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ABSTRACT

As the production of biofuels continues to expand worldwide, criticism about many issues,
including the energy output versus input and the competition with food, has been raised and
the sustainability of biofuels in recent years has been constantly debated. However, the
current biofuel systems may be optimized to increase the energy efficiency and environmental
performance. By using concepts from industrial symbiosis, the material and energy exchanges
may be optimized to result in these performance improvements. This paper offers a
quantification of the environmental performance of industrial symbiosis in the biofuel
industry through integration of biogas and ethanol processes using a life cycle approach.
Results show that although increasing integration between the biogas and ethanol plants is
assumed to produce environmental benefits, not all impact categories have achieved this and
the results depend upon the allocation methods chosen. Thus the increasing integration also
brings about increased complexity for the system.
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1 INTRODUCTION

The production of biofuels for transport has seen a large increase in the past few years to meet
the onset of policies for increased production and use worldwide. This is being done in order
to stimulate economic development, reduce greenhouse gas emissions, diversify fuel
production and become self sufficient in anticipation of the increasing scarcity of fossil fuels.
However, with this onset, biofuels have met a great deal of criticism (Ponton 2009, Bérjesson
2009) ranging from debates about the competition with food to the amount and intensity of
energy used to produce the biofuels (Borjesson and Tufvesson 2010). In response, the
European Union has thus set some guidelines for how biofuels should be produced and
regulations on emissions and impacts in order to be considered sustainable in what is known
as the Renewable Energy Directive (RED) (European Union 2009, European Union 2003).
The RED may not, however, lead to a harmonization of results from life cycle assessments
and criticism thereof. Many of the dissimilarities and criticism from current studies result
primarily from different assumptions made, system boundaries used, technologies and the
reference energy systems used in life cycle assessment of biofuel systems (van der Voet et al
2010). The current standard in the industry is the 1SO-standard (ISO 2006) for conducting
life cycle assessments, though in the bioenergy sector this may be replaced by the RED
methods. Interestingly, these methods have dissimilar methodological aspects and
assumptions and may thus lead to even larger differences in the results of bioenergy life cycle
assessments. Biofuel production encompasses large quantities of inputs and outputs and
therefore consideration must be made for the efficient use of resources for biofuel production
industries (Borjesson 2009) for which the environmental performance may be bettered and the
flows of material and energy optimized (Martin 2010) which the RED may not take into
account. One approach to understand how valuable the different material and energy flows are
is to employ concepts from industrial symbiosis.

2 USING INDUSTRIAL SYMBIOSIS

2.1 What is industrial symbiosis?

Industrial symbiosis is a branch of industrial ecology focusing upon the inter-firm interactions
aiming to engage traditionally separate industries to cooperate in a collective approach which
can create competitive advantages and “win-win situations” for the companies involved. This
is done through resource exchanges and synergistic possibilities between firms (Chertow
2000) to try and close material and energy loops similar to natural systems. By linking
industries together to create physical synergies based on these material and energy flows,
improvements in environmental performance can be accomplished.

The physical exchanges between firms are the primary focus of industrial symbiosis. These
exchanges may take different forms to handle the material and energy, though they can be
classified as either by-product of utility exchanges. By-product synergies lead to the
employment of products and by-products generated during the production process. By-
products (and even products) can thereafter be used in subsequent processes as raw material,
additives or other purposes depending upon the requirements and quality of the by-product in
question. In the biofuel industry, many of the by-products can be used in further applications
due to their organic nature. A few examples include using 1) ethanol wastes for biogas
production, 2) using glycerol from biodiesel production for biogas production and 3) using
biogas digestate as a fertilizer. In industrial complexes, utility synergies are more common
however. They include the involved sharing of utilities, i.e. water, infrastructure, energy a d
even recovery and treatment plants (M. Martin, 2010).



2.2 Quantifying Industrial Symbiosis

In industrial symbiosis it is assumed that benefits are a given when a symbiotic relationship is
induced. However benefits, be it economic, environmental or social, have rarely been
quantified in the literature and much of the literature aims at explaining conditions for
industrial symbiosis and the social dimensions of its existence (Martin 2010, Karlsson and
Wolf 2008, Martin et al 2011, Mattila et al 2010, Sokka et al 2011). Nonetheless several
researchers have quantified the benefits and impacts from industrial symbiosis with a range of
impact categories and motivation. Life cycle assessment in particular has been identified as a
feasible tool for quantifying the impacts and benefits from industrial symbiosis and has been
chosen in this report for the quantification from integrated scenarios (Sokka et al., 2011).

Within the biofuel industry, industrial symbiosis is rarely mentioned, but Bdrjesson
(Borjesson et al 2010, Borjesson 2006) has looked into synergistic possibilities between
ethanol and biogas plants. His research describes the energy ratios and greenhouse gas
savings of possible integration of biogas from ethanol stillage; for which he also uses life
cycle assessment as a tool for quantification.

In order to identify the potential benefits from a symbiotic relationship, a case study has been
chosen, that of the bioenergy cluster on Handeld in Norrkdping, Sweden for which the authors
have gained a significant level of detail from a cooperation with the actors (Martin 2010,
Martin et al 2011, Fonseca 2010, Martin and Fonseca 2010).

3 HANDELO

On the island of Handeld, a unique bioenergy complex of symbiotic activities between an
ethanol plant, a biogas plant and energy provider takes place (Martin 2010, Martin et al 2011).
At the heart of the complex is the CHP plant, which uses municipal wastes and forest product
residues from the neighboring paper industry to provide electricity, steam and district heating
to the plants on the island and residents of Norrkdping. The ethanol plant receives wheat,
barley and rye from regional farmers and produces ethanol for low blending in the Swedish
market. By-products from the ethanol production plant, i.e. syrup or thin stillage, is sent to the
biogas plant for anaerobic digestions along with filtered impurities from first sifting of the
grains. This biogas is thereafter used in the municipality for public and private transportation
purposes. Figure 1 below portrays the symbiotic activities on Handeld, i.e. the bioenergy
complex (Martin 2010).
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Figure 1: The Bioenergy Complex on the island of Handeld, Norrképing (Martin 2010)

However, using the concept of industrial symbiosis, these symbiotic activities could be further
improved and more synergies could occur (Martin 2010). For example, only a small portion of
the syrup/thin stillage is sent to produce biogas opening for further optimization for possible
economic and environmental performance improvements if a larger share is also sent.

4  AiMS AND OBJECTIVES

The aim of this report is to outline and present the environmental impacts and performance of
several integrated scenarios between the biogas and bioethanol facilities located on the island
of Handeld, Norrképing in Sweden using recent figures for Swedish conditions. Using
exchanges, i.e. synergies, between the biogas and bioethanol facilities, the environmental
performance will be quantified using a life cycle approach for different scenarios with
increasing degrees of integration. The results from this report will be beneficial to both the
industrial symbiosis and biofuel communities as a quantification of benefits, or lack thereof,
from symbiotic activities, which has rarely been produced previously.

The main research questions include:

e How can the environmental performance of symbiotic relationships/exchanges be
quantified?

e How does the environmental performance of the bioenergy symbiosis change when the
proportion of syrup and stillage used by the biogas plant is increased?

e Could this increase and the stated synergies therefore lead to improved environmental
performance?

e Can these performance improvements be quantified?

e  What processes offer the greatest improvements?

e  Are there any rebound effects from this increase?



e How much more biogas can be produced if all stillage is used for biogas production?

5 METHODOLOGY

The environmental performance, i.e. environmental impacts, of symbiotic activities between
biogas and ethanol production plants will be assessed by comparing different scenarios.
Different degrees of integration (increasing degrees of integration) will be tested from no
integration at all (default) to all by-product residues from the ethanol plant used in the biogas
plant, as described in the subsequent section entitled, The Scenarios.

5.1 System Description

In the bioenergy complex of Handeld, refer to Figure 1, the steam and electricity are provided
from the CHP plant. Ethanol is produced from a combination of wheat, barley and rye
resulting in a number of by-products such as Dried Distillers Grains with Solubles (DDGS),
syrup and impurities. Biogas is produced through the anaerobic digestion of organic matter, in
the scenarios e.g. wheat and barley and by-products of the ethanol facility. Conversion
technologies and performance for the anaerobic digestion and fermentation processes have
been obtained from the companies, along with material and energy flows (Martin 2010,
Martin et al 2011, Lantmannen Agroetanol AB 2009, Svensk Biogas AB 2009).

The assessment takes the ethanol plant as starting point and keeps the ethanol fuel output
static whereas all of the other inputs and outputs for that plant and the biogas plant are
allowed to vary in accordance with the scenarios described below. This approach was chosen
in order to reflect upon the importance of size differences between the plants but also of the
potential implications of larger by-product exchanges between the two plants.

5.2 Tools and Impact Categories

A life cycle approach is applied to each scenario separately from a cradle-to-gate perspective,
otherwise known as well-to-tank in the bioenergy community. All life cycle calculations have
been carried out using the software package SimaPro v. 7.2. The life cycle impact assessments
have been conducted using the EPD 2007 (Environdec 2009) method. This method was
chosen due to its recommendation by the Swedish Environmental Management Council and
providing a wide array of environmental impact categories, e.g. global warming potential
(GWP), acidification, eutrophication and the use of non-renewable resources which are
presented in the results section.

5.3 Allocation Procedures

By-products and the energy and emissions associated with their use have been taken care of
by the use of two separate methods in this paper, including energy allocation and system
expansion (van der Voet et al 2010, Martin et al 2011). The energy content of these by-
products has been computed for the lower heating value of the DM contained in each fraction.
Energy allocation figures used for each scenario can be seen in Tables 1-2.



Table 1: Ethanol Production Allocation for Major Products and By-Products

Product/ 1 content Default  Existing

By- (%) Scenario Scenario Scenario 1 Scenario 2  Scenario 3
Product

Ethanol - 70,7% 70,7% 70,7% 60,3% 60,3%
DDGS 90 21,7% 21,7% 21,7% - -

Syrup 27 5,6% 5,6% 5,6% - -
Impurities 86 2,0% 2,0% 2,0% - -

Stillage 16 - - - 39,7% 39,7%

Table 2: Biogas Production Allocation for Major Products and By-Products

Product/  Default Existing Scenario 1
By-Product Scenario Scenario

Scenario 2  Scenario 3

Biogas 31,3% 35,7% 35,7 35,7% 33,7%
Biogas to

Ethanol i i i i 2,0%
Biofertilzer 68,7% 64,3% 64,3 64,3% 64,3%

System expansion, also known as substitution, has also been conducted to account for the
replacement of by-products produced and the avoided impacts this would create(van der VVoet
et al 2010). System expansion for the default and existing scenarios of the ethanol plant
include the use of stillage products for fertilizers and animal fodder applications.

Some important assumptions considered for the system expansion method include:

e Fodder replacement by DDGS and syrup in dry matter content (DM) has been assumed
to replace Brazilian soy meal and European barley in the amounts of 0,4 kg DM and 0,6
kg DM (Borjesson 2009).

o Fertilizer nutrients replaced by biogas digestate per ton is assumed to replace 8 kg N, 5
kg NH4, 1 kg P and 1,5 kg K per ton of produced digestate.

e Furthermore, the lower heating value (LHV) for dried stillage has been assumed to be
the same as that for the digestate (Borjesson and Tufvesson 2010) due to limited data
availability.

5.4 System Boundaries

As mentioned previously a well-to-tank (cradle-to-gate) perspective will be conducted for all
scenarios in this research project. This will therefore include the production of raw materials
for the ethanol and biogas processes, distribution of the raw materials to the production plant
and production of the biofuels. The transportation of the biofuels and their use in vehicles is
not included in this report as the aim is to find the possible improvements from synergies in
the production process of biogas and ethanol integration. A larger system is included however
in the system expansion method scenarios for the substitution of imported fodder, heavy fuel
oil and fertilizers, as described in the proceeding scenarios.

5.5 The Scenarios

Scenarios have been produced to test and quantify the environmental performance of several
different material and energy exchanges between the bioethanol and biogas production plants
as aforementioned. Each scenario is tested using both the energy allocation and system



expansion methods to account for energy and replacement of processes from the by-products
(1SO 2006,European Union 2009). The outputs have been expressed using the LHV for both
biogas and ethanol, 50MJ/kg and 28,87 MJ/kg respectively.

5.5.1 Default Scenario

The default scenario will show the impacts of two stand alone plants with no integration. The
two plants use respective inputs of wheat, barley and triticale for their production processes.
In terms of biofuel production output, the main products are 17 TJ of biogas and 1 314 TJ of
ethanol. All inputs and outputs of raw material, by-products, etc. are based on the
aforementioned biofuel outputs. The default scenario has been used to compare to the existing
scenario in order to compare the environmental impacts of current practice with that of a stand

alone system.
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Figure 2: Default Scenario. Note the avoidance of fodder and fertilizers from the ethanol and biogas
plants for the system expansion have been included



55.2  Existing Scenario

The existing scenario is similar to the production process used pre-2009 on the island of
Héndeld. The exchange of thin stillage is used to produce biogas at the neighboring biogas
plant. Furthermore, as the thin stillage is sent to the biogas plant at a temperature of around
70°C, it must be cooled to around 38°C for anaerobic digestion and thus electrical fans are
used to cool the substrate, thus requiring no external process heat (Fonseca 2010, Paulsson
2007). The output of the system in biofuel is again 17 TJ of biogas and 1 314 MJ of ethanol
for which all inputs and outputs are based. All values for the material and energy inputs and
outputs can be found in Appendix B and C.
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Figure 3: Existing Scenario. Note the avoidance of fodder and fertilizers from the ethanol and biogas
plants for the system expansion have been included



55.3 Scenario 1

Scenario 1 is similar to the existing scenario, however in Scenario 1 the impurities (consisting
primarily of husks and filtered grains) are also sent to produce biogas. This therefore raises
the output of biogas and digestate, which in turn requires more electricity and water for the
digestion and upgrading processes respectively. Scenario 1 thereafter has an output of 30 TJ
of biogas, while once again the ethanol production is static. All values for the material and
energy inputs and outputs can be found in Appendix B and C.
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Figure 4: Scenario 1. Note the avoidance of fodder and fertilizers from the ethanol and biogas plants
for the system expansion have been included
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5.5.4  Scenarios 2 and 3

In Scenarios 2 and 3, it is assumed that all the stillage is sent to the biogas plant for anaerobic
digestion. By doing so the ethanol plant can save a large input of energy, roughly 35% less
energy (Murphy and Power 2008) from the dryers and handling equipment for fodder
production. Scenario 2 and 3 are similar, in that they both use stillage for biogas production.
However, Scenario 3 differs in the fact that biogas replaces propane in the ethanol production
plant for odor control (Paulsson 2007). Similar to the existing scenario, the stillage is sent to
the biogas plant at a higher temperature than necessary for the process and electrical fans are
used to cool the substrate, requiring no external process heat. The production of biogas has
now been increased to 464 TJ in Scenario 2 and 438 TJ in Scenario 3 (accounting for the use
of 26 TJ of biogas for ethanol production) while the production of ethanol remains the same
as in the default and existing scenarios. All values for the material and energy inputs and
outputs can be found in Appendix B and C.
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Figure 5: Scenario 2. Note the avoidance of fertilizers from the biogas plants for the system expansion
have been included.
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Figure 6: Scenario 3. Note the avoidance of fertilizers from the biogas plants for the system expansion
have been included.

5.6 Data Inventory

Data has been obtained from the biofuel production firms of Handeld, Norrkdping in Sweden
through interviews and material and energy flow sheets. This was done by developing
production flow charts with material and energy flows. Thereafter a flow sheet was designed
and sent to the companies to fill in and add/change any information and flows when relevant
for production figures for an entire year; in this case 2008-2009. Meetings and interviews
were then held with the production managers at the respective biogas and ethanol plants to
finalize the material and to locate any difficulties and misunderstandings. Although this
cooperation was dynamic, and material was shared easily, some information may not be
presented due to proprietary restrictions. A copy of such a material and energy flow sheet can
be seen in Appendices A-C and more information about the methods found in Fonseca (2010).
Production figures are relevant for pre-2009 conditions for the default and existing scenarios
(Fonseca 2010, Lantméannen Agroetanol AB 2009, Svensk Biogas AB 2009).

When data has been limited or unavailable, analogous data has been obtained from the

Ecoinvent Database v. 2.1. Data has been used from Ecoinvent primarily for information
regarding specific cultivation, fertilizer and transportation data.
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Some important assumptions for the research include the following:

Process heat and steam

e Energy for the plants is provided from the Swedish electricity production system based
primarily upon hydropower and nuclear power (Bernesson et al 2006).

e  Process heat, in the form of steam is provided from a neighboring combined heat and
power plant fueled by biomass (Fonseca 2010, Lantménnen Agroetanol AB 2009, E.ON
Vérme Sverige 2009).

Transportation of raw materials and waste

e  Grains are transported within the Osterg6tland County to the island of Handeld, with an
average distance of 100 km.

e Transportation of the various raw materials between the neighboring biogas and ethanol
production firms is assumed to have an average distance of 5 km.

e The biofertilzer transport has been assumed to be on average 33 km.

6 RESULTS AND DISCUSSION

The environmental performance of the integrated systems from the aforementioned scenarios
can be seen in the figures below. These figures show the global warming potential, impacts
from acidification and eutrophication as well as the use of non-renewable fuel. A discussion
of the results will follow each figure in the subsequent sections in order to save the reader
from scrolling through many pages of figures and tables. The following notation has been
used to describe each scenario in the figures:

D-EA: Default Scenario (Energy Allocation Method)

D-SE: Default Scenario (System Expansion Method)

E-EA: Existing Scenario (Energy Allocation Method)
E-SE: Existing Scenario (System Expansion Method)
1-EA: Scenario 1 (Energy Allocation Method)

1-SE: Scenario 1 (System Expansion Method)

2-EA: Scenario 2 (Energy Allocation Method)

2-SE: Scenario 2 (System Expansion Method)

3-EA: Scenario 3 (Energy Allocation Method)

3-SE: Scenario 3 (System Expansion Method)

13



6.1 Global Warming Potential
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Figure 7: Global Warming Potential of the different Scenarios measured in kg of C0,-equivalent.

From Figure 7 it is apparent that there are some differences between each scenario, with the
system expansion method producing the largest variations. The benefits related to the global
warming potential from the energy allocation method do not to follow the trend found in the
system expansion method with increasing integration of the biogas and ethanol systems, i.e.
increased benefits with increasing integration. It can be seen that the systems with the largest
integration also have a lower share of the impacts and benefits associated with their outputs
based on how the energy is allocated between the products and by-products. This means that
while the systems may be increasingly integrated, the outputs receive a lower share of the
benefits. Furthermore, when all stillage is used for biogas production this increases the
production of biogas thus increasing the use of electricity, water and transportation of
biofertilizer and the stillage to and from the biogas facility. These increases therefore lead to
reduced benefits for Scenarios 2 and 3 in the energy allocation. With increasing integration of
the systems there are also larger impacts associated with increased transportation and
electricity consumption thus decreased.

In the system expansion method, all benefits and burdens from the systems are allocated to
the main outputs, ethanol and biogas. However, the use and substitution of processes
associated with the by-products are also taken into account. Increasing integration tends to
therefore produce larger benefits to the system with increasing integration, with exception to
the existing scenario. This is primarily a result of the increase in biofertilizer replacing
conventional fertilizers, though the biofertilizer production is reduced slightly in the existing
scenario. When comparing the existing scenario with the default scenario, the default scenario
has a larger benefit due to a larger input of grains. With the current system boundaries, cradle-
to-gate, the grain thus sequestrates a large amount of carbon dioxide. Consistent with the
energy allocation methods, increasing integration of the systems leads to larger impacts
associated with increased transportation and electricity consumption. Nonetheless, these
increased impacts are consumed by the benefits to the system from the system expansion. In
Scenarios 2 and 3, by using the stillage and not adding extra heat for e.g. drying for DDGS
production, these scenarios gain further benefits from less heat and water use. Scenario 3 can
be seen to have slightly higher benefits in both allocation methods due primarily to the
replacement of propane with biogas.

14



6.2 Non-Renewable Energy Consumption
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Figure 8: Consumption of Non-renewable Energy in MJ-equivalent for the different scenarios.

Another important aspect to show is the consumption of nonrenewable energy. The general
trend for the consumption of non-renewable fuels for increasing integration is an increase in
the energy allocation scenarios and a decrease in the system expansion method. An increase in
the energy allocation scenarios is due to increased transportation of stillage and biofertilizer.
The decrease of non-renewable fuel consumption with increasing integration in the system
expansion scenarios arises from the enhanced quantities of biofertilzer produced, thus
replacing conventional fertilizers.

6.3 Acidification and Eutrophication

In order to show an array of local and global impacts, the acidification and eutrophication
impacts have also been documented in Figures 9-11.
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Figure 9: Eutrophication Potential of the Integrated Scenarios represented in kilograms of equivalent
PO,.

Figure 9 shows the Eutrophication potential for the allocation methods of each scenario. The
increased integration of biogas and ethanol from the default scenario to the full use of stillage
tends to correspond to larger eutrophication impacts in all cases except for the energy
allocation method in Scenario 2 and when accounting for the use of biogas instead of propane
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in the system expansion method for Scenario 3. Once again this is primarily a result of the
increase in transportation required with increased integration.
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Figure 10: Acidification Potential of the Integrated Scenarios represented in kilograms of equivalent
S0,.

Correspondingly the impacts from acidification tend to increase slightly using energy
allocation, with exception to Scenario 2. This stems from a slightly reduced impact from the
transportation and cultivation of grains in this scenario while Scenario 3 thereafter increases.
There is a general decrease in emissions of equivalent SO, for the system expansion method
due to the reduction of fertilizer by increasing integration, and correspondingly increasing
biofertilizer production, replacing conventional fertilizers.
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Figure 11: Aggregated Impacts in kilograms of equivalent SO, and PO, for Acidification and
Eutrophication.
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6.4 Increasing Integration: Leveling the Impacts between Ethanol and Biogas

In the original systems, i.e. the default and existing systems, the biogas plant has not much to
add to the environmental impacts and performance of the system. The ethanol plant by far
dominates the system and most of the impacts are associated with it. However, as the biogas
production becomes larger, e.g. in Scenarios 2 and 3 the impacts from biogas become more
relevant. This does not imply that they can be “compared” as such; however it gives the
biogas production a share of the impacts from the integrated system. This can be seen in
Appendix E for Scenarios 2 and 3 compared with the previous scenarios.

Table 3: Biogas and Ethanol Size Comparison for Different Scenarios

Ethanol | Biogas | Ethanol | Biogas | Ethanol | Biogas | Ethanol | Biogas | Ethanol | Biogas
(1) (@) (1) (1) (1Y) (1) (1) (1) (1) (1)
131429 | 17,00 | 1314,29 | 17,00 | 1314,29 | 30,29 | 1314,29 | 463,89 | 1314,29 | 438,26

In Scenario 2, biogas production is increased 27 fold in comparison with the existing scenario.
When biogas is used within the system, for Scenario 3, this is reduced slightly to 25 fold. The
comparison of the systems can be seen in Table 3 and Figure 12 below.
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200,00 +—
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Figure 12: Biogas and Ethanol Size Comparison for Different Scenarios
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7  SENSITIVITY ANALYSIS

In Appendix E the process contributions for each scenario can be seen for equivalent carbon
dioxide emissions. Of these, the most relevant (positive) impacts are associated with the
biofuels themselves as well as the electricity, heat and transportation used. A sensitivity
analysis has thus been performed to uncover possible changes to the system when the process
energy is changed. Transportation has not been included in this report. In each sensitivity
scenario below, the current renewable energy system has been replaced with a fossil based
system to find the associated impacts. Furthermore, a discussion of the allocation method is
also examined.

7.1 Allocation Method

The choice of allocation method, as can be seen in the previous examples, has a large effect
on the life cycle impacts associated with the presented scenarios. System expansion generally
leads to a broadening of the system and inclusion of avoided processes and products and is
recommended in the 1ISO methodology for life cycle assessment (1ISO 2006). This therefore
generally leads to increased benefits to the system, i.e. a decrease in impacts, on the global
scale. Local impacts, such as eutrophication and acidification, in this report have been
increased with system expansion.

Using energy allocation, the products and co-products of the production process can be
treated in a more fair respect by allocating the impacts based on the energy output in each of
these entities but may lead to higher impacts in the final results. Once again however the local
impacts, e.g. eutrophication and acidification, are generally decreased in this research project
through energy allocation.

7.2 Choice of Energy System

The choice of process energy for the biofuel production process has a large effect on the
results for the life cycle assessment. It is crucial therefore to chose the right system for the
process which best represents the electricity used. There are several different regulations for
this. According to the RED (European Union 2009) the energy use should be represented by
the “regional” energy. This could be interpreted in many ways however, and the results could
be altered by the choice of a city, county, national or geographic region energy system. In this
report the national average electricity has been used. However, in order to identify the effect
of the choice the electricity system has on the production process, two further electricity
scenarios have been chosen; namely fossil systems in the NORDEL market using coal and
natural gas. Figure 13 below shows the effect of the choice of electricity on the global
warming potential for the system. The choice of a national electricity system, i.e. the Swedish
average electricity, in comparison to equivalent fossil systems in the NORDEL net leads to a
substantial benefit to the system. Results as such have also been encountered in similar
studies, e.g. by Borjesson et al. (2010).
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Figure 13: Applying different electricity systems to the integrated scenarios

In order to view the impact of the process heat on the system, a comparison of the current
biomass fuelled CHP plant with fossil alternatives has been conducted. Fossil equivalents
include process heat from natural gas and that of coal. From Figure 14, the choice of process
heat has been confirmed to be crucial for the system. By changing from a renewable system to
fossil systems the greenhouse gas benefits of an integrated system are reduced, and in some
cases even made worse.
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Figure 14: Application of different process heat system for the integrated scenarios
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8 CONCLUSIONS

Using concepts from industrial symbiosis, by-product and utility synergies can be identified
and quantified for the biofuel industry. In the case presented this was conducted for the
bioethanol and biogas industries, in collaboration with a bioenergy based combined heat and
power plant through the use of a life cycle approach and the software package Sima Pro v.
7.2.

Although industrial symbiosis is assumed to provide environmental benefits from the
symbiotic activities, quantification of the environmental performance from the chosen case
study has both proved and challenged these results. Integration in this study tends to lead
toward improved environmental performance; especially on a global scale. However, the
performance is quite a complex process, and the integration may lead to increased impacts on
the local scale. Local impacts such as acidification and eutrophication should thus be
considered, which may increase with increasing integration.

Increasing the output of biogas from the default and existing scenarios to more than 20-fold
has proven to shift the impacts more toward the biogas plant, thus creating a more fair
comparison for the ethanol plant, though the ethanol plant still dominates the system.

The allocation method chosen is crucial for the output of the system. Although the CO,-
equivalent emissions may be further reduced by increasing the integration of the biofuel
plants in the system expansion case, the energy allocation method proves opposite results.
Therefore the allocation method chosen is decisive for taking into account energy and impacts
embodied in by-products and replaced processes and may lead to converse results.

The removal and addition of processes, materials and energy can have both improvements and
rebound effects for the system. These impacts could possibly be resolved in the biogas plant
by more efficient upgrading processes, transportation of stillage by pipeline and a more
efficient cooling system for the incoming stillage as well as internal optimization at the
ethanol plant.

This report thus shows that there is a need to understand the impacts produced from biofuel
production and industrial symbiosis activities. Symbiotic activities may lead to environmental
performance benefits, though the choice of impact category and allocation method is crucial
when comparing local vs. global impacts. Additionally as seen in the sensitivity analysis of
the system and process contribution figures, the choice of energy system may thoroughly
affect the performance.

9 FUTURE RESEARCH

This study may open for further work on the quantification of integrated biofuel production
processes and other symbiotic activities. For example, in the Renewable Energy Directive, no
issues of process integration have been mentioned. Therefore an analysis of each production
process must be performed separately. A conundrum therefore arises; which system receives
the impacts and benefits?

Additionally, effects to system, such as economical figures and the final outcome for
reporting for the RED’s sustainable energy criteria, from reduced fodder production by using
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the stillage for biogas production and have not been reviewed. These approaches could lead to
interesting results for both policy makers and the biofuel industry.

In the near several studies will be conducted at LinkOping University related to the
implications of the RED on industrial symbiosis and biofuel production. Moreover, a research
study related to the chosen case study will be performed to quantify industrial symbiosis
benefits and impacts from the current case with industrial symbiosis and a hypothetical case
where no symbiotic activities occur.
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APPENDICES

e  Appendix A: Data Inputs
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e Appendix C: Input and Output Material and Energy Sheet for Ethanol Production for
Data Collection

e Appendix D: Input and Output Material and Energy Sheet for Ethanol Production for
Data Collection
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APPENDIX A: DATA INPUTS

Table Al: Data Inputs for Raw Materials and Products. Values are given in energy value for dried
content.

Material Energy Content

(1 kg DM) (Mkg)  (MJ/liter) S ——
Cereal Grains 18,4 -
Stillage 17,3 -
Syrup/Thin Stillage 17,3 -
Impurities 18,4 -
Ethanol - 21,1
Biogas 50,0 - 98% methane
_ N 0.865 Assuming the biofertilizer ha_s a value of
Biofertilizer ' - 17,3 MJ/kg at 100% DM and is now at 5%
DM
46,3
Propane -
Heavy Fuel Oil 42,6 -

Table A2: Avoided products from when stillage is used as fodder (Borjesson et al 2010)
By-product Soy Meal (kg DM) Barley Feed (kg DM)

Stillage (1 kg DM) 0,4 0,6
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APPENDIX B: ETHANOL MATERIAL AND ENERGY DATA

Func. Func. Func. Func. Func.
Type Amount unit Amount unit Amount unit Amount unit Amount unit
Ele(c':\';lr\lglty 86 612 400,00 0,0659 86 612 400,00 0,0659 86 612 400,00 0,0659 86 612 400,00 0,0659 86 612 400,00 0,0659
§ Heat (MJ) 533 149 200,00 0,4057 533 149 200,00 0,4057 533 149 200,00 0,4057 346 546 980,00 0,2637 346 546 980,00 0,2637
[«b]
5 | Biogas (kg) - - - - - - - - 512 568,00 0,0004
5 Propane (kg) 552 848,54 0,0004 552 848,54 0,0004 552 848,54 0,0004 552 848,54 0,0004 - -
o
e
Grain (kg.) 166 648 000,00 0,1268 166 648 000,00 0,1268 166 648 000,00 0,1268 166 648 000,00 0,1268 166 648 000,00 0,1268
(%2}
T
% Sugar (kg.) 6 003 000,00 0,0046 6 003 000,00 0,0046 6 003 000,00 0,0046 6 003 000,00 0,0046 6 003 000,00 0,0046
=
Water (kg.) 207 600 000,00 0,1580 207 600 000,00 0,1580 207 600 000,00 0,1580 207 600 000,00 0,1580 207 600 000,00 0,1580
- E?':;l?)o' 1314 292 754,87 1,0000 1314 292 754,87 1,0000 1314 292 754,87 1,0000 1314 292 754,87 1,0000 1314 292 754,87 1,0000
(@]
b5
5 | Heat surplus i i i i i i i i i i
(MJ) **
a3 Carbon 4
= dioxide (k 9 831 004,92 0,0379 49 831 004,92 0,0379 49 831 004,92 0,0379 49 831 004,92 0,0379 49 831 005,92 0,0379
a3 ioxide (kg)
é Syrup - Feed
§ y (ig ) 19 669 000,00 0,0150 19 669 000,00 0,0150 19 669 000,00 0,0150 - - - -
[+ .
=
Syrup -
Fertilizer 12 770 000,00 0,0097 12 770 000,00 0,0097 12 770 000,00 0,0097 - - - -
(kg.)
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Thin Stillage
to Biogas ; - 16 600 000,00 0,0126 16 600 000,00 | 0,0126 - - ; ;
Total syrup | 3243900000 | 0,0247 | 32439 000,00 0,0247 32439000,00 | 0,0247 - - - -
DDGS -
4334700000 | 00330 | 43347 000,00 0,0330 4334700000 | 0,0330 - - ; -
Feed (kg.)
DDGS -
Fertilizer 662 000,00 0,0005 662 000,00 0,0005 662 000,00 0,0005 - - ; ;
(kg.)
TOI?L!??GS 4400900000 | 00335 | 44009 000,00 0,0335 4400900000 | 0,0335 - - ; -
Stillage to ; - ; - ; - 31244143750 | 02377 | 31244143750 | 0,2377
Biogas (kg)
Impurities
(qrainywee | 203638500 0,0015 2 036 385,00 0,0015 2 036 385,00 0,0015 2 036 385,00 0,0015 203638500 | 0,0015
Propane
(ko) 5 528 485,45 0,0042 5 528 485,45 0,0042 5 528 485,45 0,0042 5 528 485,45 0,0042 ; -
S -
) (Cf(gik'gs) 16 664 800 000,00 | 12,6797 | 16 664 800 000,00 | 12,6797 | 16 664 800 000,00 | 12,6797 | 16 664 800 000,00 | 12,6797 | 16 664 800 000,00 | 12,6797
[+
l_
(ﬁgg;ﬂ) 1920960 000,00 | 1,4616 | 1920960000,00 | 1,4616 | 1920960000,00 | 1,4616 | 1920960000,00 | 1,4616 | 1920960000,00 | 1,4616
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APPENDIX C: BIOGAS MATERIAL AND ENERGY DATA

Default scenario

Existing Scenario

28

Type
Amount Fur!c. Amount Fur!c. Amount Fur!c. Amount Fur!c. Amount Fur!c.
unit unit unit unit unit
Grains (kg.) 200 000,00 0,0118 200 000,00 0,0118 200 000,00 0,0066 - - - -
Industrial
(thin stillage) - - 16 600 000,00 0,9765 16 600 000,00 0,5480 - - - -
(kg.)
Water for
upgrading 2200 000,00 0,1294 2200 000,00 0,1294 3919 995,08 0,1294 60 032 415,94 0,1294 60 032 415,94 0,1370
(kg.)
Water for
. r_"’u digestion 45235 577,91 2,6609 19 840 000,00 1,1671 52 829 437,00 1,7441 687 086 068,60 1,4812 687 086 068,60 1,5678
SIS (o)
— -~ H
5lg Organic 118182990  0,0695 ; ; - - - ; - -
2 Barley (kg.)
° Organic
1039 795,92 0,0612 - - - - - - - -
= Wheat (kg.)
o Stillage
- substitute 2221 625,82 0,1307 - - - - - - _ .
(kg.)
Stillage (kg) - - - - - - 312 441 437,50 0,6735 312441 437,50 0,7129
'm'?ﬂg)t'es ; ; - - 203638500  0,0672 2 036 385,00 0,0044 203638500 0,0046
o | Electricity
> ) 333 333,33 0,0196 333 333,33 0,0196 593 938,65 0,0196 9 095 820,60 0,0196 9 095 820,60 0,0208
S| Heat (MJ) 57965887  0,0341 - - - ; - - - ,
g Methane
(2]
1 o T released
= o = . 3 400,00 0,0002 3 400,00 0,0002 6 058,17 0,0002 92 777,37 0,0002 92 777,37 0,0002
s g s during the
23 g prosses (kg.)
>
o) CcO2 929 000,00 0,0546 929 000,00 0,0546 1655 307,01 0,0546 25 350 052,00 0,0546 25 350 052,00 0,0578




Released
(kg.)
Digestate
(kg.)
Solid
particles in
digestate (kg.)

43160 116,31 2,5388

2 158 005,82 0,1269

35 367 600,00

1768 380,00

2,0804

0,1040

69 398 639,39

3469 931,97

2,2911

0,1146

965 092 033,62

48 254 601,68

2,0804

0,1040

Energy

Methane (MJ)

17 000 000,00 1,0000

17 000 000,00

1,0000

30290 871,08

1,0000

463 886 850,44

1,0000

965 092 033,62

48 254 601,68

438 258 450,44

25 628 400,00

0,0000

2,2021

0,1101

1,0000

0,0585

Transport

Grains
(kgkm)
Stillage
substitute
(kgkm)
Thin stillage
from Ethanol
facility
(kgkm)
Impurities
(Ethanol
facility)
(kgkm)
Stillage from
Ethanol
Facility
Biofertilizer

20 000 000,00 1,1765

222162 581,53 13,0684

1424 283 838,08 83,7814

20 000 000,00

83 000 000,00

12 062 726,18

1167 130 800,00

1,1765

4,8824

0,7096

68,6548

20 000 000,00

83 000 000,00

12 062 726,18

0,6603

2,7401

0,3982

2290155 099,88 75,6055

12 062 726,18

1562 207 187,50

31 848 037 109,39

0,0260

3,3676

68,6548

12 062 726,18

1562 207 187,50

31 848 037 109,39

0,0275

3,5646

72,6695
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APPENDIX D: INPUT AND OUTPUT MATERIAL AND ENERGY SHEET FOR
ETHANOL PRODUCTION

Inputs of ethanol production process

Type Amount Source Delivery system Exira information

Energy
Electricity

Materials

Biomass

Starch

Sugar

Other Substances

Chemicals

Erzymes

Water

Yeast
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Outputs of ethanol production process

Amount Final use Delivery system Extra information

Alcohol

Fthanal

Cther alcohols

| | |

Energy by-producis

Electricity

Fiuel

| | |

Heat

Materials by-products

Gas by-products

| | |

Liquid by-prodiicts

| | |

Salid by-products

| | l
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APPENDIX E: MAJOR PROCESS CONTRIBUTORS (GWP 100) FOR ALL
SCENARIOS
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Figure A2: Default Scenario-System Expansion, Process Contribution
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Figure A4: Existing Scenario-System Expansion, Process Contribution
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Figure A6: Scenario 1-System Expansion, Process Contribution
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Figure A8: Scenario 2-System Expansion, Process Contribution
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