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CHRISTIN LIPTOW
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Chalmers University of Technology

ABSTRACT

The production of bulk chemicals from biomass instead of fossil resources is perceived as one
promising option to decrease society's environmental impact. However, though considerable
research and development efforts aim at such production, it might take several more years
before biomass based bulk chemicals are fully commercialized. This leaves room for
investigating the environmental impact of such production, as well as, identifying
improvement options along the related life cycles using environmental assessment tools such
as life cycle assessment (LCA).

This thesis aims at providing guidance for the development and production of biomass based
ethylene, using life cycle assessment as a method of choice. It achieves this by: (1) identifying
environmental hot spots along its life cycle and (2) by comparing the environmental impact
of a sugarcane, a wood fermentation, and a wood gasification route to ethylene to each other,
as well as to a fossil alternative.

In addition, the thesis contributes to the methodological development of LCA to better fit the
assessment of emerging routes to biomass based products (1) by determining methodological
challenges linked to the assessment of products (e.g. biomass based chemicals) produced via
emerging technologies; and (2) by identifying application and methodological challenges
related to the climate impact assessment of land use and of time lags between CO; release
and uptake from wood.

A number of potential hot spots were revealed for the production of biomass based ethylene.
These include e.g. enzyme production and the energy consumption of the ethylene
production process and further development such as decreased enzyme and energy
consumption is needed.

From a global warming perspective, all three biomass routes can outperform the fossil
alternative. However, this finding is significantly influenced by the assessment of time lags
for biomass CO; (wood routes), and of emissions from indirect land use change (sugarcane
route). Both factors can significantly increase the global warming potential of the biomass
routes, making them comparable to the fossil alternative. Therefore, the production of
biomass must induce as few changes as possible regarding land use and related decreases in
carbon stocks. In addition, consideration needs to given on how to use wood based ethylene
to best mitigate potential effects of time lags between CO, uptake and release from biomass.
As regards the other investigated impacts (acidification, eutrophication, and photochemical
ozone creation) the biomass routes were found to be in clear need for further development
before competing with the fossil route.

To ensure the relevance of assessments, two factors were found to be critical: (1) the
consideration of the needs and demands of different stakeholders, and (2) the use of process
simulation as a means to provide data for emerging technologies.

Finally, the climate impact assessment of land use and time lags in CO; release and uptake
was found to encounter a number of methodological and practical issues, including
inconsistent modeling for forestry and agricultural and poor data availability. These
challenges need to be addressed, in order to consistently assess the climate impact of land use
and time lags.

Keywords: life cycle assessment, LCA, biomass based chemicals, fermentation, gasification,
wood sugarcane, land use, time lags
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May 9, 2013 - on that specific day, just roughly 12 months ago, the atmospheric concentration
of CO. surpassed, for the first time since measurements have started in 1958, the 400 parts
per million (ppm) mark [1]. Though this number in itself does not say much, it gets a mean-
ing when put in context with other numbers. In particular, when put with the numbers 350
and 500, which represent the critical range in atmospheric CO. concentration (ppm) that
many scientists argue for we need to stabilize at in order to avert the worst impacts of climate
change [2-4]. Under this perspective, 400 is an enormous ringing alarm bell which calls for

actions.

1 Intro

1.1 Biomass based chemicals and materials

The call for actions to stabilize the atmospheric CO. concentration is responded to in differ-
ent ways, including the replacement of fossil resources with biomass based alternatives. This
is especially true for the fuel and energy industry which has, during the last decade, conti-
nuously increased its production of biofuels such as bioethanol and biodiesel. As a matter of
fact, the production of these two fuels more than doubled from 46.6 billion liters in 2005 to
97.4 billion liters in 2012 [5] for bioethanol and from 5.3 billion liters to 27.4 billion liters for
biodiesel [5].

However, despite its dominating role as regards to the replacement potential of fossil with
biomass alternatives, the fuel and energy industry is not the only industry with an interest in
such a replacement. Other industries currently operating on fossil resources, such as the
chemical industry, are interested as well, and are investigating the development and produc-
tion of biomass based products. In fact, there are already a number of biomass based chemi-
cals and materials commercially available. This includes, among others, biodegradable plas-
tics such as polylactic acid (PLA) and starch blends, whose production capacity increased
from 226 000 tonnes in 2009 to 486 000 tonnes in 2011. Moreover, traditionally fossil based
chemicals such as succinic acid, acrylic acid and ethylene, are now produced from biomass
[6-8].

The feedstocks currently used for the above chemicals and materials are mainly of agricultur-
al origin and include plant oils and fats such as palm oil, as well as sugar and starch sourced
from e. g. sugarcane, wheat and corn [9]. However, the steadily growing debate on using
agricultural products for fuels or other non-food applications (food vs. fuel or here food vs.

chemicals) [10-12] has opened up the search for new feedstock options. This was further fos-
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tered by a number of scientific studies, such as Fargione et al. [13], Searchinger et al. [14],
Faus et al. [15], Hill [16] and Havlik et al. [17], which show that using agricultural feedstocks
can lead to severe releases of CO. emissions due to land clearings (land use change (LUC)).
Furthermore, water shortages due to irrigation needs, water pollution due to run-off and soil

erosion can be observed for these processes.

Among others, lignocellulosic biomass such as wood is seen as a potential feedstock source
[16-18], especially for countries with abundant forest areas such as Sweden. However, with
new feedstocks also come new demands on the conversion process, which is why the search
for feedstocks also led to a search for feasible and applicable conversion processes.
One process or rather technology heavily investigated for the conversion of lignocellulosic
biomass is fermentation (biochemical conversion). It converts, with the help of microorgan-
isms, chemicals and biochemicals (enzymes) lignocellulose to acids or alcohols [19], which
can then be used as chemicals or as intermediates for other chemicals or materials. Another
alternative is the conversion via thermochemical technology such as gasification with subse-
quent synthesis, which uses heat and metal catalysts to produce desired chemicals or inter-

mediates [20, 21].

Though bio- and thermochemical technologies for conversion of lignocellulosic material are
very different from each other, one thing they have in common is their status as emerging
technologies. Currently, there are only few commercial scale plants, whose products are,
however, mainly supplying the fuel and energy industry [22]. This means that plants supply-
ing the production of bulk chemicals, such as ethylene, have yet to be planned or constructed.
Though this might add to the time needed before lignocellulose based bulk chemicals are
commercially produced, it also leaves more time for thorough investigation of the potential
environmental impact of such productions and the overall life cycles they are embedded into,

as well as, improving these life cycles.

1.2 Life Cycle Assessment of biomass based chemicals and materials

A tool that can help in this process is Life Cycle Assessment (LCA). As the name indicates,
LCA models the life cycle of a product or service from its cradle to its grave, i.e. from raw ma-
terial acquisition to final waste treatment. This also includes the collection of data with re-
gard to inputs and outputs to the life cycle (e.g. crude oil and CO.) and their translation into

potential environmental impacts such as global warming potential [23].

At its beginning, in the late 1960s and 70s, LCA was primarily used for the assessment of
packaging materials and related waste handling issues. For example, one of the first LCA stu-
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dies was conducted by the Coca-Cola Company in order to investigate the environmental im-
pact of various packing materials [24]. Moreover, in the 1970s several governmental agencies
such as the U.S. EPA (Environmental Protection Agency) and the German Federal Ministry of
Education and Science conducted and commissioned LCAs on packaging materials and their
contribution to experienced waste issues [24, 25]. However, over time the range of products
and services under assessment broadened and LCA became a common tool for product de-
velopment and marketing, as well as a tool to support procurement decisions and to learn
about the potential environmental impact of a product or service under a life cycle perspec-
tive [26-28].

A product group that is being subjected to LCA studies from a very early stage are biomass
based products. While at the beginning it was mainly packaging related products such as
molded pulp trays [24], today all kinds of products ranging from food, feed, materials, fuels
and chemicals are assessed in LCAs. In fact, chemicals and related materials have been in-
creasingly assessed over the last decades, providing plenty material for several reviews (e.g.

[29-32]) with the major following findings:

Findings with regard to the overall environmental impact:

- Biomass based products have the potential to save greenhouse gases (GHG) and non-
renewable energy (NREU) in comparison to their fossil alternatives. However, such
conclusions are drawn from studies that do not consider potential GHG effects of land
use change (LUC) and land use (LU).

- For other impacts such as acidification and eutrophication, the preferability of bio-
based products is less clear. It needs to be pointed out that these other impacts were
less commonly assessed in the reviewed studies compared to NREU and global warm-
ing potential (GWP).

- LCA results can vary considerably depending on data used and methodological choic-

€s.

Findings with regard to environmental hot spots:
- When LUC is included in the assessment, it can have a considerable impact on the
overall global warming potential.
- Cultivation and related activities such as fertilizer production are of importance, par-
ticularly in the case of annual crops.
- Especially for fine chemicals and pharmaceuticals the energy consumption of the con-
version process makes up a considerable share of the overall energy use. The same

applies to the use of solvents.



A feature regarding the review studies as such is their focus on studies that assess biochemi-
cal product routes, though assessment for thermochemical routes exists (see e.g. [33-36]).
However, in comparison to fermentation assessments, they are fewer and potentially not

numerous enough to conduct a review study.

The assessment of biomass based chemicals and material spurred various methodological
debates and developments. In particular, these focus on the following issues, which can be
grouped into more general LCA issues, and issues that are of special relevance for biomass

based products [32, 37-39]:

General LCA related issues:

- Which system boundaries should be applied - is a cradle-to-gate perspective sufficient
or does one need a cradle-to-grave perspective? Where does the natural system end
and where does the technical system start (e.g. is land part of the technical system)?

- Which allocation method/s should be applied?

- Which LCA approach (attributional vs. consequential) should be used?

Issues especially relevant for biomass based products:
- Which potential impacts should be investigated (e.g. impact biodiversity, water con-
sumption and pollution)?
- Which method should be used to assess the impact from e.g. carbon stock changes
due to land use, time lags between release and uptake of CO, from biomass, as well as,

water use?

Especially for the biomass product relevant issues, it needs to be stated that there has been a
lot of method development during recent years (e.g. [40-42]). However based on their recent
state, most of the methods are still in need for more extended testing and reflection of what

implications it might have to use one method instead of another.

A further challenge related to the assessment of biomass based products is the circumstance
that a multitude of them are intended to be produced via currently emerging technologies.
This introduces additional methodological issues such as [43-46]:

- Under which development state should the emerging technology be assessed (e.g. a
potential future development state right after commercialization or a potential state
reached after several years of operation in a large number of facilities)?

- With which (future or otherwise) fore- and background data should the technology

assessment be conducted?
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Apart from that, data availability and quality are other issues related to the assessment of

emerging technologies, including the ones used for the production of biomass based products

[44, 47].
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2 Aim and Scope
2.1 Thesis aims

The aim of the thesis is two-fold. The first aim is to provide guidance for the development and
production of biomass based ethylene by:
- Identifying environmental hot spots along the life cycle,
- Investigating potential improvement options, and by
- Comparing different production routes .
The second aim is to contribute to the methodological development of life cycle assessment
by:
- Determining methodological challenges related to the assessment of products pro-
duced via emerging technologies, and
- Identifying methodological and application challenges related to the climate impact
assessment of land use and of time lags between CO.' release and uptake from bio-

mass.
2.2 Thesis scope

The research aims stated above set the scope of the thesis and are investigated in the four
papers comprising this thesis. The papers relate to each other and the thesis' aims as shown

in Figure 1 and described in the following section.

Paper 1 is an assessment for the sugarcane ethanol based production of polyethylene (PE).

The choice to investigate this particular case was based on the following two reasons:

(1) At the time of starting the thesis, the large-scale industrial production of PE from sugar-
cane ethanol was close to realization [48], which generated a great interest in its environmen-
tal impact, as well as, in its potential environmental hot spots.

(2) The production of PE is one the of major applications of ethylene [49].

The assessment focuses on the production of PE via fermentation of sugarcane in Brazil but
also includes a comparison with the fossil alternative. Moreover, the paper investigates how

the inclusion of land use change emissions might affect the overall impact and the hot spots

! For slow growing biomass such as trees, there is a considerable time lag between CO, being released from a
product produced from the tree and an equal amount of CO, being taken up by the tree. It is currently debated
on how to assess these time lags and the thesis explores methodological issue related to currently suggested
methods.
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of the sugarcane PE. For this purpose, two extremes of a potential range of LUC emissions

were included into the assessment.

Paper 1: A Comparative Life Cycle Assessment Study of Polyethylene Based on Sugarcane and Crude Oil

Paper 2: Ethylene based on woody biomass—what are Paper 3: Life Cycle Assessment of biomass based
environmental key issues of a possible future Swedish ) ethylene production in Sweden - is gasification or
production on industrial scale fermentation the environmentally preferable route?

Y

Paper 4: Accounting for effects of carbon flows in LCA of biomass-based products — exploration and evaluation of existing methods

Figure 1 Connection between the four papers

The choice to investigate the environmental impact and related hot spots for a potential fu-
ture production of ethylene from wood based ethanol in Sweden in Paper 2, was directly in-
fluenced by the environmental hot spots determined in Paper 1. The study was conducted in
cooperation with researchers at Lund University, who developed the process simulation
model for the fermentation and ethanol upgrading process used in the assessment. Moreover,
numerous conversations with employees of an enzyme producer, a Swedish wood ethanol
pilot plant, and various forestry related agencies formed the basis for the investigated feeds-

tock and enzyme product consumption scenarios.

A biochemical (fermentation) route is only one possible option to produce biomass based
ethylene in the near future. Another option could be the use of a thermochemical (gasifica-
tion) route via methanol. Paper 3 investigates one such potential future gasification route for
two different woody biomass feedstock scenarios (tops and branches, wood mix), in a Swe-
dish context. In particular, the paper focuses on the potential environmental hot spots related
to a gasification route and how they might be influenced by the choice of feedstock. In addi-
tion, the paper also presents a comparison between the gasification and the fermentation

routes. This also includes a comparison between their inventories of biogenic CO..

During the course of time that this thesis evolved, much discussion and development oc-
curred on how to account for the impact from land use and time lags between CO. release
and uptake from biomass. Both issues are of high relevance and Paper 4 tests and explores
some of these methods and related application and methodological challenges on the case of

sugarcane and wood PE (as one possible application of biomass ethylene). Specifically the
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paper focuses on the impact from carbon emissions related to land use and to time lags oc-
curring between carbon release and uptake from biomass. The emissions of the latter were

already found to be of significant quantity in Paper 3.

Though there are additional types of environmental impacts related to the production of
biomass based products, such as e.g. impact on biodiversity, water availability and quality

[50], these were out of the scope of this thesis.

2.3 Thesis outline

The thesis is structured as follows:

The next chapter provides a more detailed description of the emerging wood fermentation
and gasification process being part of the assessment in Paper 2 and Paper 3. This is followed
in chapter 4 by a general overview of the methods used during the work on this thesis. Chap-
ter 5 is dedicated to the thesis' results and their discussion and is divided into two parts. The
first part presents the case study findings, including the overall environmental impact of the
investigated biomass routes, their respective hot spots and potential options on how to ap-
proach them. The second part describes the methodological findings that contribute to an
increased applicability of LCA for the environmental assessment of biomass based chemicals
produced via emerging technologies. Conclusions with regard to the case studies and the me-
thodological findings are presented in chapter 6. The thesis concludes with suggestions for

future work, in chapter 7. The papers comprising this thesis are appended.
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3 Technology Background

In order to facilitate the understanding of the assessments, Chapter 3 gives a brief overview
of the emerging fermentation and gasification processes assessed in Paper 2 and Paper 3 for

the production of wood based ethylene.

3.1 Fermentation process

The wood fermentation process studied in Paper 2, is based on a process developed by Barta
et al. and Sassner et al. [51-53] and can be summarized as follows.

The fermentation process begins with a SO, -catalyzed steam pretreatment during which the
hemicellulose in the wood is converted to fermentable sugars. This is followed by a simulta-
neous saccharification and fermentation (SSF) i.e. the enzymatic hydrolysis needed to con-
vert the cellulose part of the wood into fermentable glucose, and the fermentation with bak-

er’s yeast to ethanol are occurring in the same vessel.

The SSF delivers low concentrated ethanol (the fermentation broth), which is further purified
in a two step procedure. Step one is distillation, which delivers highly concentrated ethanol
(top product of distillation) and stillage (bottom product of distillation). Step two is the fur-
ther purification of the ethanol with molecular sieves to a concentration of 99.8%(wt).
The stillage from step one is anaerobically digested, resulting in biogas and some remnant,
which is then aerobically digested forming sludge and water. The latter is fed back into the
process after a treatment with ozone. While the sludge and parts of the biogas are burned to

cover the energy demand of the various processes.

3.2 Gasification process

In this thesis (Paper 3), the gasification route to ethylene was assessed assuming a gasifica-
tion process with subsequent synthesis to methanol. Specifically the process was based on a
study by Isaksson et al. [54], which can be summarized as presented below.

The first step in the gasification process is the pretreatment of the biomass, including its
chipping (if needed) and drying to a moisture content of 15%. This is followed by the gasifica-
tion of the biomass using an oxygen- and steam- blown circulating fluidized bed gasifier. The
latter operates at a temperature of 850°C and a pressure of 25 bar. Moreover, to facilitate the
downstream conversion to methanol, Isaksson et al. [54] propose the use of oxygen as oxidiz-

ing medium. It prevents the dilution of the product gas with nitrogen.
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The gasification is subsided by a cleaning and condition procedure. During this procedure,
tars and other hydrocarbons contained in the product gas are cracked into hydrogen and car-
bon monoxide. This is followed by the removal of particles and other impurities using a se-

quence of cyclone, bag filter, and finally wet scrubber.

After the cleaning and condition, the product gas is reformed in an oxygen-blown autother-
mal reformer (ATR). This is done in order to convert hydrocarbons (e.g. methane) still
present in the gas into hydrogen and carbon monoxide. Following the reforming, the gas'
hydrogen to carbon monoxide ratio is adjusted with the water-gas-shift reaction. The reaction
results in a hydrogen to carbon monoxide ration of 2:1, which is needed for the downstream

synthesis to methanol.

The next step is the conversion of the cleaned and conditioned gas to methanol at a tempera-
ture of 240°C, a pressure of 9o bar and under a Cu/Zn/Al catalyst. Apart from methanol, the
conversion also results in a gaseous by-product, which is used to fuel the process. While the

methanol is purified using a series of flashes and separation columns.
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4 Methods

For pursuing the aims of this thesis a set of methods was used, which will be described in the
following sections. In the beginning of the chapter, the methods used for the assessment of
the environmental impact related to the production of biomass based ethylene are being pre-
sented. This includes the method of Life Cycle Assessment (LCA) and scenario development
within LCA, as well as a short section on the use of process simulation for LCA purposes. Af-
ter this more case focused section, the text will proceed with a short description on the re-
search process applied to derive methodological insight. Finally, there will be a general over-
view of methods related to the assessment of land use and of time lags for biomass CO., and

how they have been tested in this thesis.
4.1 Life Cycle Assessment

Life cycle assessment as part of Environmental Systems Analysis

One of the aims of the thesis is to provide, from an environmental perspective, guidance for
the development and production of biomass based ethylene. For this purpose, the environ-
mental impact of ethylene was assessed using the method of Life Cycle Assessment (LCA).
Life Cycle Assessment belongs to the family of Environmental Systems Analysis methods,
which also includes methods such as Environmental Accounting, Material Flow Analysis and

Life Cycle Costing [55, 56], and which has the following features:

A common feature of all systems analysis methods is their systems approach. This approach
differs from a reductionist approach in that it focuses on the different components in a sys-

tem and how they interconnect and relate to each other, rather than looking at them in isola-

tion [57, 58].

A further feature is the use of system models, which are simplified models of the real world
problem under investigation [59]. Since these models are based on the individual choices of
the analyst, the same problem can be modeled in various ways, depending on the analyst. As
a consequence, there might be many solutions to a problem, all of which can be difficult to

reproduce [60].

Finally, systems analysis methods have an interdisciplinary approach, combining method
and knowledge from different fields such as natural science and engineering [59, 61], with

LCA being a very good example of this.
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Life cycle Assessment (LCA)

LCA is a method that assesses quantitatively the potential environmental impact of a product,
process, or service along its life cycle by accounting for related energy and material inputs, as
well as emissions and wastes released, followed by an assessment of their respective impacts.
Apart from providing an overall insight of a product's, process' or service's environmental
impact, LCA can also support the identification of the life cycle activities contributing the
most to the overall impact, the so called hot spots, and indicate improvement potentials.
The procedure of how to conduct an LCA is standardized in the ISO 14040 and 14044 stan-
dards [23, 62] and consists of four phases (see Figure 2). These are described in the following
paragraphs, first on a more general level and then more specifically with regard to the LCA

case studies included in this thesis.

Goal & scope definition

Interpretation Inventory analysis

Impact Assessment

Figure 2 The four phases of an LCA according to ISO 14044 [62]

The first phase of an LCA is the Goal and Scope Definition. It consists of the definition of the
assessment's purpose, including the intended application, the reasons for carrying out the
study and the intended audience. The purpose determines what type of assessment is done,
meaning whether the assessment is of the accounting (attributional) or change-oriented
(consequential) type. Though the ISO standard does not explicitly distinguish between these
two approaches, the LCA community commonly differentiates between them. For example,
Curran et al. [63] define an attributional LCA as an LCA that sets out to describe the system
at a certain point in time, including the attribution of the system's environmental impact to
the various products produced within the system. In comparison, a consequential LCA in-
tends to estimate how changes within a system influence the system's resource and pollution
flows [64]. Both approaches were used in Paper 1, while the studies in Paper 2 and Paper 3
were conducted under an attributional approach, based on their purposes - see Table 1.

The choice of approach also influences which data to use for the assessment. Attributional
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LCA commonly uses average or supplier-specific data, while consequential LCA uses margin-
al data (e. g.[65]). Where available, data according to these principles were applied through-
out Paper 1-3. However, for the emerging technology part of the studies (wood fermentation
and gasification process) it needs to be pointed out, that though, data were intended to
represent average site-specific production, this could not be verified. This also applies to the

ethylene production processes, for which data availability was an issue too.

Data related issues were also experienced for the assessment of land use, as well as, for the
assessment of time lags for biomass CO, in Paper 1 (land use change) and Paper 4 (land use
and time lags). This was approached by estimating emission release and uptake based data

and models found in literature.

A further part of the Goal and Scope Definition is the definition of the assessment's scope.
This includes the following important modeling choices: definition of system boundaries,
allocation procedure, level of detail, limitations and assumptions, and impact categories.
Moreover, the functional unit, to which all flows are related to, is chosen.

All system boundaries have to be chosen in accordance with the purpose of the assessment. A
"full" LCA study includes all life cycle activities from resource acquisition to waste manage-
ment (cradle-to-grave). However, in some cases a so-called cradle-to-gate study is conducted,
in which resource acquisition and subsequent production of the product under assessment
are included. Both types of system boundaries were used in the case studies reported in this

thesis, see Table 1.

Allocation is used when a process provides several products or functions, in order to allocate
the environmental burden of the process between the different products or functions.
This can be done in various ways, with the ISO standard [62] ranking the different options as

follows:

(1) Allocation should be avoided whenever possible by either an increased level of detail or
by system enlargement.

When allocation is unavoidable the following ranking is applicable:

(2) Physical partitioning - the environmental burden of the system is partitioned between the
different functions or products of the system based on underlying physical relationships.

(3) Partitioning based on other relationships - when physical relationships cannot be found
or applied, the environmental burden of the system is partitioned between the different func-

tions or products of the system based on other relationships such as price.

However, this ranking is debatable since it does not adequately reflect the purposes and re-

lated causal relationships investigated in LCAs [66]. For example, an attributional LCA de-
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scribes the relationships between a system and its causes and an allocation based on the

causes for the existence of a particular technical system seems therefore more appropriate.

Such an allocation would be e.g. the partitioning on an economic basis, since economic profit

can be one of the causes for a system to exist [66]. In contrast, a consequential assessment

focuses on the relationships between a system and effects of changes to it. Therefore, alloca-

tion based on system enlargement seems more suitable.

Following Tillman [66], allocation through partitioning was applied throughout the attribu-

tional assessments in Paper 1-3, while system expansion was used for the consequential as-

sessment in Paper 1.

Table 1 Overview of goals and scope of the life cycle assessment conducted in Papers 1-3

Goal Functional System boun- Environmental
unit daries impact
Sugarcane - identify first set of hot | 1 kg PE cradle-to-grave: global warming,
based PE via | spots and raise aware- from biomass acidification,
fermentation | ness for them, as well as acquisition to eutrophication,
(Paper 1) for knowledge gaps final disposal photochemical
ozone creation

- compare sugarcane

route with fossil alter-

native to get insight

into whether sugarcane

has lower impact in

comparison

- compare potential

near term state with

further future expan-

sion
Wood based | - identify first set of hot | 50 000 t ethy- | cradle-to-gate: global warming,
ethylene via | spots for a potential lene from biomass acidification,
fermentation | future state in order to acquisition to eutrophication,
(Paper 2) provide guidance for ethylene plant's photochemical

development gate ozone creation
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Continuation of Table 1

Wood based | - identify first set of hot | 50 000t ethy- | cradle-to-gate: global warming,
ethylene via | spots for a potential lene from biomass acidification,
gasification | future state in order to acquisition to eutrophication,
(Paper 3) provide guidance for ethylene plant's photochemical
development gate ozone creation

exception for

- give insight into global warming -
whether gasification or emissions from
fermentation process final oxidation
route could be prefera- included since
ble, also in comparison they influence the
to a fossil route relative difference

between fossil
and biomass ehty-

lene

The next phase in the procedure of an LCA is the inventory analysis. This phase starts with
the construction of the life cycle flow chart, which is followed by a data collection for all rele-
vant inputs (energy and material) and outputs (emissions and wastes) along the life cycle.
Finally, the collected data are put in relation to the functional unit defined in the Goal and

Scope Definition.

The third phase of an LCA consists of the impact assessment, which is divided into classifica-
tion followed by characterization. During the classification, the inventory results are related
to their respective impacts. Subsequently in the characterization, all inventory results are
multiplied with the equivalence factors of the different impacts and finally summed up into
the various impacts. In this thesis, equivalence factors as provided in the CML guidelines [67]
were used. In some cases, weighting might be applied to further aggregate the results into a
single impact score. However, such an aggregation is not mandatory for an LCA and is not

part of this thesis.

The fourth and final phase is the interpretation during which the results of inventory analysis
and the impact assessment are interpreted and conclusion and recommendations with re-
spect to the aim of the assessment are given. The interpretation might also include a discus-

sion of potential sensitivities and uncertainties, as well as limitations.
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4.1.1 Uncertainties of LCA

According to Huijbregts et al. [68] and Lloyd et al.[69], uncertainties related to LCA can be

grouped into the following three categories:

- Parameter uncertainty, which is the uncertainty in the data used (due to imprecise es-
timates, assumptions or measurements).

- Model uncertainty, which stands for the uncertainty in the models used to represent
the real world, including uncertainties due to the absence of suitable characterization
factors or an insufficient spatial differentiation.

- Scenario uncertainty, which is related to value choices such as allocation, system

boundaries and choice of impacts.

In the context of this thesis, parameter uncertainty was found to be of particular relevance for
the emerging technology parts of the different life cycles. In fact, an estimation of whether the
data used could serve in the assessments was challenging. However, it seems the challenge is
more fundamental than that and rather turns into the question of whether to use certain data
in order to conduct any assessment at all or whether to continue searching for other data that
might not even exists yet. Of course, this should not be understood as a pledge for deliberate-
ly using the first set of data one might find. Instead, the intention here is to increase aware-
ness for the fact that data is an issue for emerging technologies and that results need to be

interpreted with this in mind.

Model uncertainty for biomass based products is particularly important with regard to time
lags between CO, release and uptake from biomass. Currently, there is no agreed upon me-
thod on how to assess their impact in LCA, leading to considerable uncertainty in assessment
results. An additional uncertainty for biomass products, is the impact assessment of land use.
Though, a guideline for such assessment has recently been released [50], it is still far from
every day application. In this thesis, model uncertainty for time lags and land use were ap-
proached by testing and investigating different methods for their assessments.

A value choice of importance is the one on allocation. While in this thesis allocation based on
economic partitioning was prevailing, this might be debated. For example, Tuvfesson et al.
[32] argue that allocation based on system expansion should be applied for biomass based
bulk chemicals. However, they [32] also point that this might introduce more uncertainty to
the analysis. In addition, also Pawelzik et al. [38] reason that system expansion would be a

feasible option for biomass based materials. However, at the same time they [38] also state
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that economic partitioning is more justifiable than energy based partitioning, since biomate-

rials are produced for material and not for energy purposes.

The case studies present in Papers 1-4 were conducted using scenarios with set locations,
scales and processes. However, especially the value choices of scale and process are prone to
uncertainty, since emerging technologies can/will evolve in scale, as well as, in their process
set up. For this reason, the findings of this thesis, should be seen as one step on the way of
identifying potential environmental hot spots for biomass based bulk chemicals, and addi-

tional and /or other hot spots might be found with assessments at later points in time.

The previous paragraphs have discussed the uncertainties related to LCA and consequently
the results it provides. However, every event is uncertain until the moment it actually hap-
pens. For this reason, uncertainty in results should not be taken as a justification for total
halt. Instead, results should be seen as a means to create awareness and to spark discussions

and actions, on how to approach the identified problems in a creative and versatile manner

[70, 71].

4.1.2 Limitations of LCA

Though LCA is a useful tool to get an impression of a product's or process' potential envi-
ronmental impact, it also has its limitations like every tool (see e. g. [72-75]).

One limitation of particular relevance for emerging technologies is that LCA assesses things
as if in steady-state, without considering what might happen over time to the technology un-
der assessment. Moreover, LCA has commonly a low temporal resolution, however (especial-
ly for biomass based products) the consideration of emission timing could be decisive for
LCA results as shown in e. g. Cherubini et al. [76] and Repo et al.[77].

Finally, traditionally LCA does not consider economic and social aspects. These, however, are
also important for real world problems, which is why LCA should be combined with other

tools to get a more diverse impression of the problem under investigation.

4.2 Scenario Development within LCA

The SETAC guidelines on 'Scenarios in Life Cycle Assessment' [64] define a scenario in the
context of LCA as "a description of a possible future situation relevant for specific LCA appli-
cations, based on specific assumptions about the future and, when relevant, a description of a
path from the present to the future" [64]. Moreover, the guidelines [64] provide a differentia-

tion of three types of scenarios, including valuation scenarios, environmental scenarios, and
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technology scenarios. Particularly the last type (technology scenario) was relevant for the

cases investigated as part of the thesis.

A further important part of the guidelines is the description of principles for the construction
of scenarios, which are grouped into what-if and cornerstone (see Table 2 for major features).
Though more differentiating groupings have been suggested (see e. g. [78-80]), their overall
features seem to generally match with one of the two SETAC categories. For example, the
Predictive Scenario approach described in Borjesson et al. [78], which aims for near-term
future scenarios and builds on a fairly good knowledge of the object under study and its sur-
roundings, could be grouped under the guideline's what-if approach. Similar, their Explora-
tive Scenario [78] with its long time horizon, the wide span of investigated options and the

potentially unknown surroundings, resembles several features of the cornerstone approach.

Using the guideline's approaches and considering the time horizon under assessment (near-
term future), the technology scenarios in Paper 1-3 were constructed using a composite of
what-if and cornerstone approach. On the one hand, the scenarios are dealing with a study
object that is at an emerging state (biomass based production of ethylene via emerging fer-
mentation and gasification processes) with the aim to support the development of this object;
a clear feature of the cornerstone approach. On the other hand, the scenarios were developed
with very specific assumptions, that are not necessarily covering the outer limits of possible
developments regarding e. g. process choices and conditions, feedstock options and origins,

as well as scale.

Table 2 Major features of cornerstone and what-if approach based on [64]

Cornerstone approach What-if approach

new field of research well known research field

complex research object simple research object

purpose: to increase the understanding purpose: to investigate consequences of specific,

discrete uncertainties and assumptions

used for development and design purposes used for comparison of existing systems

Apart from the approaches, the method/s used for the development of a scenario are of im-
portance as well. Different authors (e. g. [64, 78, 81]) suggest a variety of methods including
workshops, extrapolation, and optimizing modeling. For this thesis, scenarios were mainly
developed using participatory methods [64]. This included the discussion with experts such
as process developers for fermentation and gasification processes, as well as enzyme produc-

ers (Papers 2 and 3). Moreover, discussions with other industrial stakeholders (e.g. polyethy-
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lene producers and users), forest agencies, and the scanning of published studies investigat-
ing e. g. feedstock options for future gasification based fuels in Sweden and land use change

emissions in Brazil, played an important role in the development of the scenarios in Papers 1-

3.

4.3 Process simulation and LCA

Over the years, the use of data generated by process simulations has been shown to be a use-
ful approach to inventory life cycle processes. For example, LCAs on the production of chemi-
cals and solvents such as phosphoric acid, ammonia or acrylic acid (e.g. [82-84]), as well as,
on the production of steel (e.g. [85, 86]) have made use of data originating from process si-
mulations. Process simulation has also been used for the assessment of coal fired power
plants and water treatment processes [87, 88]. Moreover, it is also frequently used as a basis

for the assessments of biofuels (see e.g. [89-93]).

In this thesis, data based on process simulations were used for the following processes:

(1) The wood fermentation process including the upgrading of the ethanol was based on
process simulation data provided by researchers at Lund University, Lund, Sweden (Ola
Wallberg and colleagues). The simulation, which is set up in AspenPlus, was based on lab

scale experiments (see [51-53]) conducted at Lund University.

(2) The wood gasification process including conversion to methanol was investigated
using data from Isaksson et al. [54]. Their data are based on process simulations conducted

with the software AspenPlus in combination with calculations based on literature values.

(3) The conversion of ethanol to ethylene was based on historical literature data in Pa-
per 1 and Paper 2. However, for Paper 3 the inventory data for the process were updated, us-
ing more recent data generated by Arvidsson and Lundin [94]. They modeled the process in

the process simulation AspenPlus using literature and communications with experts.

4.4 Research Process for method contributions

Under a method perspective, the aim of this thesis is to contribute to the methodological de-
velopment of life cycle assessment. For this purpose, the procedure depicted in Figure 3 was

applied. In principle this procedure is a case study methodology as applied in social science
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or management research [95, 96]. However, while in these areas case studies are used to get
an insight into, develop, test and extend /refine qualitative theories [95, 96], in this thesis
they were used to:
- Test quantitative methods, in order to discover potential methodological and practical
challenges, which can be used as a further guide to method development and harmo-

nization.

learnings

case
studies

Figure 3 Research process for method contributions

4.5 Methods tested for the assessment of Land Use and Time Lags

The following chapter provides an overview about the methods tested for the global warming
impact assessment of land use and time lags for CO, uptake and release from biomass. It
starts with a brief overview on the current state of method development, followed by the de-

scription of the testing procedure and the methods tested.

4.5.1 Introduction to Land Use

The assessment of land use is still a challenging task for LCA and various assessment me-
thods have been proposed within recent years. However, before describing these different
methods, the following paragraph will give a short overview on what is considered as land
use.

In general land use can be divided into two components (1) land occupation and (2) land
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transformation [97]. Land occupation is the maintenance of man-made land properties (e. g.

keeping land under agricultural use) [98].

In contrast, land transformation, also called land use change?, is the man-made change in the
use of land [99] (e.g. the change from forestry to agriculture). Land use change can be further
divided into direct and indirect land use change (ILUC), with direct land use change (DLUC)
being the change on the land directly used to produce a crop or feedstock [100]. In compari-
son, indirect LUC is the change in land "caused by cultivating biomass... on land which pre-
viously was used for other cultivation," if the demand for the product "formerly produced in

the land would remain... [and] would have to occur elsewhere." [101].

The assessment of the different types of environmental impact related to land use has long
been recognized as important, but “difficult” in LCA. Land use causes environmental impact
in many aspects, including biotic production, climate regulation, water purification, freshwa-
ter regulation and erosion regulation [50] and might be estimated in many different ways,
including global mean surface temperature change [102] , biotic production potential or bio-
diversity damage potential [103], to name just a few. However, in this thesis only the global
warming impact related to carbon flows is further discussed, notwithstanding the importance
of the others.

As is often the case in the scientific community, methodologies for the assessment of a certain
aspect develop along different lines. This also applies for the methods on land use, and the
following section will give a brief overview of these developments. Moreover, in Chapter
4.5.1.3 the topic of time lags is introduced together with land occupation, since these two top-

ics can be seen as related.

4.5.1.1 Indirect land use change - ILUC

Fueled by the studies of Searchinger et al. [14], Fargione et al. [13], and Fritsche [104], the
topic of land use change (LUC) and related emissions has, over recent years, evolved into a
central issue for biomass based products. However, despite the steadily increasing awareness
for the potential environmental impact of emissions from land use change, there is currently
no commonly agreed method on how to account for these emissions in environmental as-
sessments such as LCA. Especially the issues of whether and how to approach indirect land
use change (ILUC) emissions are still heavily debated. For example, the British Publicly

Available Specification (PAS) 2050 for the greenhouse gas assessment of goods and services

? Please note that hereafter the term land use change will be used for land transformation.
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[105], explicitly excludes ILUC emissions from their framework, while including emissions
from direct land use change (DLUC). Also the European Parliament (within the European
Renewable Fuel Directive (RED) [106] only recently provided ILUC emission factors, though
already in previous versions of the Directive the need to assess ILUC emissions was clearly

stated [107].

In contrast, two agencies estimating ILUC emissions at a very early state were the California
Environmental Protection Agency (EPA) and the United States (US) EPA. They published
data for ILUC emissions already in 2009 and 2010, respectively. However, despite assessing
the same biofuels, the two agencies provide very different ILUC data. For example, while the
California EPA [108] estimates the ILUC emissions for sugarcane ethanol to 46 g CO., eq /MJ
ethanol, the US EPA [109] gives approximately 3.7 g CO. eq /MJ ethanol. This is a considera-
ble range, which is mainly caused by differences in the underlying models (partial equili-
brium model versus global general equilibrium model), the LUC emission factors applied
(data "factors by region within a country” versus "factor by land type within a region"), and
the time horizon under consideration (from 2010 to 2022 versus from 2001 to 2015) [110].
The significant difference between the ILUC emissions factors from the California EPA [108]
and the US EPA [109] stresses the severe uncertainties related to the assessment of ILUC

effects and related emissions. These are mainly caused by [111-116]:

- The theoretical models used for the estimation of land use change effects (emissions)
and their underlying assumptions as regards to e. g. market developments, time hori-
zons, crop yields and management, as well as area under change,

- The way greenhouse gas emissions are allocated between different crops,

- Amortization period over which the emissions are distributed and,

- The spatial resolution of the data used.

Based on these uncertainties ILUC is commonly not part of life cycle assessments. However,
some methods have recently been proposed, in order to include this important issue into
LCA. For example, Schmidt et al. [117] provide a preliminary method which considers the
ILUC effects of intensification and displacement and which uses a fate function for CO. in-
stead of amortization. In addition, also Klgverpris et al. [118] suggested a method for the as-
sessment of ILUC emissions. Their method uses a dynamic baseline to estimate yearly ILUC
emissions instead of using annualized data and considers ILUC from the perspective of acce-

lerated expansion and delayed reversion.
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4.5.1.2 Direct land use change - DLUC

The issue of whether to account for emissions from direct land use change (DLUC) seems less
controversial, in comparison to ILUC, although also for DLUC methods are still varying. For
example, the European Renewable Energy Directive RED [107] prescribes that emissions
from DLUC are accounted for as the difference between the carbon stock under land use and
under a reference state, which is the state in January 2008 (or later, depending on the as-

sessment). The difference is annualized over 20 years.

Annualization over a 20-year period is also used in the PAS2050 [105], which however uses
January 1990 as its reference state (or later, depending on the assessment). Moreover, also
Cherubini and Jungmeier [119], Garcia et al. [120] and Meul et al. [121] annualize the differ-

ence in carbon stock over 20 years.

Another method or rather guideline using 20 years of annualization is the UNEP-SETAC
guideline on global land use impact assessment [50], which builds on several methods and
frameworks including among others Miiller-Wenk and Brandao [42], Mila i Canals [98] and
Brandao et al. [122]. However, in comparison to the aforementioned methods (e.g. Cherubini
and Jungmeier [119]) the guideline distributes the DLUC 'burden' (DLUC does not lead to
emission release in every case) not evenly over the 20 years of annualization. Instead the
'burden' gradually decreases from year to year, resulting in a high burden for the first years

and a low burden for the final years.

Though 20 years of annualization seems to be common, there are also studies that investigate
the effect of using other annualization periods. For example, Reijnders and Huijbregts [123]
use 10 and 25 years to annualize DLUC emissions and Cederberg et al. [124] go even further
by applying a range of one to fifty years. In addition, Cederberg et al. [124] also consider
changes in productivity and changes in the area used to produce beef during the amortization
time, as well as, potential emissions from decaying processes (e. g. decay of biomass residuals
from LUC). Moreover, they suggest to distribute emissions from DLUC not only over the
product produced directly at the changed land, but to also put some of the burden to the
product that drove the LUC. Using their example [124], this would mean that emissions from
DLUC are not only distributed to the beef produced directly from the changed land, but also
to beef for export, which could then be seen as ILUC for this exported beef.

Yet another method, the time correction factor (TCF), to account for DLUC was suggested by
Kendall et al. [125]. They noticed a discrepancy between the GWP calculated by considering
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DLUC emissions as an emission pulse at year zero and an amortization of DLUC emission
over a specific time and proposed to bridge this discrepancy with a time correction factor.

As can be seen from the above examples, there are still several methodological and practical
challenges to overcome, to consistently assess effects DLUC. Among others, the choice of an-
nualization time, as well as, the choice of reference state and data ([126], [124]), are in fur-

ther need for research and harmonization .

4.5.1.3 Land occupation and time lags for biomass CO.

As pointed out in the UNEP-SETAC guideline [50], another important aspect of land use,
apart from land use change (transformation), is land occupation. The guideline suggests cal-
culating the impact from land occupation by multiplying the difference in land quality (e.g.
carbon stock) between a reference state and the occupation state, together with the amount of
time the occupation is lasting and the area under occupation. Similar approaches are also
used by the methods underlying the guideline e.g. the CRP [42] (see Table 3 for more details
on the method).

An important assumption used in the UNEP-SETAC guideline [50] is that land quality stays
constant during the time of occupation, however, from a carbon perspective this assumption
might be questioned. Particularly for long rotation crops such as wood, a constant carbon
stock might be debated, since their long growing times lead to varying carbon stocks and re-
lated time lags between CO. release and uptake from biomass. In fact various methods have
been proposed, in order to assess the climate impact of these time lags. For example,
Viisanen et al. [40] propose to take long growing times into account with the help of a
weighting factor (see Table 3 for more details). Another method proposed for such assess-
ments is the GWPy;, characterization factor developed Cherubini et al. [41] and the GWPhermio
characterization factor proposed by Pingoud et al. [127] (see Table 3 for more details) .

In addition to the above methods, there are a number of other methods taking differences in

carbon stocks over time into account see e.g. [128, 129].

4.5.2 Assessment and Method Testing for land use and time lags

Land use

In this thesis, the impact of land use has been assessed under two approaches.
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Approach 1

Approach one was 'learning by doing' for the case of sugarcane based ethylene (Paper 1). In
more detail, Paper 1 assessed the global warming effect of indirect land use change emissions

for Brazilian sugarcane in the below described manner.

At the time of conducting the assessment of Paper 1 (and still at the time of writing), a fully
developed method for the assessment of LUC was missing, therefore a preliminary method as

summarized below was applied.

The study for sugarcane PE includes an attributional and a consequential assessment, which
were intended to represent a near-term future state (attributional) and the consequences of a
further expansion of sugarcane due to increased sugarcane demand (consequential). Based
on these scenarios, for the attributional assessment emissions for direct LUC were assumed
to be zero (based on that recent expansions had taken place into areas already used for agri-
culture [130]). For the consequential assessment the main share of future expansion was as-
sumed to be occurring into areas already used for agricultural activities, with a minor share
expanding into virgin areas [131]. Moreover, emissions from indirect LUC were included into
both the consequential and the attributional assessment. For the attributional assessment,
this was based on discussions at a European expert work shop [132] which recommended to
include effects of ILUC into attributional assessments in cases of a recent, rapid land use
changes. This recommendation was made, in spite of ILUC being an inherently consequential

concept.

Land use change was not considered for the studies where the feedstock came from forest
that have been managed for a long time, i.e. Swedish forests, where the change from natural

to managed forest occurred a long time ago.

Approach 2

The second approach with regard to climate impact assessment of land use (Paper 4) was the
testing of two currently proposed methods on the thesis' cases (see below for more detail on
the cases), in order to:

- Determine the potential global warming effect of land use for this thesis' cases.

- Explore their methodological and application challenges and with this support and

guide further development and harmonization.

The two tested methods, which hereafter are referred to as land use methods, are:

- CRF - climate regulation potential [42], and
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- GWP due to changes in soil organic carbon content [122], hereafter referred to as
GWP soil

The major features of the two methods are listed in Table 3.

The two methods were chosen, since they the focus on the global warming impact of land use
and since they were specifically developed for the application in LCA. In addition, they clearly
differentiate between impact from direct land use change (called transformation in the stu-
dies) and from land occupation, making results transparent. Finally, they are among the me-
thods, which form the background for the recently released UNEP-SETAC guideline [50].

Time lag
Another, still critically discussed issue related to the assessment of biomass is the assessment
of time lags between CO. release and uptake from biomass. In this thesis (Paper 4), three me-
thods for the global warming impact assessment of time lags were tested on the thesis' cases.
The purpose of this test was to:

- Determine the potential global warming effect of time lags for this thesis' cases.

- Explore methodological challenges and challenges related to the practical application

of these methods, in order to support and guide further method development and

harmonization.

The tested methods are:
- GWPui [41]
- GWPrewio [127]
- WF (weighting factor) [40]
Their major features are presented in Table 3 and the methods are hereafter referred to as

carbon cycle methods.

The GWPsi, was chosen, since it is currently one of the most discussed methods for the as-
sessment of time lags in LCA. The GWPhremio can be seen as an extension of the GWPy;,, which
considers avoided emissions from the avoided production of an alternative product and the
potential impact due to lost uptake. Finally, the underlying principles of WF are similar to the

GWPsis, however, its modeling is much simpler.

Major modeling assumptions
As has already been stated, the land use and carbon cycle (time lag) methods were tested by
applying them to the three biomass routes investigated in this thesis. More specifically, the
test case was polyethylene (PE) packaging, which is incinerated at the end of life. PE was used
here, as it is one of the major applications of ethylene.
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For the GWPyi, and the GWPyenio, the growth of biomass was modeled using a forest growth
function [41] for the wood routes, and a probability density function [76] for the sugarcane
route. The growth modeling for the WF was based on a simple linear function for the wood

and the sugarcane routes.

For the CRP applied to the wood routes, no direct LUC was assumed, since in Sweden the
change from natural to managed forest occurred a long time ago. Moreover, the impact from
land occupation was calculated based on the average land occupation flow over the whole of
Sweden. The CRP for the sugarcane route considered both land occupation and direct LUC.
The latter was based on data from the FAO statistics [133], while the impact from land occu-
pation was the difference in carbon stock between sugarcane and grassland (Cerrado). The
GWP soil for the sugarcane route was based on soil carbon sequestration data as stated in
Anderson-Teixera et al. [134]. For the wood routes, the GWP soil was assumed to be zero,

since there is no difference in soil carbon between a natural and a managed forest.

Analysis of the land use and carbon cycle methods

The analysis of the methods built upon a framework developed by Helin et al. [135], particu-
larly on the following four questions:

(1) Does the method use a reference situation?

(2) Does the method account for potential timing differences between emissions release and
uptake?

(3) Does the method consider all carbon pools (above and below ground) related to the bio-
mass system?

(4) Does the method account for temporary carbon storage in biomass-based products?
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5 Results & Discussion

The two aims of the thesis are (1) to provide guidance for the development and production of
biomass based ethylene and (2) to contribute to the methodological development of life cycle
assessment. The results in this respect are presented and discussed in the subsequent chap-

ter, which is structured as follows:

- Section 5.1 presents and discusses the hot spots identified for the three investigated
biomass routes to ethylene. Moreover, measures on how to lower the impact of these

hot spots are proposed.

- Section 5.2 presents and discusses the results for the comparison between the bio-

mass routes and a fossil route.

- Section 5.3 presents and discusses the methodological contributions of the thesis. The
section is divided into (1) contributions for the assessment of emerging products (i.e.
products that are produced via currently emerging technologies), and (2) contribu-
tions with regard to the climate impact assessment of land use and time lags for bio-

mass CO..

5.1 Potential Hot Spots for biomass based ethylene and Improvement

Suggestions

In this section the hot spots identified for the production of biomass based ethylene are pre-
sented and discussed. In addition, improvement options to tackle these hot spots are pro-
posed. The section starts with the sugarcane route, followed by the wood fermentation route,
and closes with the wood gasification route. As a reminder, Paper 1 used a consequential and
attributional approach for the assessment of sugarcane based ethylene, while Papers 2 and 3

used only an attributional approach.
5.1.1 Sugarcane based ethylene via fermentation - Paper 1

The choice to investigate the production of ethylene from sugarcane ethanol was influenced
by developments at the start of this thesis. In fact, the large-scale industrial production of PE
from sugarcane ethanol was just close to realization [48] at that point, creating a great inter-

est in the environmental impact of sugarcane based ethylene and polyethylene, as well as, in
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its potential environmental hot spots. The findings for the latter are presented in the follow-

ing paragraphs and are detailed in Paper 1.

The production of sugarcane based ethylene has hot spots along its entire life cycle.

A number of common hot spots were revealed for the attributional and consequential as-
sessment of sugarcane based ethylene in Paper 1. These included for the global warming po-
tential the activities related to the sugarcane cultivation (called 'biomass acquisition' in Fig-
ure 4) and the ethylene production (this is a new finding in comparison to Paper 1, which is
based on updated process data [94]), and the long sea transport and the ethanol production
for the acidification and eutrophication potential (see Figure 4). In addition, ethylene emis-
sions stemming from the conversion of ethanol to ethylene were most important for the pho-
tochemical ozone creation potential (this is a new finding in comparison to Paper 1, which is

based on updated process data [94]).

There are various ways to reduce the potential environmental impact.

Based on the hot spots identified, there are various options to reduce the impact of a sugar-
cane based production of ethylene, including for example the use of cleaner fuels. In addition,
the production of more valuable co-products and an increase in efficiency (e.g. increased

ethanol yield) could lower the impact stemming from the ethanol production.

Emissions from indirect land use change need to be considered.

The assessment of land use change, particularly indirect land use change, is still a delicate
issue in LCA. However, the preliminary assessment conducted in the thesis highlighted that
emissions from indirect land use change can affect the hot spots for global warming consi-
derably. In fact, as can be seen in Figure 4, they can turn the focus completely towards land
use change (ILUC is included under biomass acquisition in Figure 4). For this reason, poten-

tial land use changes need to be considered when selecting feedstocks.

5.1.2 Wood based ethylene via fermentation - Paper 2

Influenced by the hot spots identified for the sugarcane case, Paper 2 investigated a potential
future Swedish production of ethylene from wood. In particular, the assessment focused on a
fermentation based process route, supplied with sawmill chips (a by-product from sawmills)
as the feedstock. The study revealed a list of potential hot spots, which will be discussed in
the following paragraphs.
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Off-site enzyme production cannot be neglected.

The off-site production of enzymes3 was identified as an environmental hot spot for the glob-
al warming, acidification and eutrophication potential of the wood fermentation route (see
Figure 4). This is a significant finding, since e.g. Wiloso et al. [136] point out that enzyme
production is many times not even included in LCAs for bio-ethanol. However, also Slade et
al. [137] found off-site enzyme production to be important for the global warming potential of
wood ethanol. In addition, even when produced on-site, enzymes are still a hot spot for the
global warming potential, as revealed by Gonzalez-Garcia et al.[138] in their study on Swe-
dish wood based ethanol.

There are different possibilities to lower the environmental impact related to the fermenta-
tion's hydrolysis step.

An option to lower the impact of the enzyme on the environmental impact of the fermenta-
tion is to lower the process' enzyme consumption by e.g. increasing the activity of the en-
zyme. Moreover, lowering the impact of the enzyme production process itself would be of

significance and further investigations are recommended.

Apart from enzymatic hydrolysis, there is a variety of other processes to hydrolyze wood, in-
cluding e.g. diluted and concentrated acid hydrolyzing processes. However, using either of
these two processes could add considerably to the overall equipment cost, due to the need for
corrosive resistant equipment [139]. An additional drawback, at least for the dilute acid
process, is the formation of compounds toxic to the yeast, which leads to low ethanol yields
[140-142]. In comparison, low yields are not an issue for the concentrated acid process, how-
ever, it has problems with the energy intensive recovery of the acid used in the process [143].

Comparing the environmental impact of a diluted acid with the enzymatic process, Slade et
al. [137] found the diluted acid process to have a lower impact. The opposite seems to be the
case for the concentrated acid process, as found by Kadam et al. [144]. However, it needs to
be noted that they [144] use a process with on-site production of enzymes for their compari-
son. The latter allows for a process integration of the enzyme production with the rest of the

ethanol production, lowering the impact of the former.

The conversion of biomass to ethanol (fermentation including distillation) needs to be fur-
ther developed.
Another hot spot for the wood fermentation route is the fermentation process itself, including

post-processing (distillation) to anhydrous ethanol (in Figure 4 labeled as 'conversion to al-

3 Enzymes are used to hydrolyze the wood before the actual fermentation.
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cohol"). These process steps were found to considerably contribute to the environmental im-
pact of ethylene based on wood, in terms of acidification and eutrophication potential. Simi-
lar findings are also presented by Gonzalez-Garcia et al. [138] and further development of the
fermentation process would be of importance. This could, for example, include measures to
increase the ethanol yield or measures to produce other high value co-products. Moreover, it
needs to be noted that the ethylene production process does not necessarily need anhydrous
ethanol. The use of hydrous ethanol instead would decrease the energy consumption of the

fermentation process, and related emissions, by approximately 5%.

The conversion of ethanol to ethylene needs further attention.

The production of ethylene from ethanol was found to be of relevance from two aspects. One
is its fuel consumption, which contributes considerably to the global warming potential of the
route (this is a new finding in comparison to Paper 2, and is based on updated process data
[94]). The other is its ethylene emissions, which cause a considerable share of the photo-
chemical ozone creation potential. Both aspects need to be addressed including measures
such as the reduction of ethylene emissions, the reduction of the process' fuel consumption,

and an increase in ethylene yield.

5.1.3 Wood based ethylene via gasification - Paper 3

Another potential option to produce ethylene from biomass is via gasification. In fact, several
gasification plants are planned to be built in the near term or are currently under construc-
tion [22, 145]. However, even though these plants are dedicated to fuel production (e.g. etha-
nol, methanol), future plants might as well supply the chemical industry. For this reason, a
potential future production of ethylene via gasification of wood to methanol in Sweden was
investigated in Paper 3. In particular, the production from a feedstock of tops and branches
only (tops and branches are called GROT in Swedish) and from a mix of different woody

feedstocks was assessed, revealing the following potential hot spots.

Biomass acquisition is a hot spot also for feedstocks based on by-products.

The acquisition of the biomass was found to be a potential hot spot, both for the mixed feeds-
tock, as well as, for the GROT feedstock scenario. For the latter, also the transport of the
biomass to the gasification plant was of special importance and further improvement, such as
increased efficiency or use of cleaner fuels, would be of relevance. Moreover, it would be
worthwhile reflecting on the issue whether a less distributed feedstock would be more suita-
ble.
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The conversion of biomass to methanol (gasification including synthesis to methanol) is of
importance.

The gasification process, including synthesis to methanol (in Figure 4 labeled as 'conversion
to alcohol’), influenced the acidification and eutrophication potential of the gasification route
considerably, as shown in Figure 4. Similar findings are also presented in Bright and
Stremman [91], who found the gasification process to be key for the acidification potential of
wood ethanol. For this reason, measures such as NOx removal would be recommended to

lower the impact of the process.

The inventory of biogenic CO. confirms the role of the gasification process as a hot spot.

In Paper 3, biogenic CO. was accounted for as a separate item in the inventory. The results
showed that the gasification process is a major source of biogenic CO.. This confirms findings
by Daystar et al. [146] and Kikuchi et al. [34] and further improvements with regard to con-

version efficiency would need to be investigated.

The conversion of methanol to ethylene needs to be addressed.
The production of the ethylene from methanol was a considerable contributor to the global
warming and photochemical ozone creation potential of the gasification route. For this rea-

son, further development regarding the process' energy consumption need to be strived for.

To summarize, the production of biomass based ethylene is linked to a variety of potential

hot spots, which need to be addressed throughout subsequent development phases.

5.2 Comparison of the different routes

Section 5.2 presents and discusses the findings for the comparison between the fossil and the
biomass routes, in the following order:
- Comparison with regard to Global Warming Potential including the effect of land use
and time lags
- Comparison with regard to Acidification, Eutrophication and Photochemical Ozone

Creation Potential

Global Warming

One of the main drivers for the investigation into biomass based bulk chemicals is the expec-

tation of a reduced global warming impact, in comparison to a fossil alternative. This thesis'
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results show (see Figure 5) that with respect to global warming, and if enzyme consumption
is estimated low, as well as, if possible global warming effects of biogenic CO. and indirect
land use change are disregarded, all three biomass routes were better than the fossil route.
For the sugarcane route similar results are also presented by Hermann et al.[147], Chen et al.
[148] and Kikuchi et al. [149], who assess the production of polyethylene from sugarcane.
Also Alvarenga et al. [150] finds sugarcane based PVC to have a lower global warming poten-

tial in comparison to the fossil alternative.

However, there is a ranking regarding the preferability of the different biomass routes. Under
the current state of development, the gasification route could outperform the fermentation
routes. For the wood alternative this was also found in Bright and Stremman [91], who inves-
tigated the production of wood ethanol via fermentation and gasification. Also Mu et al. [151]
state that, depending on the variety of co-products, a gasification route to ethanol could be

environmentally preferable to a fermentation route.

The ranking between the sugarcane and the wood fermentation route depends mainly on
whether the enzyme consumption of the wood route can be reduced. If enzyme consumption
is assumed to be high, the wood route turns out less preferable than the sugarcane alternative
and even gives emissions in line with those of the fossil route. When a low consumption of
enzyme is assumed, the wood fermentation and the sugarcane routes had a comparable im-

pact.

Land use and its effect on global warming

Though the above comparison could be seen as straight forward, there are a number of po-
tential issues that need to be taken into consideration and that could influence the preferabil-
ity of the biomass routes. One such issue is land use: as has been stated in Section 4.5, land
use can be divided into land occupation and land use change, the latter of which can be fur-

ther grouped into direct and indirect land use change.

In this thesis, the issue of indirect land use change was investigated for the sugarcane based
ethylene (Paper 1). It was found that, emissions from indirect land use change could more
than double the sugarcane's global warming potential, making it comparable to the fossil
route (see Figure 5). Moreover, though this finding was highly depended on the choice of
emission data, it shows that ILUC emission could backfire, making biomass not an inherently

better choice.

Regarding the issue of direct land use change and land occupation, Paper 4 tested the follow-

ing methods (denoted as land use methods):
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- CRP[42], and
- the GWP soil [122] to assess the impact of these two factors on the biomass routes.
Specifically, the test case was biomass based polyethylene packaging incinerated at the end of

life - results are shown in Table 4.

The test provided different results for the two methods, with the GWP soil having no effect
for the wood routes and a positive effect (carbon uptake) for the sugarcane route. In compari-
son, the CRP method resulted in some increase in global warming for the sugarcane route
and a considerable increase for the wood routes, highlighting the importance of an efficient
use of biomass, in order to minimize the impact from land use. However, despite these in-

creases, the biomass routes were still preferable to the fossil alternative.

The differences in results between the two methods are caused by differences in the consi-
dered carbon pools - the CRP takes below and above ground carbon into account, while the
GWP soil only considers soil carbon. Moreover, the difference between the sugarcane and the

wood routes is mainly caused by the following factors:

- For the GWP soil: The soil carbon of the wood routes is the same under management
and natural vegetation [152, 153]. For the sugarcane route, soil carbon was found to
increase during occupation [134].

- For the CRP: The fast growth of the sugarcane leads to a very short occupation time

when compared to the wood routes.

Time lags and their effect on global warming

An additional issue of importance is the assessment of potential time lags between CO. re-
lease and uptake from biomass. This is especially debated for long rotation crops such as
wood [41], since their long growing times could lead to considerable time lags between CO,
uptake and release. For this reason, three methods for the assessment of time lags were
tested in Paper 4. These methods were:

- GWPrewio [127]

- GWPui [41]

- WFI[40]
Also here, the test case was polyethylene packaging.
As can be seen in Table 4, for the wood routes, the effects of applying two of these methods
(GWPyi, and WF) were significant. In fact, the GWPs;, and WF, make the wood routes compa-

rable to the fossil alternative. A less severe effect was found for the GWPenio, Since it not only
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considers the carbon release and uptake of the wood, but also the avoided emissions from the

replaced fossil product.

The reason for the critical increase in global warming is the methodological choice of using
the full grown forest stand as starting point. Using this point, the trees are harvested and
turned into packaging, which is disposed of after a short life time, releasing CO. emissions to
the atmosphere. An equal amount of CO. is eventually taken up by the re-growing trees (the
trees do not differentiate between CO. of different origin), however, meanwhile the atmos-
pheric CO. concentration stays elevated, inducing global warming (see 5.3.2 for more discus-

sion on this starting point).

Table 4 Global Warming Potential for the biomass routes for the land use and the carbon cycle me-
thods, also including the fossil route

Carbon cycle methods Land use methods GWP for
GWPbio | GWPnetbio | WF CRP GWP soil | fossil CO, | GWP fossil
TH 100 TH 100 C & other PE
GHG
TH 100
TH 100
[t COZeq/t [t COZeq/t [t COZeq/t [t COZeq/t [t COZeq/t [COZeq/tPE]
PE] PE] PE] PE] PE] [t COgeqlt
PE]
Sugarcane,
fermentation 0.0 -3.3 0.0 0.29 -0.26 1.7
Wood,
fermentation | o1 14 3.5 0.87 0 1.5 4.4
Wood,
gasification | 41 1.7 4.6 1.1 0 0.4

For the sugarcane route, the consideration of time lags has no effect, when applying the WF
and the GWPs;, method. This is caused by the fast re-growth of the sugarcane, which leads to
an almost instantaneous uptake of CO.. Moreover, the GWPremio results even in a net de-

crease of global warming, due to the consideration of avoided fossil emissions.

In summary, the consideration of time lags could lead to a significant increase in global

warming potential and a change in ranking between the biomass routes.

Acidification, Eutrophication and Photochemical Ozone Creation

In addition to the potential impact on global warming, this thesis also investigated the poten-
tial impact on photochemical ozone creation, acidification, and eutrophication. As can be
seen in Figure 5, for the last two impacts, all three biomass routes performed worse than the
fossil alternative, with the gasification route being more preferable than the fermentation
routes. As regards the wood routes, also Bright and Stremman [91] found gasification to be

more preferable than fermentation for the production of wood based ethanol. Moreover, also
45




Hermann et al. [147] found a higher acidification and eutrophication potential for sugarcane

polyethylene when compared to a fossil alternative.

The major causes for the higher acidification and eutrophication of the biomass routes are
the NOx and SO. emissions released during the conversion of the biomass to ethanol or me-
thanol. Moreover, for the sugarcane route the long distance transport, and for the wood fer-
mentation route the production of enzymes, are decisive. For this reason, further optimiza-

tion and improvements of these processes are necessary.

Regarding the photochemical ozone creation, the sugarcane and the wood fermentation route
showed a significantly higher impact than the fossil and the gasification route. For both
routes, this was due to the ethylene emissions released during the conversion of ethanol to
ethylene. In comparisons, for the gasification route, ethylene emissions were not docu-
mented. Therefore its results for the photochemical ozone creation potential need to be con-

sidered preliminary.

In summary, the biomass routes were found to perform better or worse depending on:
- The impact under investigation,
- The route under assessment, and
- The assessment of land use and time lags.
However, overall, it needs to be considered that the biomass routes are still at an emerging

state, leaving room for further improvements.

5.3 Methodological Contributions

Section 5.3 presents the methodological contributions of this thesis. It starts with the contri-
butions to the assessment of products produced via currently emerging technologies, which is
followed by the contributions to the global warming impact assessment of land use and time

lags.

5.3.1 LCA for emerging technologies
The life cycle assessment of products produced via emerging technologies is related to a
number of methodological challenges. This thesis focuses on two of these challenges, the de-

velopment of scenarios and the conducting of the inventory analysis. They are discussed in

the following paragraphs.
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Scenario development

The development of an assessment scenario is one of the first and most important steps in an
LCA, since it determines whether the assessment is of relevance towards its purpose. Howev-
er, especially for assessments on emerging products, (i.e. products produced via currently
emerging technologies) the development of scenarios is a challenge, since it involves numer-

ous choices about how a future state could or should look like [43].

In order to develop scenarios representing a potential biomass ethylene production in Papers
1-3, discussions with different stakeholders were conducted. The stakeholders comprised of
both stakeholders that will be and stakeholders that will affect this development, including:

- Forestry agencies,

- Process developers for fermentation and gasification processes, but also

- Other industrial stakeholders such as enzyme producers and polyethylene producers,

as well as, industrial users of PE (industries that use PE in their products).

This combination was found to be very efficient, since it provided essential insights into the
various needs and demands that will come together during the further development of bio-
mass chemicals. All these considerations need to be taken into account when developing sce-

narios for a future production of biomass based ethylene.

In summary, the discussion with different stakeholders is critical for the development of

relevant future scenarios.

Process simulation

After the Goal and Scope Definition, the next step in an LCA is the Inventory Analysis. How-
ever, especially for emerging technologies, this is a critical issue, since industrial scale pro-
duction data are not available. In the thesis, this challenge was approached by using data
based on process simulation. Though the use of process simulation for LCA purposes is not
novel (see 4.3 ) it is especially useful for the assessment emerging technologies for the follow-
ing reasons.

(1) Process simulation can provide data as close as possible to an industrial scale process,
without building an actual plant. Its use therefore allows a first insight into the environmen-

tal impact of the emerging technology under a potential industrial scale application.
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(2) Due to the simulations' flexibility, they can cover a wide range of potential process set-ups
and conditions. This is especially relevant for emerging technologies, as a variety of set-ups

and conditions is conceivable and plausible.

However, though the advantages of process simulations are apparent, there are some issues
that need to be considered. One issue is that a simulation is only as good as the parameters
with which it is set up, which is why process simulations should be developed in cooperation
with or by experts. Moreover, a process simulation only covers the conditions it was created
for and this needs to be considered when using data and interpreting LCA results. Finally,
process simulations need lab or other data as background; however, these might not always

be available, particularly for emerging technologies.

Though process simulation should be used with care, it is a powerful tool that can help in
the assessing of the environmental impact of an emerging technology and guide its further
development. This development might directly aim at the technology itself but might also
apply to the overall life cycle the technology is embedded into.

5.3.2 LCA for biomass based products - the issue of land use and time lags
for biomass CO.

One of the last steps in an LCA is the impact assessment. However, for some of the topics
occurring during the life cycle of biomass based products, LCA is still encountering difficul-
ties on how to assess their impact. This thesis contributes to the overcoming of these difficul-
ties by identifying methodological and application issues related to the assessment of time
lags for biomass CO. and of land use. The results of this are presented and discussed in the

following sections.

The discussion consists of two parts: the first part focuses on the methodological issues re-
vealed for the global warming impact assessment of time lags and of land use and the second
part deals with application issues encountered during testing.

As a reminder, the following methods were tested:

Land use methods:
- GWPsoil
- CRF

Time lag methods referred to as Carbon Cycle methods:
- GWPhp
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- GWP netbio
- WF

5.3.2.1 Methodological Issues

The following paragraphs present and discuss the methodological challenges identified for

the land use and carbon cycle methods.

Reference states and Reference points

A methodological challenge identified for the land use and the carbon cycle methods, is the
need to define a reference state.

Though the tested land use methods (as well as the UNEP-SETAC guideline [50] clearly rec-
ommend the use of potential natural vegetation (PNV), PNV is not easily defined. Especially
for forestry, this poses a challenge, since the carbon stocks of a mature managed and a natu-

ral forest are very similar.

For the carbon cycle methods, the definition of a reference state was particularly an issue for
GWPhrewio. This was because it uses not only one, but two reference states. One is the state
under 'not harvesting but letting the plant continue to grow' (lost uptake), the other is the
avoided alternative product system. The latter might be anything from e.g. a coal to a natural
gas based product system, and it is up to the practitioner to decide upon this alternative.
Since this decision is very case specific, one of the criticisms for the GWPrenio is its case speci-
ficity. Moreover, the integration of avoided emissions into an impact factor is unsuitable, as

already stated by Helin et al. [135].

The lost uptake used in the GWPenio has similarities with the assessment of land occupation
in the land use methods, and Helin et al. [103] even interpret it as such. However, indepen-
dent of how lost uptake might be interpreted, its modeling is still a challenge. This is especial-
ly true for short rotation crops, such as sugarcane, since the method provides no guidance for

this specific application.

It can be argued that, in addition to a reference state, the carbon cycle methods also use a less
explicit point of reference. This point is the fully grown forest, which is used as a starting
point in all three methods. However, as for example stated by Levasseur et al. [154], this
point is not self-evident, but rather depends on the aim of the assessment.
In their study, they [154] propose to use a 'just beginning to grow' forest as reference point,
when assessing afforestation projects. This could be understood as a consequential assess-
ment, one that assesses the decision to plant trees (afforest a plot of land). However, a conse-
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quential assessment does not necessarily have to apply a 'just beginning to grow' forest as a
point of reference. Instead the 'fully grown forest' might be used, e.g. when assessing the im-
pact of cutting down a forest. For attributional assessments, the point of reference seems ra-

ther a question of consensus, which is still under way.

To conclude, independent of the assessment approach, the choice of reference point is highly

value laden and should be stated explicit in order to allow for discussion.

Carbon Pools under consideration

The question of which carbon pools to consider is clearly defined for the land use methods.
The CRP method considers above and below ground carbon pools. In comparison, the GWP
soil method only takes soil carbon pools into consideration, however without claiming that

this would capture the full carbon effects of land use.

For the carbon cycle methods, the question of carbon pools is less clearly defined. In fact, it
seems to be rather a question of data availability. Cherubini et al. [155], for example, consider
not only changes in the carbon pools of growing but also of decaying biomass. However, such

data might not always be available.

Spatial Boundaries - Stand vs. Landscape

A methodological challenge for the carbon cycle methods, particular in context with forest, is
the issue of stand versus landscape approach.

The investigated methods apply a stand approach i.e. they consider the re-growth on the
same stand as harvested. In combination with the 'fully grown forest' point of reference, this
can lead to a high impact factor for wood based CO. emissions. Additionally, the life time of
the wood product (GWPs:) (see Cherubini et al. [156]) and the avoided emissions (avoided
alternative) (GWPhrewi,) determine whether emissions from wood based products have a high

impact factor.

Though, the tested methods use a stand approach, this is not self-evident and other authors
use a landscape approach instead (e.g. Sedjo [157]). This approach regards managed forest as
being in a steady state, with some plots being ready for harvest, some plots being newly har-
vested and other plots having varying ages between these two points. As pointed out by Helin
et al.[135], the most critical factor for this approach is the choice of an appropriate reference

state, one that considers the independent evolution of the forest.

50



Approaches towards time in land use and carbon cycle methods

An additional methodological difference between the land use and the carbon cycle methods
is the way they consider time.

The land use methods appear to have a rather static approach, using time only to determine
and distribute emissions over time. In detail, this means that (1) emissions from land trans-
formation are amortized over several years of occupation (20 years are typically used), and
that (2) for the impact from land occupation delayed relaxation time is used as a basis for

calculations.

In contrast, the carbon cycle methods have a quite dynamic approach towards time. Especial-
ly for the GWPyemio and the GWPsi, the accounting for the actual timing of emission release
and uptake is the essence of the method. In comparison, the WF is less dynamic and consid-

ers emission uptake on a yearly instead of a continuous basis.

A possible explanation for the different approaches towards time in the carbon cycle and the
land use methods is their approach on land quality (carbon stocks) during occupation. For
example, the UNEP-SETAC guideline [50] and the CRP method [42] apply the simplification
that carbon stocks stay constant during occupation. This might be founded by their mainly
agricultural background, as agricultural crops usually have a short rotation period, making
the consideration of timing seem less pressing. However, for long rotation crops, the assump-
tion of constant carbon stocks can be questioned. Indeed, the carbon cycle methods argue
against this assumption and advocate for the consideration of long rotation cycles and of the

timing of emission uptake.

Temporary carbon storage

Temporary carbon storage is an issue particular for the carbon cycle methods. It is handled
differently, depending on the method. For example, the WF does not consider temporary
storage, but instead assesses the oxidation of the product as if occurring at the time of harv-
est. In comparison, the GWPrewmio and the GWPy;, consider the actual timing of the oxidation
and cut off emissions released past the assessment time horizon. The latter corresponds to

the Lashof method, which in LCA is used to assess temporary carbon storage [158].

5.3.2.2 Application challenges

A practical challenge experienced for all tested methods was the availability of data. Particu-

larly for the GWPhemio, data that could represent a continuous re-evolution to natural vegeta-
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tion might be difficult to find. Therefore, though out the scope of this thesis, more extended

searches for potential data sources are recommended.

A further challenge related to data is their consistency and quality. For example, considering
carbon pools in growing, as well as decaying, biomass could have a notable impact on the
carbon cycle results. For this reason, data quality needs to be consistent in order to allow for

comparability between results.

Moreover, their considerable computational effort and related time needs make the GWPhermio
and GWPy, factor non-functional for every day application. In addition, though pre-

calculated factors exist, they might not be suitable in every context [135].

A final challenge experienced for the methods is the one of acceptance. When presenting the
test's case results to different stakeholders (researchers developing biomass conversion tech-
nology and industry), they were seen rather skeptical. This can be seen as a point for concern,
since results might not be acted upon and assessments might be seen as meaningless. How-
ever, this should not lead to a halt in method development and application, but rather as a
starting point to make methods and assessments more understandable and open to discus-

sion.

In summary, in their current state, the land use and the carbon cycle methods still encoun-
ter a number of methodological and practical challenges, which need to be further investi-
gated and harmonized. However, in spite of this, it is important to consider land use and
time lags in LCA, at least in sensitivity analysis, to not miss out their potential environmen-

tal impact.

52



6 Conclusions

6.1 Guidance for the development of biomass based ethylene

This thesis has shown that for the further development of biomass based ethylene a number
of potential environmental hot spots need to be addressed. These hot spots can be grouped as

follows:

- Hot spots related to the biomass acquisition phase such as land use change and feeds-

tock transport.

- Hot spots related to the biomass-to-alcohol conversion phase such as the production
of enzymes, the fermentation process including post-processing and the gasification

process including synthesis to methanol.

- Hot spots related to the alcohol-to-ethylene conversion phase, namely the conversion

of ethanol or methanol to ethylene.

- Other hot spots such as the long distance sea transport in the sugarcane route.

Considering the diversity of these hot spots, it becomes also clear that this development
needs to be pursued from various sides. These include the developers of fermentation and
gasification processes, who need to tune the processes with regard to their enzyme and feeds-
tock consumption, their NOx and SO. release, as well as their output of high value co-
products and their efficiency. Improvements in efficiency are also needed for the ethylene
production processes, in addition to a reduction in energy consumption. Moreover, the con-
tributions of enzyme producers, such as an increased enzyme activity and an improved envi-
ronmental performance of the production processes, are crucial. Finally, consideration also

needs to be given to the origin and the distribution of the feedstock.

The major driver for exchanging fossil with biomass based chemicals is the expectation of a
lowered environmental impact. However, this thesis has revealed that this is not self-evident,
especially for the impact on global warming. As long as biomass CO. emissions are consi-
dered climate neutral and ILUC emissions, along with enzyme consumption, are assumed
low, the biomass routes have a lower impact than the fossil alternative, with the following

ranking: the wood gasification route is most preferable, while the sugarcane and the wood
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fermentation routes are comparable. However, this ranking changes when assuming ILUC
emissions to be high. In such case, the sugarcane route becomes comparable to the fossil
route. For this reason, though methods and data for ILUC are still highly uncertain, the pro-
duction of biomass needs to induce as little carbon stock decreasing land use changes as
possible.

Moreover, time lags for biomass CO. can increase the impact of the wood routes significantly.
Therefore, further investigations on how to use wood based ethylene to best mitigate poten-
tial effects of time lags between CO. release and uptake from biomass need to be included

into coming development phases.

With regard to the other investigated impacts (acidification, eutrophication and photochemi-
cal ozone creation); the biomass routes are clearly in need for further development, in order

to compete with the fossil alternative.

6.2 Methodological Contributions

To ensure a low environmental impact, the development of currently emerging routes to
biomass based chemicals needs to be accompanied by environmental assessments to identify
environmental hot spots and improvement potentials. The thesis has shown that LCA is a
useful method for such purposes. However, as demonstrated in this thesis, to ensure the re-
levance of results, the needs and demands of different stakeholders need to be considered
when developing assessment scenarios. Moreover, relevance is not only a question of scena-
rio but also of the data used for the assessment. In this thesis, process simulation was found
to be a powerful means with this respect and the combination of LCA with process simulation
is essential to guide the development of emerging technologies and related life cycles.
The impact of land use and time lags between CO. release and uptake were revealed as a po-
tential threat specifically for biomass based products. However, in their current state, as-
sessment methods are restrained, due to practical, as well as, and methodological issues.

These include:
- The inconsistent modeling for forestry and agriculture.
- The varying approaches towards time (static vs. dynamic).

- The insufficient guidance on how to define a reference state.

- The implicit use of the full grown forest as a reference point for the climate impact as-

sessment of time lags for biomass CO..
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- Poor data availability, inconsistent data, data with insufficient spatial resolution

Despite this, already 'preliminary' assessments can provide important, first insights. Specifi-
cally, for the time lag assessment of short lived products, the WF method appears currently
more applicable (out of the three methods tested here) for two reasons:

(1) It provides results similar to the more complex GWP;, method.

(2) It is transparent since it works on the inventory level and therefore does not mix invento-
ry and impact assessment, as is the case for the GWPyetbio.

For long lived products, the WF might be less suitable though, since it does not consider the

effect of temporary carbon storage.

With regard to the impact assessment of land use, out of the two tested methods, the CRP
seems more relevant, since it considers above and below ground carbon, providing a richer

overall picture of land use impact.
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=7 Future Work

The biomass routes to ethylene studied in this thesis provide a first insight into the potential
environmental impact related to the biomass based production of today's fossil based bulk
chemicals. In the future it can be expected that routes additional to the ones investigated here
will emerge and will be in need for environmental guidance. For this reason, further assess-
ments investigating into alternative feedstocks (e.g. algae), processes (e. g. combination of
fermentation and gasification processes) and process outputs (e.g. high value chemicals) are

a natural continuation of this work.

Apart from these mainly technology related issues; it is also of importance to make LCA more
suitable for the assessment of biomass based chemicals and products in general. This thesis
revealed some of the issues related to this challenge, but further research is needed to make
LCA even more suitable for the assessment of impact specific to biomass products such as
impacts from land and water use. In addition, efforts need to be also spent on applicability
matters. For instance, data availability is a key issue affecting the applicability of qualitative
methods such as LCA. Therefore further data aggregation into formalized databases, as well
as, generation of new data, will increase the applicability of impact assessment methods for
biomass specific issues such as land use. Additional factors related to applicability are com-
prehensiveness and time needs. The land use and time lag (carbon cycle) methods tested in

this thesis could be developed further to optimize towards these characteristics.
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