0.000680082 [1] ) | [1] [i] [
‘Waste: Slags and Ash (unspecifisd i'k-g -183.21 0.012083 0.094876. BIE-05 -183.318 [ 0
Methods CHL-Air Acidification a8q. H+ 867.16487 13 1.24E+0 6.2507350 5.00E-01 -1434.334027| 120.8673913 01 1046.045652 9152894022
) Ammonia (NMH3) g eq. H+ 4!.761670588' 2.67E-04 0.003978 -0.785935294! Dl [1) [] 0
8) Hydrogen Chioride (HCH) 8q. H+ -88.56356164 .82E-0 2.41E-02 [} 1] Q [1]
a) Hydrogen Fluonde (HF) _ @q. He -5 688’ _78E-0. [ [} [] 0 [1]
a) Hydrogen Sulphide (H23) g eq. H+ -5.13375294 _SSE-0. 0.0019889] .26E-03 -5.145552841 [{] [ [] []
a} Nitrogen Oxides (NOx as NO2) ey, He 1164.886957 3.12E+00] 4116369565 .35E-01 -318.8813043: 120.8573913 01 7227956522 [1]
@) Sulphur Oxides (SOx as 502) g eg. H+ —399,575' 9.30034375) 2.1133125! 0159086553 -1017.24375 [} [¥] 323.25 []
1 1
CHML-Depletion of non renewable resources Jfrac of reserve -1.48E-12 . 23E-13 4.09E-13] 5.52E-14 -2.65E-12 (‘_):l 0 ol 1] [
) Bauxite (AI203 ore} rac. of reserve, 2.02E-18 . 20E-16) [} .B0E-18 -1.99E-17 [ [] [(] [] 0
1} Coal {in ground rac. of reserve: -1.29E-12 .78E-18 5.43E-16) 02E-17 -1.30E-12 0} T 0 a
1) Copper (Cu, ore) rac. of reserve! 2.70E-17 02E-17 g ABOE']‘l -1.23E-18 0 QL 3 (4
1) fron (Fa, ore} rac. of reserve -5.17E-14 .BBE-18 5.41E-18| 31E-16 -5.22E-14) [) Q Q [1]
1} Lead (Pb, ors) rac. of reserve 4.29€-17 B2E-17 .86E- 1[ -1.94F-18; [} [ [1] [} ]
7} Manganese (Mn ore) rac. of reserve .77E-19 A43E-18 .52E-18 -1.71E-20¢ 1) [] [] [
1) Natural Gas (in ground) rac. of reserve -2.26E- 4I TTE-14 3.95E-13} .33E-14) - DQE-}{ [1) 1) [
3 Nickel {Ni, ore} drac. of reserve L97E-18 L TTE-18 0 .G5E-18 -4.52E-10 [] [}
ry OF (in ground Iira(:‘o reserve! .40E-13 L85E.13 8.80E-16) 27E-15 -4.67E-14 [] 0 0
1) Sitver (Ag, ore) {frac. of reserve S4E-18; 36E-17 0 _30E-18 -8.83E-18 q [ 1]
) Uranium (U, ore} frac. of reserve -9.35E-13 2.71E.17 1.24E-14 _78E-17 -847E-13 0 1] [ [ [}
1) Zinc (Zn, ore) frac. of reserve! | BIE-19 1.37E-190 Q 2.42E-19 -1.65E-201 [1] [1) of Q [} ]
CML-Eutrophication g eq. PO4 6953 886244] 290902548 24668705911 2.838228217 -1946.138116) 739282461 [ 4322.31_51 [] 3782.025'
2) Ammonia (NH3} 8q. PO4 -4 53E400 1.59E-0: 0.0238691 1.06E-D4/ -4‘56E~0(_)4 0 [ [{] [
&) Nitrogen Oxides (NOx as NOZ2) g eq. PO4 6966.024 18.64642 24.61589; 2.589974 -1906.97 722.78 4322 318 [] 3782.025!
a} Nitrous Oxide (N20) 8y PO4 -2.87631 1.76E-0 [1] 1.78E-02 -19.565334 16.49546 [ [
w) Ammonia (NH4+, NH3, as N) . PO4 77 226648] 7.449792] 0.01420146 1.07E-02 -14.701344 [] [] [{)
w) COD (Chermical Oxygen Demand) eq. PO4 O.GSZZI 0.6877904 0.000743686] 0.003174644 -0.02950904 [] [{] [] 0 [}
w) Nitrogenous Matter (Kjeldahl, as N) eq. POM -0.05783018 1] [{] 0.00E+00 -0.05793018 Q 1] [] []
Nitragenous Matter {unspecified, as N oq. PO4 806273 15628932' 0.01420146 L 43E-03 -0.07425096 0 [ i [
w) Phosphates (PO4 3- HPOA4--, H2PO4-, HIPO4, as P! eq. PO4 -9 93E- 45E-03] [{] 2.55E-03 - A39E-U2l 2 [] 0 Q
w) Phosphorus (P} aq. PO4 . 56E- .65E-01l [1) T5E-04 -8.25E-03) a 0 1) [« [
Phosphorus Pentoxide (P205) 8q. PO4 -1.59E- .B8E-08 [ ABE-10 -1.89E-01 [1] ol [{] [1] [
}
CML-Human Toxicl Ig G,?DEWZ‘ 234369529 2. 31E+01 -5 S0E+04 4361.138615! Y 38348.708 4] 3355335
a} Ammonia (NH3} 9.52E-05] 0.001420148 6.37E-06| -2.73E-0 ] 0 [{] 9] 0
8) Arsenic (As) 1.47E+01] 5] .64E-02 -6.06E+D: [i] [ 0 0 5
) Barium (Ba 1.78E-05] o] B1E08 -1 36E+0 oI 0 [ 0 q
2) Benzene {C6HE) 617171 0.00E+00] 4201 -1 34.40565' 0.5420822 o 1] [ [}
a) Benzo(a)pyrene (C20H12) 0.00020271 ﬁQ{} . ISE-05 -1.816878! 0.011814796 ] [] [] Q
2} Bromium (Br) 9.00E-0 [} 48E-08 -0.4176483 [} 1) ] [ of
a) Cadmium (Cd 4.5191048 [i] L33E-02 -42.987222 3.837185, [{] [{] ] []
2) Carbon Monoxiae (0] 0.4443616 0.04057571} I6E-01 B8 54837 1450757 ol [ [ [
a) Gopper (Cu) 3 BIE-03 0 965—05[ 2.35E.01 [} o [} q "8l
a) Cyanids (CN-) -0.11719673, 3.40E-06 0f 5 87E-06] -1.17E-01 1] of [4] [}] [1




@) Fluorides (F- 1.60E-02 2. SE-OSI 0.01623025.] 73E-08 -2.91E-04 0 0 [} Y] [\
a) Heptane (CTH16) 5.868384 6.071888 [1] B4E-03 -2.12E-0 0 [ [i] [4] [4]
) Hydrogen Suiphide (H2S! -58.073564 0.047133608 . 30E-02 -8.82E+0 0 0 1] [1] 1]
a) Iron (Fe ] -11.21912 0.001698257 O3E-04 -11.2209: [ 1] [ [ 4]
2) Lead (PD) -823.8752 2.234484 4.47E-02. -836.3744 4.809068 [4) 1] 0! [1]
a) Manganese (Mn) - 68.5396! 5.10526508] BSE-O11 -168.93] of 0 ol 0 0
3) Mercury (Hg -22.95528] 0.04717404 §.60E-03 -2.30E+01 40‘ 0 0} [i] [
a) Molybdanum (Mo] ] 1.26E-00 TAE-05, 8.56E-01 0 5{ - 0 [
8) Nickel (Ni k 73.2495 1] . 30E-01] -621.857 [ [1) [] ] [)
a) Nitrogen Oxides (NOx as NO2) 111.87852 147 69534 1.56E+01 -11441.82 4336.722 0 25933.908 0 B}
a) Phenol (C8HSOH g .07E-08 0.00E4+0( 1.42E-08] -9.67E-10} []) Q 0
2) Sulphur Oxides (SOx as SO2) 3.5TE402] 1.1592 6.11E+00 -3.91E+04 5] [1) 12412, 0 E
a) Tin (Sn A 3.98E-10] 0 5.31E-13 -7.15E-04 0f
a) Toluens (CBH5CH3) 8 0.09166677 O 0.002290786 -3.72E 0! [{)
a} Vanadium . TATEAD 0 29E-01 -3.22E+02 i)i 0
3) Xylens (CHHA(CHIZ) ~10,67539) 3330754 A56-03 14,020314 [ i) o B
2} Zinc {Zn 4 78E-01F  0.00034024: . D4E-05 -0.13039719] 0.6080348] 0 i) [)
s) Arsenic {As BOE-05, 40E-06] 4BE-06 ~1.68E.07) [ o 0 6{ 0
8] T2ED7 O3ED7 .81E-07 -1.23E-08 '] of 0 of ]
s} Cobalt {Co 70E-10 71E-08 -1.16E-1 0 [] 0 of 0
s) Copper (Cu g 8BE.10 0.00E+00] ___ 6.84E-10 4 66E-11 g{ [} i) [} [
s} Lead (Pb) . S4E-09 .50E-08 -1.02E-091 [} [1) 0 0 [1]
s) Mercury (Hg . 4.06E-10! 18E-10 -4.87E-11 D‘ [] 0| [1]) [1)
s} Nickel (Mi 3 57E-08/ T TE-09 -1.88E-10 1] ] V) [ [})
s) Zing (Zn}) . .55E-08 S1E-05 -1.03E-06 0 0f 0 0 0
w) Ammonia (NH4+ NH3, as N) -0.02925071 0.03015382 5 75E-05] 4.33E-05) -0.05950544 0 [{] 0 1)
w) Arsenic {As3+ Asd+) 00041779081 0.0122083932 0f 0.000208145 -0.008240176! [1) 0 [
w} Barium {Ba++ 7.045962! 7.2926 0 1.126-02 -0.257847] [} D 1]
w) Benzene {CBHS) . 8f 0.003428495 -0.06244458) ) 0 ;l
w) Cadmium {Cd++ . 1] 8.16E-05 [] 0 0 )
[w} Chromium (Cr 11} 0] 0.000858226 0 [ o] 1] [1]
w) Chromium (Cr il Cr Vi) 0! .8 E—OS[ 0 1] [] [}
w) Chromium (Cr Vi) '] 0 ASE-04] 0) g_l 1) [\)
w) Coball (Go b, Co Il, Co 1) |_g ) ol [} [) [
w) Copper (Cu+, Cut+) q 0.00E +00| 0 [ [} 0
Fluorides (F-) F } 0.001386 33! 0 g_} B
W) Iron (Fet+, Fea+) 9 ~0.026159364 0.000121727 [} [ B
w) Lead (Pb++, Pbd+) -0.15 0.02671227 0 [] [}
Mercuiy (Hg+ Hot+ [} [
w) Molybdenum (Mo Ii, Mo Ill, Mo IV, Mo V, Mg VI) [ 1] 61‘ [})
(w) Nickel (Ni++, Ni34) g 0.00E+00) 0 [] [1] 0
Qils {unspecifiad g 3411E-051 [}) [) [1] 0!
W) Ph (PO 3, HPOA.... H2PO4-, H3PO4, as B} |g 0.00E+00 q o 0 [
'w) Tetrachioroethylens (C2CI4) g 0) [} 1) [1] 0
w) Tin (Sn++, Snd+) g 0.00E+0( 0 0 0 0
w) Xylena (CEH4(CH3)2) g 1] [] [1] 0 0
w) Zinc (Zn++) g G 1] ] 0 0
CML-Terrestrial Eco-toxic t 0 0 # [}} [] ol
) Arsenic (AS 0.06E+00| o] i) ] o [
s) Cadmium (Cd 0 [} 9+ [1] 0 0
s) Chremium (Cr i, Cr VI 0.00E+00 [Y) [1) 0 0 0
g) Chromium (Cr i, Cr Vi) 0 [\] 0 0 [
s) Chromium (Cr i}, Cr V) 0) [1] EI 0. 0
s) Cobalt (Co) 0! 0 [ [} [
) Copper () [ [ 0 [
5) Lead (Pb) 4 0 [} 0
s) Mercury (Hg t 0 [ [ [}
s) Nickel (Ni 1 q o] [} 0, 0
s) ZinC (Zn 1 0 [ [1) 1) [}
EBIR-Depletion of non renewable resources unit -1 A0E-03) . 36E-04 4. 97E-04 5* 0 [1] [1] 0
1} Barium Sulphate (BaSO4, in ground) S1E-05] 33E-05) 0f q 0 0 0
v) Bauxite {AI20O3, ore) B8E-07 81E-07 Q{ 0 0 0 5]
7} Chromium (Cr, ora) 3BE-10) [ [ o] a B
1) Coal (in ground! 78E-09 5 43E-07) [1] 0 0f 0 5]
apper {Cu, ore] .59E-09 0.00E+00 0 0 0 0 0
tron (Fe, ore) A7E-07] 3.38E-09) 1] 0 1] 0 0
¥} Lead (Pb, ore} 39E-08 (1] [ [} [ [ o]




1) Lignie (i ground B1E-08 [} 5 A525-1§F i o [ i) [
r} Manganese (Mn, ore’ . 77E-10 0 -1 71E-11 [ [] 0 Q 1]
1} Natural Gas (in ground -2.26E-08 4 -5.08E-04 oI 0 B
T} Nicked (N1, 078 BIE-08 00 355E.10 oL ol B
v} Of {in grownd 8 40E-04 07 48705 o] 3
1} Silver (Ag, ore S4E-D7 '] . -8.83E-09! [ 0 ]
) Sulphur (S, in ground X ZE—tﬁl 8.02E-06 $3.00E +00] 0.00E+00 [} [1] [ [1]
Uranum (U, ore S BAE-04 T.24E-05] 4,755-03‘ DA7E-04 [ [} [} 9)
Zine (Zn, ore) : 25-10! [} T.82E-10 123611 [ [ [ D)
I 1 1
Eco-indicalor 85 -2.15E+03, 1.01E+03] 83.80186511 -1.18E4+04 613.47277_8_4 [1} [1] 3595 801774,
a) Acelons (CHICOCHI) 7 32ED7 HOE+00 6.88E-05 o [ 5 3
3} Acetyiens (C2H2) 4 55¢ 07 .oos+oo| “BABED o] i il B
3} Aldehyde (Unspeciied) 5.07E-08 T44E.04 [} ; 8.99E-03 i 3 0 of B
a) Ammonia (NH3) 2730037419, G 55E-04]  0.014258240 A0E-05] 3 74532330 (%{ [} 6! [ [
@) Arsenic (As) 5194543122  0.1250923156] ol [} i [ 3 B
a) Berzene (COMG 1 BRE+00) 5.78E-02 [ - 0.005078673 0 [ [} [
a) Benzolajpyrene (G20H 13) T97.30633031 T.09E-02 [} 5. G63760367 [} [} [} [
) Cadmium (G4 -2 71E+07) R [} ] 30.04875957 [ 1] [} [}
3] Carbon Lroxide (CO2, fossh) 1078 492184 TAE+01]  27.1021426 1. §3.28028592 [l 3 [ B
2 Ethanol (C2HB0H) 2.05E-04 7.90E-07) [ 2IE-06 2.07E-04 [}) [i [} i [
) Ethylene (C2H4) 36.181770 0.373865208 0 472601 4D.0273423 [} [ o] o] [
&) Formaidehyds (CHZ0) 5.29500852 396 04, [} BAE 03, 0.29847382 [} o g* 9 [
) Halon 1301 (CFaB0) 71.95771208] 7444735335 [ 2E01 ~3.601873895] [ 3 ) gt [
a} Hydrocarbons (except methane) 53.3500602] 62 20787648 0] 0420515508 41770427 SABOG0AZTT [} 9 9
a) Hydrocarbons (unspecifed 1 89E+00 8.56E-03]  0.200083619 A3E-04 491&«_}‘ i o ]
a) Hydrogen Chionde (HGI) -247,6877066] _0.0280861 0.068818058 BBE-04 247 7849137 [ [ 5
a) Hydrogen Fiuonds (HF) 16.21477183 5 OBEL ] 40E-04 16 22005153 [} ] [ 0
) Lead (PH) 460 5381608 1.273452723] 308328131 SEE-02) 476 6616322 2.7412689798 0 0] 1 0
3) Manganese (W C128.1467996 8.00E-02 41E01 1283674704 [ ] [} 0
3) Mercury (Hg milipoint 174433861 358602 O1E-03 1748423762 Bl q . Q]
a) Methane (CH4) mlipoint 63, 1445897; ausoswsl 3 53941966 26E-00 70,567 34112 0055631547 [} 0 R
a) Nickel (Ni Imma%m 470 9856883 6.29E+01] 5] STEO1 534 0954131 [} ] [ [ [
) NTogen Oxides (NOx as NOZ) millipoint 4756.818308]  11.30450884] 1504235002 T56E¢H0] 185 316807 441 6827937 O] 2641204718 [ 7311.130802
a) Nitrous Oxice (N20] millipoint 0.548014127) 33554)2[ [ 4DE-03 -3,7338423981 3147968768 1] 0 [ B
) Barticulates (unspecied) millipoints ~2371.830208) 1.60E+00] 1858641557 441640 7604238771 B.16252563 O] 168.6358267 [ [
a) Pentane (C5H12) millipoint T.075611173] 1093976051 i) 2 O5E-0 -o.oasas‘mzl [} [ ] [i E
8y Phenol (CBHBOH] milhpoint 4.05E-09 53E-09) 2. T0E-8 18410 [} [ i) [} B
3) Polycyclic Aromatic Hydrocarbons (PAH, unspeciied)  |malipoin 3 846805087 | 1443314174 355321374 T 4SE01 [} [ [} B
a) Propans (CHB milipoin ~3.79167879 0.9537360, 1.96E-02 4.770002603, B 3 [} B
a) Propiongidenyde (GHIGHZCHO) milipoin 1.155-09' 4 35E-10, 7 6BE-10] T [} [} 0 B
&) Propylene (CH2CHCHY) lm‘mgn 5346847538 0.109393761 162E-04] i3 [0 [ 0
a) Sulphur Oxiges (S0x as 502 rillipoint 1 B1E+03) 4 22E+01 9,5986247QQJ 7. 936 4 1468105204 Wmsg}
3) Yars (unspecihed rliipoin 7 19E.08, T 23E-08 [} B4E-09) (] 5
3) Toluene (CEHOCHS) millipeint 0550828007 _ 0.185162635 i) 2G3E03) [} 1] o1 [
(w) Ammama (MHA+, NH3, 28 N milipoint 5.50E-01 9 70E-01] 0.001866163 A1E03 ] 3 [ [l
(W) Arsenic (Asat, Ass) milipoint 0.2/21196888] 0795270104 3BE02] q i ] B
W) Barium (BarT) rrillipoint 642.4549873] 664 9849864 1019501517 [ [ 0 B
w) Boron (B fll) Trifipoint 8.53E01 S23E0 1.78E-03 X [} i
W) Cadeium (Cav) millipoint 583237395 3987201685! [} 7 70E-D3) [ 3 0]
W) Chromum (e 1, Gr V) milipomt 674223979] 0916766968 [} 2203 [ i [l
(W) COD {Chemical Oxygen Demand) lmilligim 087017324 0.090380087, §.78E-05 4.17E-04 0003877677 i) [} ] 3
W) COPDer (Cus, Cutt] millipoint 1.20E-02 735E.02 [} GBE-04 1 69E-) [ 3 ] 0
‘W) Lead (Pb++_Pbd+) kPOt 1820488271 0.836310308] 3.083281319] el 2.03E+0 [ 0 i} [}
w) Manganese (Win II, Mn 1V_ Mn Vi) millipoint 3.017070327] _ 1.831457979 _QI 46E-03 5 753081744 g 8 0 0 [}
(w) Msrcury (Hp+. Hg Tilipoint 7.435-02' 7 BBE 02 [ 5604 4 5BE-03 6* i) [i ] [
Molybdenum (Mo 1i, Mo Ifl, Mo IV, Mo v, Mo Vi) ipoint 2 J0E.01) 0.110343975l 0. 00E+00] 47E-04 -asssnsms[ g{ [} i [) 0
o) Nickel (Ni++, Nia+) rouliipoin ~8.90E+00) 2 30E+00] q S3E02 ERE] [ [ o [} )
Phosphates (PO4 3 HPO4-., HZPO4., HIPO4, as Py (millipoini 1 30E-03 1.80E 04| [} KA -{B2E.03] [} [} i a i)
(@} Priosphorus (P) rrilipoints 0.033480045] 0.0346284585 [} §.21E-05 121603 [ 0 3 ol [}
ETH-AI Acidiication oq H 6.675402! T3 43980394 6.25873501 8 00E 1! “TA3E+0 120,8673913 0] 1046045652 B 915 2604022
a} Amsmionis (NH3) eq, Ht 5.761670588 2BIE-04 §.003978] 79605 7.765835204 3] i [} [ B
a) Hydrogen Chiaride (HCI) eq He B EEE+D §.82E-03 Z41E-0 OBE-04 “8.6BE+0 [} [ [} [} i
&) Hydrogen Fluoride (HF) eq, H+ -5.688 0.00178288 .21E-05 -5.69E+00! 4 ] [i} 1) [
2) Hydrogen Sulphide (H2S H 513375204 3 55E03 000198 26E-03 5 145552041 [}] [ [} [}
3) Nitrogren Oxides (NOx as NOZ) eq H+ 1164886957 3115130435! 4,116369565! 0434778261 3188913043 1308673813 O] 7227966522 [
) Sulphur Oxides (SO 8s S02) & 1+ 395.575]  0.30034375] 2 11331251 D.156086563 1017 243751 [} [ 323.25 [}
] | ] [ 1




=g, GO 6570600 253] _ 124002.3201] __ 215501.06] 62473,05850 457705.5788 i o] o] ol

Beq ¢O: “5651380 55968.11 80734, 436368 40 0 gl [

) Carbon 1 etrafhionde (CF4) Al_geq‘ CO. D.015548754] 0005884866 o] 0.01036043 0 5 @L 5 5
) Halon 1301 (CF38r] G 8q, GO 328.8217 340, 10849 0.5123685 0 ol [) [ Ql
a) Methane (CH4) G0 13251138 §5379.2] TA5T6.66] . 17160676 1158 4608 J{ [ (] [0
) Nitrous Oxide (N30) eq CO “3515. 48] 214.82472] O 21.778251 20181110 5 [ [ 9]
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Appendix 4

Base Case - Sugar Production

lEmission N-itrogen Oxides (g) §quhur Oxides (g) |
Diesel Oil Production 143.43 297.61
{Ammonia (NHs) Production 189.35 67.63
[Lime (Slaked, Ca(OH),) Production 20.00 5.09
{Electricity (South Africa, 1996) Production 19.67 43.65
Road Transport 5559.90 0.00
Agricultural Operations 0.00 0.00
fFertilizer Production 0.00 0.00
Sugarcane Processing - Base Case 62341.10 19395.00
.00 0.00
Total Base Case 68273.46 19808.07 |

Green Electricty

lEmission

Option

[Nitrogen Oxides (g) [Suilphur Oxides (g) |

Diesel Oil Production 143.43 297.61

Ammonia (NHs) Production 189.35 67.63

ILime (Slaked, Ca(OH),) Production 20.00 5.08

Road Transport 5559.90 0.00

Agricuitural Operations 0.00 0.00

Energy Module (bagasse) 33248.60 10344.00

lFertiI&zer Production 0.00 0.00

Sugarcane Processing 29092.50 9051.00

Credits ectricity (South Africa, 1996) "Broduction -14669.00 -32551.80

otal reen Electricty Option 53584.79 -12786.47
Bio-Ethanol Option

Emission 'mtrogen Oxides (g) §ulpm

Diesel Ol Production 158.24 328.33)

Ammonia (NH;) Production 189.72 67.76

Sulphuric Acid (H,S04) Production 77.24 2025.07

|Lime (Slaked, Ca(OH),) Production 40.80 10.39

{Road Transport 555990 0.00

Acid Dilution 0.00 0.00

Agricultural Operations 0.00 0.00

Energy Module (Lignecus Residue) 14680.00 4566.79

Fertilizer Production 0.00 0.00

Gasoline Equivalence Converter 0.00 0.00

integrated Bio-refinery 18569.30 5777.12

Sugarcane Processing 29092.50 905&

Credits  [Electricity (South Africa, 1996) Production -4443.03 -9859.47

Leaded Gasoline Production -868.56 -2010.97

{Total |Bio~§tﬁanoi ﬁption £63056.10 9956.01




Appendix 5: Examiner’s Comments on Life Cycle
Methodology Employed in Case 1






