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Executive summary 1

Executive summary

Increasing world market prices for fossil fuels, driven by limited reserves, growing demand
and instability in producing regions make renewable fuels such as bioethanol or biogas eco-
nomically more attractive. Bioethanol is one of the most prevalent biofuels in the world and
represents an actual alternative fuel for the transport sector. Worldwide, the main source of
bioethanol is sugarcane. However, the cultivation of this crop cannot be realised in water-
limited regions. On this background , sweet sorghum (Sorghum bicolor (L.) Moench) has
several advantages due to its efficiency in both water use and nutrient uptake. Another vari-
ant of this plant, termed biomass sorghum, is adapted to high biomass yields especially in
temperate regions. It is a promising alternative feedstock for biogas production. The
SWEETFUEL project funded by the European Commission mainly aims at developing sweet
sorghum cultivars for tropical and semi-arid regions and biomass sorghum cultivars for tem-
perate environments. The production of these variants and the use of their products such as
bioethanol or biogas may represent a sustainable alternative to meet future energy needs.

An integrated sustainability assessment  is performed as part of the SWEETFUEL project.
It primarily analyses whether a mature and large-scale cultivation and use of sweet and bio-
mass sorghum in 2020 provides benefits from environmental, economic and social perspec-
tives primarily compared to the use of fossil fuels. This sustainability assessment applies a
generic and scenario-based comparison of whole life cycles from cradle to grave. It collects,
joins and extends results of the preceding environmental and economic assessments as well
as of the SWOT analysis, which covers further sustainability aspects especially in the social
domain, and the ethical assessment. These results are integrated into an overall picture us-
ing multi-dimensional comparison metrics and a structured transparent discussion to be able
to derive consistent recommendations and highlight potential conflicts.

Several scenarios regarding the production and use of sweet and biomass sorghum were
defined as a common basis for all assessments of individual sustainability aspects (environ-
mental, economic, social) and for the integrated assessment. Three different approaches of
sweet sorghum cultivation and use are assessed in several scenarios each: Cultivation on
fallows between cycles of sugarcane with a focus on fuel production also from grains (“Cane
fallow”), substitution of grain sorghum cultivation with co-production of food and fuel (“Grain
to food”), and non-mechanised cultivation with a focus on keeping a big part of the fuel value
chain in the villages through concentrating sugar juice to syrup (“Syrup production”). In all
scenarios, the main product is ethanol. The main biomass sorghum scenarios involve cultiva-
tion that aims at high biomass yields for biogas production. Alternatively, the combustion of
the biomass and the production of second generation fuels is analysed (second generation
ethanol via fermentation and synthetic Fischer Tropsch fuels via gasification).

Results of the integrated sustainability assessment show that the production and use of
sweet and biomass sorghum can cause a wide spectrum of potential impacts ranging from
significant benefits to distinctly detrimental impacts. Responsible for the individual outcome
are factors such as the use of the by-products (for sweet sorghum scenarios), the choice and
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configuration of the conversion process (for all scenarios) but also external factors like land
availability, prices and the way energy is produced elsewhere. The observed variability of
results leads to concrete recommendations under which conditions and, if so, how sweet and
biomass sorghum cultivation and use should be implemented.

In general, social impacts are mostly neutral to positive as long as land rights are respected.
The results of the economic assessment show that there are options to produce and use
both sweet and biomass sorghum profitably via the approaches “Cane fallow” and “Grain to
food” (sweet sorghum) or via biogas production (biomass sorghum). For “Syrup production”
(sweet sorghum) and 2™ generation fuel production (biomass sorghum), profitability is not
immediately achievable and requires more or less substantial process improvements or sub-
sidies depending on the assessed scenario. The profitable scenarios mostly also come along
with the highest climate change mitigation and energy resource savin gs potentials be-
cause energy efficiency is very important for all of these aspects. To realise these potentials
for environmental benefits, further optimisations are needed like the prevention of methane
leaks from biogas plants, which may result in some extra costs but should not prevent profit-
ability as such. Therefore, an implementation of sorghum-based fuel and energy production
does not require continuous financial support beyond existing programs but some regulatory
guidelines to improve sustainability. However, all scenarios lead to additional environmen-
tal burdens mainly caused by intensive agriculture such as acidification, excess nutrient
inputs into ecosystems or detrimental local effects on soils and biodiversity. This pattern of
environmental advantages and disadvantages is common for most biofuels from annually
cultivated biomass. A political process is needed in each concerned region to decide how far
these disadvantages are acceptable in return for the advantages.

A further major limitation for sweet and biomass sorghum cultivation is the availability of
agricultural land . In any case, direct or indirect clearing of valuable ecosystems for its culti-
vation and violation of land rights have to be avoided. In this respect, specific advantages
of sorghum should be taken advantage of to mitigate competition about land: For sweet
sorghum, the use of co-products such as grains and surplus bagasse, which is not required
for powering the conversion process, as feed or food can reduce the demand of land for
separate food / feed production elsewhere. This way, an integrated production of these prod-
ucts and fuels on the same land using sweet sorghum may in some cases even suffice with
less total area than separate cultivation without fuel production. For biomass sorghum,
drought tolerance and resistance against a certain pest may open up opportunities for culti-
vation, which are not available to competing energy crops such as maize. To take ad-
vantages of these particular properties, energy sorghum cultivation has to be integrated into
overall strategies for land and biomass use on a regional and national level. This requires a
full sustainability assessment for any concretely planned and publicly supported large scale
energy sorghum cultivation project.

In summary , the production and use of sweet and biomass sorghum as studied in the
SWEETFUEL project can be designed largely sustainably. However, several environmental
disadvantages typical for many biofuels have to be accepted by society. Particular opportuni-
ties for sweet and biomass sorghum cultivation arise from the plants’ properties. Thus, sweet
and biomass sorghum are a valuable addition to the portfolio of energy crops. Specific op-
tions for the realisation of this potential have been identified.
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1 Introduction, goal and scope

Bioethanol contributes to the increasing use of biofuels. Worldwide, sugarcane is the main
source of bioethanol. However, the cultivation of this crop cannot be realised in water-limited
regions. On this background, sweet sorghum (Sorghum bicolor (L.) Moench) has several
advantages due to its efficiency in both water use and nutrient uptake. Furthermore, the pro-
duction of food, feed and fuel can be combined in one crop. This is an important asset on the
background of the currently increasing discussion on fuel production and food security. An-
other variant of Sorghum bicolor (L.) Moench, termed biomass sorghum, is adapted to high
biomass yields especially in temperate regions. Drought tolerance and resistance against
specific pests make it a promising alternative feedstock for biogas production.

As the more widespread use of sweet and biomass sorghum for bioethanol and biogas pro-
duction is primarily limited by the lack of variants specifically bred for this purpose, a project
funded by the European Commission with the title “SWEETFUEL: Sweet Sorghum: an alter-
native energy crop” was launched (Grant agreement no. 227422). The SWEETFUEL project
aims at developing sweet sorghum cultivars for tropical and semi-arid regions and biomass
sorghum cultivars for temperate environments. The focus lies on tolerance to cold, drought
and acidic soil as well as on a high production of stalk sugars, easily digestible biomass or
grains — depending on the climatic region the crop shall be cultivated in and depending on
the purpose it shall be used for. Properties and cultivation conditions of energy sorghum are
described in the energy sorghum handbook /Khawaja et al. 2014/. This project was split in
seven work packages (WPs). WPs 1-5 focussed on breeding aspects as well as cultivation
and harvest practices. Based on the results of WPs 1-5, WP 6 performed a global assess-
ment while WP 7 transferred project results to the stakeholders.

WP 6 “Integrated assessment” of the SWEETFUEL project provided a multi-criteria sustaina-
bility assessment of several sorghum production and use pathways taking into account tech-
nological, environmental, economic and social aspects.

This report is the outcome of Task 6.5 “Integrated assessment”. It was composed by IFEU
with contributions from all SWEETFUEL partners, namely ARC, CIRAD, EMBRAPA,
ICRISAT, KWS, UANL, UCSC, UNIBO and WIP. The report joins and integrates results from
all other tasks of WP 6, which assessed individual sustainability aspects covering environ-
mental, economic and social sustainability. While environmental and economic assessment
results originate from the respective reports /Reinhardt et al. 2014/, /Basavaraj, Parthasara-
thy Rao et al. 2014/, social aspects were covered in the SWOT analysis /Rutz & Janssen
2012a/. Furthermore, the picture is complemented by technological aspects of feasibility and
risks /Braconnier et al. 2013/. The report on technological aspects also includes common
scenarios based on common definitions and settings, which are the basis for all assessments
of individual sustainability aspects.

The report on integrated sustainability assessment provides answers to the following core
question:

4
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Which are the most sustainable options to use sweet and biomass sorghum as energy

crops ?
To address the core question, the following issues were assessed:
What are the advantages and disadvantages of the different sweet and biomass sorghum
and where are the main optimisation

cultivation systems investigated in this project?
What are the main influencing life cycle steps
potentials ?

How do different usage pathways of the by-products affect the overall results? Which

usage should be preferred considering all sustainability aspects?

The following chapter of the report defines general specifications and settings chosen to ad-

dress these questions as well as the methodology of the integrated sustainability assessment
(chapter 2). In chapter 3, short descriptions of sweet and biomass sorghum scenarios are

presented. Results of the environmental assessment, the economic assessment, the SWOT

analysis and the ethical assessment are summarised in chapter 4 followed by further results

of the integrated sustainability assessment. Conclusions based on these results as well as
recommendations and an outlook are presented in chapter 5. Chapter 6 lists references and
in the annex (chapter 7), supplementary material can be found. Chapter 8 contains the glos-

sary and abbreviations.
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2 Methodology

This chapter describes the general procedure and defines general specifications and settings
(subchapter 2.1) as well as the methodology of the integrated sustainability assessment
(subchapter 2.2). The methodologies of the environmental and economic assessments as
well as of the SWOT analysis are summarised in subchapters 7.3 to 7.5 in the annex.

2.1  General procedure, specifications, definitions and
settings

The sustainability assessment in the SWEETFUEL project is based on the so called integrat-
ed life cycle sustainability methodology (see /Keller et al. 2014/). For this project it was modi-
fied to the needs of all goal and scope questions: it follows a three stage approach (see
Fig. 2-1). First, scenarios, general definitions and settings were described in the technologi-
cal assessment /Braconnier et al. 2013/. These settings are summarised in the following par-
agraphs of this subchapter. In a second stage, individual sustainability aspects were as-
sessed based on these settings in the environmental assessment, economic assessment
and SWOT analysis with further input from an ethical assessment /Reinhardt et al. 2014/,
/Basavaraj, Parthasarathy Rao et al. 2014/, /Rutz & Janssen 2012a/, Bursztyn 2014/. This
way, consistency of the assessments of individual sustainability aspects can be ensured. In
the third stage, all sustainability aspects are joined in the integrated sustainability assess-
ment, which is subject of this report.

Technological
assessment

| ! | |

Environmental Economic SWOT | Ethical
assessment assessment analysis assessment

I

Integrated assessment of sustainability

Fig. 2-1  Overview of the sustainability assessment approach in SWEETFUEL. SWOT:
Strengths, Weaknesses, Opportunities, Threats.
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Definition of sorghum variants
Sorghum is a crop which has quite a large diversity in phenotypic variability and composition.
In the SWEETFUEL project the following terminologies are used:
Sorghum cultivars with juicy stems and high juice sugar content in
their stalks; potentially used as an energy and / or food crop.
Sorghum cultivars with high lignocellulosic biomass yield, potentially

Sweet sorghum
Biomass sorghum
used as energy crop.
Sweet and biomass sorghum cultivars used in this project.
Sorghum cultivars with high grain yield established as food and feed

Energy sorghum

Grain sorghum :
crop.
Sorghum cultivars with a high content of fibre; potentially used as

Fibre sorghum :
fibre or energy crop.
This project mainly focuses on sweet and biomass sorghum, whereas grain sorghum is

treated as reference system. Fibre sorghum is not investigated in this project.

Time frame
In this project the use of sweet and biomass sorghum for both 1% generation and 2™ genera-
tion fuel technologies is assessed. The former, i.e. the production of bioethanol, is already
well-established. In contrast, second generation technologies such as the production of eth-
anol from lignocellulose or the biomass gasification for so-called BtL (Biomass-to-Liquid)
fuels are not yet commercially available, however, pilot and demonstration plants are operat-
ed in some countries (e.g. Europe, USA, Brazil, China, India). In this project prospective
conditions given in the year 2020 are considered as main scenario since it is expected that
the technology described will be mature then and thus comparable with other 1** generation

ethanol production technologies. Additionally, the situation in 2015 is described for some
scenarios since this reflects the state of the art at the end of the project, which is currently

existent in Brazil for instance.
In general, sweet sorghum is a manifold plant which can be cultivated in

Sweet sorghum:

Geographical coverage
many parts of the world. Due to its high efficiency in water use and light exploitation it is par-
oughly suitable for tropical regions. Thus, the following definitions are set for sweet sorghum

ticularly suitable for semi-arid and subtropical areas. Additionally, however, it is also thor-

Subtropical / semi-arid climate with around 700 mm rainfall

cultivation:
Tropical climate with around 1,200 mm rainfall per year.
In future, biomass sorghum will be mainly cultivated to obtain high bio-

Biomass sorghum:
mass Yyields for biogas production. This requires protruding growing conditions. Coming

along with the recent discussion on fuel versus food as well as political regulations, biomass
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sorghum has a high potential to be cultivated especially in temperate regions. Thus, for this
investigation biomass sorghum scenarios are only settled in those areas.

Within the regions investigated in this project, there might be great variations due to differ-
ences in environmental conditions as well as due to varying production practices and condi-
tions in different countries. These differences are captured by sub-scenarios and sensitivity
analyses taking into account various yields, uses of products and by-products or production
costs etc. It is outside the scope of the project to analyse every single country where sweet
or biomass sorghum could be produced.

Functional unit

The functional unit has to be chosen depending on the questions to be answered. As the
project aims at increasing the output of the crop by developing improved cultivars and since
land usually is the limiting factor, the use of sorghum cultivars from 1 hectare of land in 1
year is assessed.

Alternative land use options

The alternative land use defines how the land would be used if energy sorghum was not cul-
tivated. It also comprises any change in land cover induced by the cultivation of energy sor-
ghum. As agricultural land is becoming increasingly scarce, more and more natural land (e.g.
forests or grass land) is transformed into arable land. Such land use and land cover changes
may have considerable influences on the outcomes of the environmental assessment since
e.g. the area’s carbon stock or biodiversity are influenced. For example, a decline in above-
ground and below-ground carbon stocks leads to greenhouse gas emissions, which have to
be included in the greenhouse gas balance. Beside direct land use changes also indirect
changes can occur. This is the case if for example the cultivation of sweet sorghum displaces
the production of a food crop to other areas. Depending on use and / or land cover of that
area, the displacement can cause different environmental effects.

In this project, the standard scenario refers to reference systems where the difference in car-
bon stock between initial vegetation and energy sorghum cultivation is close to zero. This
includes reference systems such as degraded soils, degraded pastures or land that becomes
free due to the intensification of existing land use. Furthermore, also idle land can be used to
cultivate energy sorghum. In the further course of the report all these land use options are
referred to as “idle land” .

In order to derive a bandwidth of different vegetation types for the alternative land use, two
reference systems are identified, which are captured by sensitivity analyses:

Dense thickets / sparse forests (carbon loss around 60 t carbon / hectare)
Wooded grassland / planted pastures / (carbon loss around 15 t carbon / hectare)

This classification is mainly oriented at the carbon difference which occurs if reference vege-
tation is replaced by energy sorghum cultivation. The carbon loss given here serves the pur-
pose to characterise the reference systems. It does not reflect real carbon contents but
serves as an indicative differentiation between the different reference systems defined.

s
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Since the alternative land use differs among scenarios, more detailed descriptions are speci-

fied within respective scenario descriptions (see subchapters 3.1 and 3.2).

Technical reference
“decentralised production at village level” two main technical references were defined:

The technical reference describes the technology to be assessed in terms of plant capacity
25,000 — 120,000 t ethanol per year production capacity in the case of centralised pro-

and development status / maturity. As the investigated scenarios cover both “central” and

duction.

3 t syrup per day in the case of decentralised production.
For all plant capacities, mature, full-scale industrial plants are assessed.

Integrated sustainability assessment

2.2

This subchapter describes the methodology of the integrated sustainability assessment,
which builds on results from previous assessments of individual sustainability aspects in en-
vironmental and economic assessment as well as SWOT analysis /Reinhardt et al. 2014/,

/Basavaraj, Parthasarathy Rao et al. 2014/, /Rutz & Janssen 2012a/. The methodologies of
the assessments of individual sustainability aspects are summarised in subchapters 7.3 to

7.5 in the annex.

2.2.1  General approach

Energy sorghum can be cultivated and used in several ways. These options are represented
in this assessment in the form of scenarios. On each scenario, various indicators on econom-
ic aspects, environmental aspects (assessed via screening LCA and LC-EIA), social aspects

(assessed via SWOT analysis) and additionally technological aspects are made available in
this study. All these aspects are integrated into an overall picture to facilitate comparisons

between the options.
There are two general options to integrate this information:

Weighting and mathematical integration
All indicators could be mathematically combined into one score using weighting factors or
ranked otherwise according to a weighting algorithm. These approaches cannot be entirely
based on scientific facts but depend on personal value-based choices defined beforehand.
Furthermore, conflict situations do not become apparent and decisions regarding these
conflicts depend on weighting factors, which are hard to understand for decision makers not

involved in the study. Therefore, this approach is not applied.
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Structured discussion

All strengths, weaknesses and conflicts of the options can be discussed verbally argumenta-
tively. This can make conflicts transparent and enable their active management. Considering
the amount of options and indicators, this requires a structured approach. This approach is
followed in this study. This section describes the methodology used for the structured com-
parison and presentation of decision options based on a multi criteria analysis.

2.2.2 Collection of indicators and results

Indicators and results for all scenarios are provided by the individual assessments
/Braconnier et al. 2013/, /Reinhardt et al. 2014/, /Basavaraj, Parthasarathy Rao et al. 2014/,
/Rutz & Janssen 2012a/. They are collected in overview tables. In some cases, indicators are
selected or aggregated by the authors of the respective individual assessment to focus on
the most relevant aspects for decision support. No further adjustments are made except for
rescaling quantitative data to a common basis if necessary. Thus, all specific settings, meth-
odological choices including underlying estimates, and data sources apply unchanged as
documented in the respective reports.

For comparability to qualitative indicators, quantitative indicators are categorised and the
table is coloured accordingly. Results are rated advantageous (green) if the assessed sce-
nario is better than the respective conventional reference scenario and the difference is big-
ger than 10 % of the bandwidth of all results for this indicator under standard conditions. Dis-
advantageous results are rated analogously and the rest is rated neutral. Net land use is
categorised as disadvantageous if it is as high as the direct land use, advantageous if it is
below zero and neutral for values in between. The investment sum is not categorised be-
cause there is no reference value.

2.2.3  Additional indicators

Climate protection under the condition of limited financial resources has to use the available
financial resources as efficiently as possible. Efficiency means here to achieve the highest
possible greenhouse gas (GHG) emission savings with the lowest monetary expenditures
necessary for that. CO, avoidance costs are frequently used as indicator for this purpose.
CO, avoidance costs are defined as quotient of the differential costs for a CO, reduction
measure and the avoided CO, emissions by this measure.

In analogy to CO, avoidance costs, similar additional efficiency indicators can be defined for
other quantitative sustainability indicators. In this case, such indicators are available from the
screening LCA like for example acidification (basis for SO, avoidance costs) or resource de-
pletion (basis for non-renewable energy savings costs). The same methods apply for those
indicators as discussed in the following for the example of CO, avoidance costs.

CO, avoidance costs are used for microeconomic decisions as well as for the decisions in
energy policy. Microeconomic decisions are always based on business analyses. If political
decisions like the implementation of support programmes are concerned, the valuation is
often more difficult, as the macroeconomic dimension, possible external effects as well as

s
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second- and third-round effects have to be considered. For the determination of CO, avoid-
ance costs, different methodological characteristics have to be considered concerning:

The determination of a reference, which is e.g. for biofuels the use of fossil fuels.

The inclusion of different cost items (e.g. full costs vs. additional costs).
The inclusion of temporal dynamics of systems under consideration (e.g. developments

of investment costs of systems, of prices for energy carriers, etc.).

The different perspectives — especially microeconomic and macroeconomic approaches.
However, the sole consideration of CO, avoidance costs is often not sufficient to come to
sustainable decisions. On the one hand, they do not contain any information about the

amount of emissions that can be avoided and on the other hand, they do not take other envi-
ronmental impacts into account. Therefore, CO, avoidance costs do not represent a single

combined indicator resulting from the sustainability assessment but only one additional crite-

rion.
CO, avoidance costs from a microeconomic perspective are calculated as follows:
costs - costs (reference )
GHG emissions - GHG emissions (reference )

CO, avoidance costs =
CO, avoidance costs are expressed in euro per tonne of CO; equivalents. Costs refer to the

support in € maximally required to make an investment attractive (i.e. to reach an expected
rate of return of 25 % without green premium product prices unless specified otherwise) and

greenhouse gas emissions (GHG emissions) expressed in CO, equivalents.
One methodological option is to discount the avoided CO, emissions for the calculation of the

avoidance costs as well, in order to create a preference for temporally preceding measures.
Otherwise a later realisation of the measure could be reasonable for decision makers. More-
over, a discounting reflects an assumed uncertainty about the degree and the time point of

n DGHGem(t)
(L +i)'

t=0

the environmental impact.
GHG em- GHGem(benchmark ) =

Generally, a discounting of the environmental costs results in higher CO, avoidance costs as

without discounting. However, for further calculations in this study it is assumed that the dis-
counting is neutralised by the fact that the environmental impact increases parallel to the so

called social preference rate. The social preference rate consists of the time discounting and
the growth accounting /Nordhaus 1994/, /IPCC 1996/, /Fankhauser 1995/. Therefore, the

method without discounting is used.

As CO, avoidance costs represent an efficiency indicator, they are only defined in the case
that the primary goal is met, this is, that there are greenhouse gas emission savings by the
process under investigation compared to the benchmark. If the goal is hot met, one obviously

cannot define an indicator on how efficiently the goal is reached. This means, the CO, avoid-
ance costs can be interpreted or not depending on the results of the numerator and the de-

nominator.
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Fig. 2-2 shows that out of nine possible result options only two allow an interpretation of the
avoidance costs. If negative avoidance costs occur it has to be reconsidered if this results
from the lower total costs or from the possibly higher emissions. Differences approaching
zero make a calculation of avoidance costs impossible. If two differences are compared to
each other, it can lead to disproportional influences of uncertainties. This is especially the
case if either the emissions or the costs of the compared pathways are very similar. If for
example the CO, emissions of the two pathways differ by 10 % then a 5 % error of estimating
these emissions can lead to a deviation in CO, avoidance costs of 100 %. Furthermore,
small emission savings mathematically lead to very high and at the same time very uncertain
avoidance costs. Therefore, avoidance costs are only then a reliable indicator if the uncer-
tainties of emissions and the costs are small compared to the respective differences between
the pathways.

profit
>0 0 <0
emissions
calculation possible no calculation
<0 (less costs than for ossible calculation possible
reference) P
. no calculation .
no calculation . no calculation
0 bl possible bl
possible - possible
(similar systems)
>0 no CO, avoidance | no CO, avoidance | no CO, avoidance
not define not define not define
defined defined defined

Fig. 2-2  Different result options for the calculation of CO, avoidance costs (modified from

/Pehnt et al. 2010/).

The second limitation is that avoidance costs are very prone to changes in the course of time
because they can generally be very sensitive to changes as discussed above and they de-
pend on the technological developments as well as market changes for two different sys-
tems. Therefore, it is especially important only to compare avoidance costs if they are deter-
mined for the same timeframe and under the same conditions. This makes it difficult to find
comparable avoidance costs outside of this study although there is plenty of data on avoid-
ance costs in literature. This especially applies to analyses of technologies not yet imple-
mented for a timeframe more than a decade ahead as it is the case in this study.

Taken together, avoidance costs for environmental burdens such as greenhouse gas emis-
sions can help to decide how mitigations of environmental burdens can be reached for the
lowest price or even with profits. However, avoidance costs have to be interpreted carefully
because in many situations their robustness and comparability are poor.

For further details and a critical review of the method see /Pehnt et al. 2010/.
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2.2.4  Benchmarking
This benchmark has to be chosen according to the questions to be answered and the re-
spective perspectives of various stakeholders. In this case, the benchmark could for example

For the comparison of many different processes, a common benchmark has to be defined.
be the economically or environmentally most favourable pathway, or the currently most used

For all quantitative indicators, the benchmarking process involves calculating the differences

option.

between the respective scenario and the benchmark. These comparisons should serve as a
decision support to answer the question whether a scenario performs better than the bench-
mark regarding a certain indicator. Therefore, these quantitative differences are categorised

into very advantageous [++], advantageous [+], neutral [0], disadvantageous [-], or very dis-
advantageous [--]. A certain minimum difference was chosen as a cut off value for the cate-
gory neutral. According to the purpose, this threshold is set as a percentage of the bandwidth
from the best results to the worst result among all scenarios regarding a specific indicator.
The certainty of this rating is evaluated by additionally taking the bandwidth of the data into
account. If the scenario under consideration achieves better results under less favourable
conditions than the benchmark does under standard conditions, it is rated very advantageous
[++]. If not, but all direct comparisons under identical conditions show e.g. 10 % better results
than the benchmark, it is rated advantageous [+]. If there is no bandwidth available for the
scenario under consideration, it is rated very advantageous [++] if it is e.g. 10 % better than
the benchmark under favourable conditions. For all qualitative indicators, rating of differences

is done analogously but without applying minimum differences.

2.2.5  Overall comparison

For an overall comparison, a verbal argumentative discussion of decision options is support-
ed by structured overview tables containing the integrated assessment results.
The integrated sustainability assessment of this project is based on six qualitative technolog-

ical indicators originating from SWOT analysis, ten quantitative and five qualitative environ-
mental indicators from environmental assessment, four quantitative economic indicators from

economic assessment supplemented by two additional quantitative efficiency indicators with-
in the integrated assessment, and seven qualitative social indicators from SWOT analysis

and ethical assessment. These are a subset of all possible indicators, which were assessed

in previous steps of the sustainability assessment and found to be relevant for the decision
process. Depending on the question to be answered, overview tables may contain all or a

part of these selected indicators and scenarios. Furthermore, the unit of reference is chosen

according to the question.
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3 Description of scenarios

This project investigates several sweet and biomass sorghum cultivations and use pathways
to determine optimised and sustainable sweet and biomass sorghum production and use
systems. The systems under investigation are described in subchapters 3.1 and 3.2. Further
details can be found in the report on technological assessment /Braconnier et al. 2013/.

3.1 Sweet sorghum scenarios

Generally, sweet sorghum cultivation and use is described in three different scenarios: cane
fallow, grain to food and syrup production. In all scenarios the main product is ethanol. How-
ever, the scenarios differ with respect to the processing of the sugar juice and the use of the
by-products. In the cane fallow and syrup scenarios (see subchapters 3.1.1 and 3.1.3) grains
are either used as fertiliser, for ethanol production or as feed. In the syrup production scenar-
io the sugar juice is boiled down in a first processing step to syrup, which is used to produce
ethanol in a further conversion process. The focus of the grain to food scenario (see sub-
chapter 3.1.2) lies on the use of sweet sorghum as a multi-purpose crop to limit food / fuel
trade-offs. This means that the grains are used as food whereas juice is used for energy pro-
duction. In the following subchapters all scenarios are described in detail.

3.1.1 Cane fallow scenarios

In this project prospective conditions imaginable for the year 2020 are considered as main
cane fallow scenario. Additionally, the situation in 2015 is described since this reflects the
state of the art at the end of the project. Both scenarios are almost identical except the use of
grains. In 2020, it is expected that the grains of sweet sorghum are used for ethanol produc-
tion; however, in 2015 grains of sweet sorghum remain on the field, thus reducing the de-
mand of mineral fertiliser.

Cane fallow

An overview of the cane fallow scenario is given in Fig. 3-1. After harvest, the sweet sorghum
stalks and grains are transported from the villages to centralised ethanol facilities. The leaves
either remain on the field (1 a) replacing mineral fertiliser or are used for energy production
(1 b).

In the central ethanol production units, the sweet sorghum stalks are crushed and the juice is
pressed out, leaving bagasse. The juice is fermented into ethanol which is used as transport
fuel, replacing conventional gasoline.
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Fig. 3-1  Schematic overview of the cane fallow scenario; numbers indicate scenario num-
bers (for a summary of assessed scenarios see Table 3-1).

From the bagasse process energy is generated which is used internally in the ethanol pro-

duction process. Surplus bagasse is either used for generating green power that is fed into

the power grid, replacing conventionally produced electricity (1 I) or as animal feed, replacing

cereals (1 II). In certain regions, bagasse is a very popular animal feed.

Other by-products derived during ethanol production are vinasse, stillage, excess power,
fusel oils and carbonation lime. Vinasse is obtained as a by-product if sugar juice is pro-
cessed and can be used as fertiliser, replacing mineral fertiliser. Stillage is a by-product,
which occurs if grains are processed to ethanol and can be used as feed, replacing soy
meal. Excess power can occur while process energy is generated from the bagasse, replac-
ing conventional power. For energy generation, bagasse is combusted in a combined heat
and power unit. If the heat demand is covered but less power is needed for the conversion
process, excess power occurs which can be sold. Fusel oils are converted into heat, replac-
ing conventional heat. In case of ethanol production from juice, carbonation lime is also de-
rived as a by-product. Carbonation lime is used as fertiliser, replacing lime fertiliser.

ks

8
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Cane fallow 2015

An overview of the cane fallow scenario 2015 is given in Fig. 3-2. Cane fallow 2015 is almost
identical to the cane fallow scenario (see subchapter “cane fallow”), except that nowadays
sugarcane or forage harvesters are used for harvesting sweet sorghum. This technology
works fine for stalks but grains and leaves are cut and left on field, thus a usage of both is
not pursued. Consequently, by-products derived from ethanol production out of grains were
not considered in the cane fallow 2015 scenario. By-products derived from ethanol produc-
tion out of juice are identical to those of the cane fallow scenario. Surplus bagasse can either
be used for generating green power, replacing conventional power (2 I) or as animal feed,
replacing cereals (2 I1).

Ferti- || Pesti- || Diesel
liser || cides || fuel

Crude oil Sweet B . Peanut / Peanut /
roduction sorghum [« > Soy Soy
P cultivation cultivation cultivation

Left on . N, P, K
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IFEU 2014

Fig. 3-2 Schematic overview of the cane fallow scenario 2015; numbers indicate scenario
numbers (for a summary of assessed scenarios see Table 3-1).

3.1.2 Grain to food scenarios

In some regions sweet sorghum might not be grown as intermediate crop but replace grain
sorghum cultivation. This has not been current practice so far but is conceivable in the future
e.g. in semi-arid regions such as Southern Africa or North-eastern Mexico. We assume that
sweet sorghum cultivars grown in those areas produce less grain than grain sorghum. Since
the grains of grain sorghum are used in some countries for food and in others for feed, re-
placing grain sorghum with sweet sorghum might jeopardise food / feed security in those



16 SWEETFUEL: Report on integrated sustainability assessment

areas (Fig. 3-3, “Initial situation”). To further guarantee food / feed security, differences in
grain yield need to be balanced by cultivating additional grain sorghum. This requires an ad-
ditional area which is e.g. in Southern Africa, transformed out of idle land that becomes free
due to the intensification of existing land use or that is not used at present (see Fig. 3-3,
“Grain to food”). For example: if the grain yield of sweet sorghum is 2.5t / ha / year and of
grain sorghum 3 t / ha / year, an additional area of 0.17 ha is needed to balance the differ-
ence of 0.5 t of grain yield (see Fig. 3-3). Some people argue that there are sweet sorghum
hybrids which produce more grains than grain sorghum if cultivated on the same ground and
under similar cultivation and climate conditions. However, this is far of today’'s reality and
there is still a lot of research and breeding work necessary to be able to use such hybrids
commercially. Thus, as it cannot be foreseen whether those breeding efforts can be success-
ful, especially since grain sorghum can also be further developed, this scenario is not con-
sidered in this report.

Original area Replacement Additional area

1 ha 1 ha

Sweet sorghum
cultivation

Grain sorghum replacement,
food / feed security is not
guaranteed

Grain sorghum
cultivation

Initial situation

Grains

3t 25t
1 ha 1 ha 0.17 ha

Grain
sorghum
cultivation

Sweet sorghum
cultivation

Grain sorghum
cultivation

To guarantee food / feed
v security additional area is

Grains — Grains —
food/feed + (food/feed > needed

3t 25t 05t IFEU 2014

Grain to food

Grains —
food/feed

Fig. 3-3  Schematic overview of the grain to food scenario. Numbers are examples for
illustration, see text.

An overview of the grain to food scenario is given in Fig. 3-4. As described above, in this
scenario grains of sweet sorghum are used as food / feed to guarantee food / feed security.
Leaves are separated during harvest and remain on the field, replacing mineral fertiliser
(3 a). Since also the use of leaves as animal feed is promoted and might be an option in
some regions, also this use was assessed. In this case, cereals are replaced as feed (3 b).
Stalks are processed in a central ethanol production unit which correspond to the processing
(including all by-products) described in the cane fallow scenario (see Fig. 3-1 and corre-
sponding descriptions).
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Fig. 3-4  Schematic overview of the grain to food scenario; humbers indicate scenario
numbers (for a summary of assessed scenarios see Table 3-1). Large numbers
are examples for illustration, see text.

Extra high yield scenarios

Besides semi-arid regions grain sorghum is also cultivated in regions such as Central-
western Mexico with conditions preferable for an extra high yield. Three land use options are
conceivable in those regions as described in the following paragraphs (Fig. 3-5).

Option |

This option is identical to the grain to food scenario described before (see Fig. 3-3 and
Fig. 3-4 and corresponding explanations); however regions such as Central-western Mexico
are characterised by preferable environmental conditions (e.g. high annual precipitation)
which allow high grain yields of about 10 t per hectare per year. Since in those regions sweet
sorghum yield might also be higher than in semi-arid regions grain sorghum is here replaced
by high-yield sweet sorghum.
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However, since there is no idle land in Central-western Mexico anymore, the additional area
needs to be recruited in other regions where yields are expected to be lower. For example: if
the grain yield of sweet sorghum is 7 t / ha / year and of grain sorghum 5t/ ha/ year an ad-
ditional area of 0.6 ha is needed to balance the difference of 3 t of grain yield if grain sor-
ghum is cultivated (Fig. 3-5).

Options
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Grain sorghum
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1ha

Additional area
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Sweet sorghum
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Grain sorghum
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Fig. 3-5  Schematic overview of the two land use options of the extra high scenario. Blue
numbers are examples for illustration, see text.
Option 11

The same production area as in option | is assumed (Fig. 3-5, option Il). Grain sorghum is
not replaced and sweet sorghum is only grown on the additional area. Grains of grain sor-
ghum are used as food / feed to guarantee food / feed security, whereas grains and juice of
sweet sorghum are processed to ethanol in a central ethanol production unit, which corre-
sponds to the processing described in the cane fallow scenario (see Fig. 3-1 and corre-
sponding descriptions). For example: high grain yield of grain sorghum cultivation is about 10
t and grain yield of sweet sorghum cultivation on the additional area is about 2.4 t, if high
case sweet sorghum cultivation as described in the grain to food scenario (grain yield:
4t/ ha/ year is taken as a basis.
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Option 1

Another option, assuming again the same production area as in option |, contains a partial
replacement of grain sorghum (Fig. 3-5, option Ill). Thus, sweet sorghum is cultivated on
parts of the original grain sorghum cultivation area and on the additional area. The proportion
was chosen in the way that grains out of sweet and grain sorghum cultivation still guarantee
food / feed security. Thus, grains from grain and sweet sorghum are used as food or feed
and the juice of sweet sorghum is processed in a central ethanol production unit which corre-
sponds to the processing described in the cane fallow scenario 2015 (see Fig. 3-2 and corre-
sponding descriptions). For example: if grain yield of sweet sorghum that is cultivated on the
additional area is about 2.4 t, sweet sorghum can be grown on 0.8 ha (if high yield sweet
sorghum as described in option | is taken as a basis) and grain sorghum on 0.2 ha (if extra
high yield grain sorghum as described in option | is taken as a basis) of the original area to
gain still a grain yield of 10 t in total.

3.1.3  Syrup production scenario

In some cases, infrastructure for biomass transportation to large centralised production units
may be insufficient or not existent. Therefore, partially decentralised processing might be
another option to grow and use sweet sorghum. Additionally, central ethanol producers often
face the difficulty of a rather narrow production window where large amounts of sweet sor-
ghum need to be processed. In such cases the syrup production from sweet sorghum juice
might be an advantage. Since the syrup can be stored slightly longer than the sweet sor-
ghum juice, the et