Journal of Energy in Southern Africa 21(4): 15-25
DOI: http://dx.doi.org/10.17159/2413-3051/2010/v21i4a3259

Life cycle inventories to assess value chains in the South

African biofuels industry

Alan Brent

Centre for Renewable and Sustainable Energy Studies, School of Public Leadership, Stellenbosch University

Rovani Sigamoney

Department of Chemical Engineering, University of Cape Town

Harro von Blottnitz

Department of Chemical Engineering, University of Cape Town

Sibbele Hietkamp

Energy and Processes, Material Science and Manufacturing, CSIR

Abstract

The South African government ratified a new biofu-
els industrial strategy at the end of 2007. The feasi-
bility study that forms the basis of the strategy high-
lights the potential environmental implications of
such a strategy. However, at present there is no
structured approach to evaluate the environmental
profile of the scenarios within the strategy. This
paper introduces life cycle inventories whereby the
environmental profiles of biofuel value chains may
be evaluated meaningfully. The scope of the paper
focuses on the seed extraction biodiesel production
scenarios of the strategy. The inventory analysis
shows that the inputs and outputs of the farming
unit process are sensitive to the type of crop and
region of produce. Water usage is a highly variable
parameter, which emphasises the importance of
rainfall and irrigation to the overall burden of the
biodiesel system on water resources. Crop vields
may differ by a factor of two, which is a significant
difference in terms of land and non-renewable ener-
gy resources requirements. The oil and meal/cake
content of the seed proves to be the most important
parameter that influences the initial unit processes
of the value chains; almost all the inputs and out-
puts of the farming unit processes, for all the crops,
range in the order of a factor of two due to this
parameter. The uncertainties associated with the
logistic system in the value chain also have major
implications. Further, should there be no market off-
set for the meal/cake co-products, the waste treat-
ment requirements would be highly uncertain. Very
little uncertainties were detected in the biodiesel
production unit process, although the energy effi-
ciency, and sustainability, of the overall production

system remains questionable. The paper identifies a
number of limitations with inventory sets that need
to be addressed through further research efforts to
improve the environmental evaluations of a biofuel
value chain in South Africa for policy-making pur-
poses.

Keywords: biofuel, biodiesel, life cycle inventory,
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1. Introduction

The South African government (DME, 2007) rati-
fied a biofuels industrial strategqy in December
2007. The strategy aims to achieve a biofuels aver-
age market penetration of 2% of liquid road trans-
port fuels, namely petrol and diesel, in the country
by 2013. This biofuels target will contribute up to
50% to the 2013 national renewable energy target
of 10 000 GWh (DME, 2003). It is envisaged that
the target is achievable without excessive economic
support by utilising surplus agricultural capacity.
The target is based on local production, both agri-
cultural and manufacturing, to provide the benefits
of employment, economic growth and Black
Economic Empowerment (BEE) through the value
chain (see Figure 1) (NBTT, 2006).

The South African biofuels industrial strategy is
primarily based on a feasibility study of the National
Biofuels Task Team (NBTT, 2006), the viability of
which has been critiqued (Brent et al., 2009). The
feasibility study briefly describes the perceived envi-
ronmental impacts associated with the biofuels
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Figure 1: Diagram of the biofuels production

value chain
Source: NBTT, 2006
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value chain, and mainly focuses on feedstock of

sugar cane and maize, for bioethanol, and soybean

and sunflower, for biodiesel.
Some key conclusions from the feasibility study

are as follows (NBTT, 2006):

* Increased cultivation of energy crops could have
additional impacts on South African soils; con-
servation agriculture (Derpsch, 2005) should be
adopted by all farmers as it makes more eco-
nomic sense, through fewer inputs, and
improves soil fertility and thereby greater yields.

* Biodiversity can be threatened through the
expansion of cultivation as mono-cropping
(Scholes and Biggs, 2005), use of pesticides and
fertilisers, and the release of genetically modified
or alien crops into nature all impact negatively;
an analysis of the potential impact on biodiver-
sity of expansion of the cultivation areas in
South Africa, beyond the targeted surplus agri-
cultural capacity, should be undertaken.

* An extended energy crop industry could further
increase pressure on South Africa’s limited water
resources (Berndes, 2002), not only for irriga-
tion production, but also with rain fed produc-

tion of both annual and perennial crops; and
biofuels processing needs to be carefully
assessed for its impact on the water reserves in a
given catchment.

* An introduced biofuels value chain could lead to
increased pollution to natural resources; biofuels
processing needs to be assessed against industri-
al pollution regulations to determine whether
the processes are adequately covered, and
health and safety regulations need to be
assessed for their ability to adequately deal with
the challenges of potential small-scale process-
ing plants.

¢ The biofuels value chain is not carbon neutral;
and a life cycle approach should be used when
considering support for programmes that are
chosen based on their capacity to mitigate cli-
mate change.

2. Objectives of the paper

Life cycle assessment studies have been conducted
on bioenergy production from biomass (Jungmeier
et al., 2002; Pro et al., 2005), and on bioethanol
(Kim and Dale, 2006; von Blottnitz and Curran,
2007) and biodiesel (Spirinckx and Ceuterick,
1996; Kim and Dale, 2005) production in particu-
lar. However, these types of studies have not been
conducted to increase the understanding of the
environmental implications of the South African
biofuels industrial strategy.

This paper subsequently set out to develop
South African life cycle inventories of biodiesel pro-
duction as a first step towards comprehensive
analyses of biofuel value chains. The paper focuses
on commercial-scale seed extraction biodiesel pro-
duction, although it is envisaged that the invento-
ries will be developed further for small-scale and
other distributed and co-production routes. The
paper also considers the environmental impact pro-
files of such inventories for policy-making purposes.

3. Scope of the study

In the short-term, the feasibility study of the
National Biofuels Task Team (NBTT, 2006) focuses
on conventional food crops, namely first-generation
biofuels production. Three crops were subsequently
chosen as likely feedstock for a commercial
biodiesel value chain in South Africa (Nolte, 2007):
soybean, sunflower, and canola. For these three
crops, the total biodiesel value chain production
costs are estimated to be below 1US$ per litre
(Nolte, 2007). The biofuels industrial strategy envis-
ages that the crops will be produced in the
Mpumalanga, KwaZulu-Natal, Eastern Cape and
Western Cape Provinces (see Figure 2).

3.1 Functional unit and reference flow
The choice of functional unit depends on the focus
of life cycle assessment studies. If the intent is to
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Figure 2: Envisaged biodiesel feedstock production in South Africa

examine the environmental performances of differ-
ent cropping systems, then an area of land planted
has been used as a functional unit (Kim and Dale,
2005). When fuels are compared, then the func-
tions of the fuel products are normally used; for
example, the work delivered by a diesel engine or a
certain mass transported over a distance (Sheehan
et al., 1998).

Since the aim of this paper is to establish envi-
ronmental profiles of biodiesel products, a unit of
product, over a one-year production period at a
commercial-scale facility, was chosen as reference
flow, namely 19 500 tonnes of 100% biodiesel
(B100) produced per annum (19.5 kt/yr). This
equates to a 2 500 kg/hr production facility, which
is deemed an optimum biodiesel plant size for com-
mercial purposes in the South African context
(Nolte, 2007).

3.2 Initial system boundaries and data
quality

The unit processes that were included in the initial
system boundaries and the main system flows are
depicted in Figure 3. A large-scale commercial
biodiesel industry has yet to be realised in South
Africa (Nolte, 2007). Indeed, it is perceived that
under the current dispensation, a large-scale biofu-
els industry is not sustainable unless the govern-
ment provides more attractive incentives to encour-
age private sector investment (Tait, 2005). The
study therefore required the postulation of a hypo-
thetical commercial biodiesel industry, based on the
current South African soybean, sunflower and
canola production and crushing industries and fuel
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transportation infrastructure, and (First World)
methyl ester transesterification technology (Harding
et al., 2008). These life cycle phases of convention-
al seed extraction biodiesel production were consid-
ered only, namely the use phase was excluded. To
this end, the environmental implications of using
the blended biodiesel and conventional petroleum
diesel, as per the national biofuels industrial strate-
gy, have not, until now, been investigated in detail
in the South African context, although the required
blending ratio is deemed to play a minor role in
changing the environmental impacts of the use
phase.

Industry and national data was primarily used
for the farming, oil pressing, and biodiesel produc-
tion (Harding et al., 2008) unit processes, and a
field trip was conducted to update some of the
process parameters based on current practices and
planned developments. The field trip included agri-
cultural associations in South Africa, farmers, oil
press operators, and future biofuels production
developers.

The economic inputs to the three main unit
processes were included in the system boundaries.
However, since industry and national data avail-
ability was a constraint for these inputs, internation-
al databases and biodiesel studies (Sheehan et al.,
1998) were used. The consequence is that certain
economic inputs are reported directly as elementary
flows, or environmental inputs; for example, crude
oil and coal inputs due to diesel and gasoline usage
in the farming equipment. The economic outputs,
namely the meal/cake from the oil pressing unit
process and the two by-products/waste streams
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Figure 3: General biodiesel production system
(Details of the variations in the values are provided in Table 2)

from the biodiesel production unit process, were
excluded from the system boundaries.

The exclusion of these outputs is important from
an allocation perspective. A recent publication
(Guinée and Heijungs, 2007) has shown that differ-
ent allocation methods could (potentially) generate
large differences in allocation factors and conse-
quently also at the level of environmental impacts

of fuel chains. Much of the literature discusses the
choice of parameter to base allocation on; for
example, mass, economic, or energy (calorific)
value of the (by)-products.

For this life cycle inventory, allocation was not
considered, namely all the economic and elemen-
tary environmental flows are allocated solely to the
biodiesel product. Assumptions will subsequently
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have to be made with future studies that utilise this
inventory, especially since the meal/cake, at pres-
ent, is the most important economic product from
the feedstock production for some crops, particular-
ly for soybean.

Similar to previous biodiesel studies (Sheehan et
al., 1998), the environmental flows associated with
producing capital equipment and facilities in the life
cycle were not considered. For petroleum diesel life
cycles, these flows have been shown to be negligi-
ble (Sheehan et al., 1998). In the case of biodiesel,
the biomass resources are less energy dense and
concentrated and the energy embodied in the con-
struction of the equipment and facilities in the life
cycle may be more significant. However, to be con-
sistent with other fuel chains, these life cycle flows
were excluded from the inventory.

3.3 Description of unit processes’ data

Table 1 summarises the key parameters for the
farming unit process. The yields of the soybean,
sunflower, and canola feedstock crops were esti-
mates for the 2005/6 growing season, which were
obtained from Grain South Africa, a non-profit
organisation, and from a study of the University of
Pretoria. Fertilizer application for each crop was
provided by the Fertilizer Society of South Africa, a
non-profit company that represents the interests of
the fertilizer and agricultural lime industries in South
Africa. The different fatty acid methyl esters (FAME)

densities were obtained from literature (Pischinger
et al., 1982; Schwab et al., 1987).

For uncertainty analyses, minimum and maxi-
mum percentages of oil and meal/cake in the seed
were derived from international data (Sheehan et
al., 1998). The maximum amount of water needed,
as extracted from a catchment area, was assumed
to be the requirement of the crop for optimal
growth. The minimum water needed was assumed
to be the irrigation requirements only, as the rainfall
of the regions, which was obtained from the South
African Department of Environmental Affairs and
Tourism, was subtracted from the requirement of
the crop. Minimum and maximum calculations of
all the other flows to and from the farming unit
process were based on the differences in oil in the
seed.

The transportation, from the farming unit
process to the oil presses, was calculated by assum-
ing that trucks greater than 32 tonnes would be
utilised. According to the Road Transport Annex in
the EMEP/CORINAIR Emission Inventory Guide-
book (EEA, 2006), for a fully loaded articulated
truck travelling between 40 and 60 km/h at 0% gra-
dient and for European emission standards in the
1980s, approximately 0.55 litres of diesel would be
needed per kilometre. For the same truck carrying
no load, 0.3 litres/lkm would be needed. An average
of 0.43 litres/km was assumed for this study. It was
further assumed that oil presses would be located in

Table 1: Key parameters for the farming unit process (2005/6 growing season)

Parameter Unit Crop
Soybean Sunflower Canola

Area grown ‘000 ha 120 640 20
Average vyield — South Africa® b tonnes/ha 1.70 1.31 1.42
Fertilizer consumption — N¢ kg/ha 7 15 40
Fertilizer consumption — Pc kg/ha 25 21 7
Fertilizer consumption — K¢ kg/ha 8 2 36
Fertilizer consumption — total® kg/tonne crop 25.0 241 58.5
FAME density kg/kl 880 884 920
Minimum meal percentage % 78.5 56.0 59.0
Maximum meal percentage % 84.5 75.0 72.0
Minimum oil percentage % 15.5 25.0 28.0
Maximum oil percentage % 21.5 44.0 41.0
Minimum water required — irrigationd ~ Ml/tonne crop 0.56 0.36 0.65
Maximum water required — irrigationd ~ Ml/tonne crop 1.40 1.10 1.20

a Food and Agricultural Policy Research Institute (FAPRI), University of Missouri College of Agriculture Food and
Natural Resources, University of Pretoria, (2004): Final report for the University of Missouri South African educa-
tion program. FAPRI-UMC Report #07-04, www.fapri.missouri.edu/outreach/publications/2004/FAPRI_UMC _

Report 07 _04.pdf
Grain South Africa, www.grainsa.co.za
Fertilizer Society of South Africa, www.fssa.org.za

o o

d South African Department of Environmental Affairs and Tourism, www.environment.gov.za/enviro-

info/prov/rain.htm
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the provinces, within 500 km of the farming activi-
ties, but at an average distance of 100 km; this is in
line with findings elsewhere (Sheehan et al., 1998).
Similar distances and modes were assumed for the
transportation from the oil presses to the production
plant. The petroleum resource requirements are
directly reported as elementary flows of crude oil
and coal.

The energy usages in the oil pressing and
biodiesel production unit processes were mostly
derived from international data (Sheehan et al.,
1998), but updated with site-specific and design
information in the South African context.
Specifically, electricity and steam usages reflect the
situation in South Africa. Similarly, the other chem-

ical material inputs in the biodiesel production unit
process were obtained from detailed South African
designs and models.

The emissions to air and water were primarily
obtained from international databases (Sheehan et
al., 1998).

3.4 Description of data categories

The data was categorised into economic flows and
elementary environmental flows. The economic
flows are reported as such in the inventory and are
not converted to elementary flows. Thereby local
and region specific information may be used to
expand the elementary flows; for example, the elec-
tricity (Koch and Harnisch, 2002) and water (Lan-

Table 2: Comparative summary table for the different feedstock (for a production year)

Flow Soybean

Sunflower Canola

Min Max
/19.5 kt biodiesel

Min Max Min Max
/19.5 kt biodiesel /19.5 kt biodiesel

Economic inputs

Electricity [GWh] 32 39 26 44 18 29

Steam [kt] 59 98 39 59 39 59

Methanol [kt] 23 25 23 25 23 25

KOH [t] 230 230 230 230 230 230
HCI (aq.) [t] 200 200 200 200 200 200
Fertliser [kt] 1.6 3.7 1.5 2.7 2.9 4.5
N [ki] 0.3 0.7 0.6 1.1 14 2.1

P [ki] 1.0 2.3 0.8 1.5 0.3 04
K [kt] 0.3 0.8 0.1 0.2 1.3 1.9
Pesticides [t] 6.8 94 3.3 59 3.5 51

Water -processing [kt] 37 39 37 39 37 39

Economic outputs

Bio-diesel [kt] 19.5

Meal/cake [kt] 80.0 119.0 27.3 66.3 29.3 54.6
Waste stream 1

KCl (aq.) [ki] 0.2 0.2 0.2 0.2 0.2 0.2
Water [kt] 13 17 13 17 13 17

Waste stream 2

Glycerol [kt] 1.9 2.3 1.9 2.3 1.9 2.3
Methanol [kt] 0.06 0.07 0.06 0.07 0.06 0.07
Elementary inputs and outputs

Land - cultivated [kha] 41 94 37 70 37 53

Water — irrigated [Gl] 78 140 31 55 49 64

Crude oil [ki] 9.2 13.7 4.1 8.9 3.2 6.4
Coal [ki] 14 1.8 0.7 1.2 0.8 1.1

CO2 [kt] 38.0 47.1 14.5 30.1 16.9 29.1
SO, [i] 263 445 154 238 158 210
N,O [t] 710 800 263 530 265 476
NO5 (water) [t] 22 37 41 45 96 96

BOD (water) [t] 3.5 49 1.7 29 1.7 25
COD (water) [t] 25 33 12 21 12 18
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du and Brent, 2006) supply scenarios.

For the farming unit process, all the data of the
economic inputs reflect South African values,
except for the pesticides requirements. The elemen-
tary flows are primarily based on international data
(Sheehan et al., 1998) except for the land and
water usage, which are South African specific. For
the oil pressing and biodiesel unit processes, the
economic flows reflect South African practices and
design models, but the elementary flows were
obtained from published data (Sheehan et al,
1998).

In terms of the elementary environmental flows,
the chosen inputs and outputs were based on the
availability of data, the quality of published back-
ground information, and the main environmental
categories that have been considered by various life
cycle assessment publications (Weiss et al., 2007):
* Non-renewable resources usage, i.e. crude oil

and coal, which are aggregate for the three main

unit processes.

* Land usage, as existing agricultural land for the
farming unit process.

* Water usage, of a quality deemed suitable for
agricultural irrigation in terms of the South
African water quality guidelines (DWAF, 1996).

* Global warming potential (GWP).

* Acidification potential (AP).

* Eutrophication potential (EP).

* Other damages to water resources.

4. Life cycle inventory analysis and
discussion

The detailed inventory dataset is provided else-
where (BIOISSAM, 2010: www.biossam.org/wp-
content/uploads/2010/08/Life-cycle-inventory-data-
for-biodiesel-scenarios.pdf) and summarised in
Table 2. For the farming unit processes, data values
are provided for the reference flow of the unit
process, namely 1 tonne of produced oil seed, and
for the functional unit of the complete life cycle,
namely 19.5 kt/yr of biodiesel product. Per refer-
ence flow, the variations in the data reflect differ-
ences between the Provinces, except for canola
where country average values were used. Per func-
tional unit, the variations in the data reflect uncer-
tainties throughout the life cycle.

For the oil pressing unit processes, which include
the transportation from the respective farming unit
processes, the data values are again provided for
the reference flow of the unit process, namely 1
tonne of processed oil seed, and for the functional
unit of the complete life cycle. Variations in the data
per reference flow are due to the potential differ-
ences in the oil and meal/cake content of the oil
seed. Per functional unit, the uncertainties across
the value chain are reflected in the variations of the
data.

Data values are provided for the biodiesel pro-

duction unit process, which includes the transporta-
tion from the oil pressing unit processes, per a ref-
erence flow of 1 tonne of biodiesel produced, and
per the functional unit of 19.5 kt/yr. Uncertainties
are due to the location of the facilities, which has a
minor influence, and the interactions between unit
processes in the value chain.

4.1 Sensitivity and uncertainty analyses

The farming unit process showed significant sensi-
tivity to the type of crop and region of production.
For example, the inputs and outputs of sunflower,
except for water usage, do not differ much between
the Provinces, but due to yield differences in soy-
bean production, the values may differ by a factor
of two. Such variability has also been reported else-
where (Landis et al., 2007).

The availability of data, and how it is reported,
also plays a significant role. For example, energy
usage on the farm is often reported per hectare and
emissions, in international databases, per tonne
produced. The consequence is that emissions may
not seem sensitive to feedstock production yields,
although, of course, they should. The water usage
ranges by a factor of two for soybean and canola,
and by a factor of nearly three for sunflower, which
highlights the importance of rainfall in a region in
terms of the requirement to extract water from a
catchment.

The oil and meal/cake content of the seed pro-
duce influences the elementary flows associated
with the transportation requirements to the oil
pressing unit process, although the South African
field trip data suggests that it is not a very important
factor in terms of energy usage at the oil pressing
facilities. However, the oil and meal/cake content
proves to be the most important parameter that
influences the unit processes in the initial life cycle
phases. Almost all the inputs and outputs of the
farming unit processes, for all the crops, range in
the order of a factor of two due to variations in this
parameter.

Section 3.2 indicates that, at present, the
meal/cake co-product has an economic value, often
more than the fuel product. However, should there
not be an offset market, the production system
would face a significant waste stream; between 27
and 120 kilo tonnes for 19.5 tonnes of biodiesel.
This, together with the other waste streams, most
notably KCl (around 200 tonnes) and glycerol (2
kilo tonnes), would necessitate a separate waste
management systems in the economy (see Figure
3).

The uncertainties associated with the logistic
system in the value chain have major implications.
For example, should the distances from the farming
activities to the oil pressing unit process, and to the
biodiesel production unit process, increase by a fac-
tor of two, then the energy balance may be negative
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(with soybean as feedstock). Indications are that
average distances should not exceed 300 km in the
product value chain.

Very little uncertainties were detected in the
biodiesel production unit process. However, the
energy efficiency of the overall system needs due
consideration. On average, the 19.5 kilo tonnes
biodiesel product has an energy-content in the
order of 800 TJ; the energy demand of the system
is in the order of 400 to 1100 TJ. This means that
the nearly half of all the production may be an ener-
gy sink, which is clearly unsustainable.

4.2 Interpretation and limitation of the

inventory dataset

From the sensitivity and uncertainty analyses, it

would seem that the most important system param-

eters that need attention in terms of accuracy to
establish an environmental profile are:

* The crop yields, and therefore land usage;

¢ The water usage;

* The oil and meal/cake content of the seed pro-
duce; and

* The logistics system.

There are, however, a number of limitations with
the inventory. For example:

* The geographical representation of available
data remains a problem for most of the elemen-
tary flows and for the initial unit processes of
value chains, especially in the South African
context (Brent et al., 2002).

* Farming practices are not captured in the flows
of such a simplified inventory. For example, crop
rotation is vital to preserve soil quality in most
regions of South Africa, and the chemicals used
may differ significantly between regions (Brent
et al., 2009).

* The inventory focuses on the scenarios of the
biofuels industrial strategy of South Africa in that
existing agricultural land, for cultivation, is occu-
pied for the crop production (Brent et al., 2009).
The potential requirement to transform land is
not captured, which, in turn, may have a signif-
icant influence on ecosystems’ structure and
functioning (Achten et al., 2007).

* The temporal scale of the inventory dataset is
problematic in that values for certain harvest
years are utilised, but there are great variations
in wet and dry periods in South Africa that
would increase the uncertainty of the inventory
(Brent et al., 2009).

5. Implications for environmental impact
profiles of South African biofuel value
chains

The limitations of the inventory dataset (BIOSSAM,
2010) highlight the challenge with deriving compre-
hensive impact assessment profiles for biodiesel
production. Much emphasis has been placed on

energy balances and air emissions of such life cycle

systems, but the following aspects are yet to be

addressed:

* Although frameworks of land use are in devel-
opment (i Canals et al., 2007), the conventional
definition of land usage flow, in life cycled
assessment terms, is deemed inadequate to
reflect changes in the quantity and quality of
land resources in these studies. However, biodi-
versity indexes have been proposed to evaluate
land usage changes (Scholes and Biggs, 2005)
that could be used to define appropriate land
usage flows.

¢ The definitions of the water usage and effluent
flows in the inventory datasets are deemed inad-
equate to reflect changes in the quantity and
quality of water resources (Brent, 2004). Similar
to the land resources, the diversity at microbial
level has been proposed as an index that can be
utilised to define water usage and release flows
(Suridge and Brent, 2008).

e There is currently no approach to handle the
solid waste streams of biofuel value chains.

With respect to the air emissions, the life cycle
inventory compares reasonably to other studies
(Rollefson et al., 2004; Beer et al., 2007). For exam-
ple, CO, emissions are in the same order of magni-
tude. However, the emissions of N,O are very high
with a contribution to global warming potential
(GWP) in the order of three-hundred times that of
COy; the consequence is that the variability in over-
all GWP is between 4.5 and 14.5 tonnes of CO,
equivalent per tonne of biodiesel produced (see
Table 3). This highlights the necessity to also refine
the accuracy of the conventional flows in the inven-
tory dataset for the South African context.

6. Conclusions

The introduction of the new biofuels industrial strat-
egy in South Africa has emphasised the need to
understand the potential environmental implica-
tions of biofuel scenarios in the South African con-
text. As yet there is no structured approach to estab-
lish environmental profiles of the envisaged value
chains in the scenarios of the strategy.

This paper consequently aims to provide a foun-
dation for the further development of comprehen-
sive life cycle inventories of biofuels production.
The paper focuses on commercial-scale seed extrac-
tion biodiesel production, although it is envisaged
that the inventory dataset will be developed further
for small-scale and other distributed and co-pro-
duction routes. Three crops are currently included
in the strategy for biodiesel production, namely soy-
bean, sunflower, and canola. Comparative LCI
analyses were conducted for these crops for a 19.5
kt/yr production facility, which is considered to be
an optimal capacity in the South African context.
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Table 3 lists the overall inventory per tonne of
biodiesel produced.

6.1 Emphasis for policy-makers

The inventory analysis shows that the inputs and
outputs of the farming unit process are sensitive to
the type of crop and region of produce. Water
usage is a highly variable parameter, which empha-
sises the importance of rainfall and irrigation to the
overall burden of the biodiesel system on water
resources. Crop vields may differ by a factor of two,
which is a significant difference in terms of land and
non-renewable energy resources requirements. The
oil and meal/cake content of the seed proves to be
the most important parameter that influences the

initial unit processes of the value chains. Almost all
the inputs and outputs of the farming unit process-
es, for the all the crops, range in the order of a fac-
tor of two due to this parameter. The uncertainties
associated with the logistic system in the value
chain also have major implications. If no market off-
set is available for the meal/cake co-products then
due consideration is necessary of the necessary
waste treatment uncertainties, which is also true for
the other waste streams, most notably KCl and glyc-
erol. Very little uncertainties were detected in the
biodiesel production unit process, although the
energy efficiency of the overall production system
remains questionable.

A number of limitations are identified with the

Table 3: Overall inventory per tonne of biodiesel produced

Flow Soybean

Sunflower Canola

Min Max
/tonne biodiesel

Min Max Min Max
/tonne biodiesel /tonne biodiesel

Economic inputs

Electricity [kWh] 1640 2000 1330 2260 923 1490
Steam [t] 3.3 5.0 2.0 3.0 2.0 3.0

Methanol [kg] 118 128 118 128 118 128
KOH [kg] 11.8 11.8 11.8 11.8 11.8 11.8
HCl (aq.) [kd] 10.3 10.3 10.3 10.3 10.3 10.3
Fertliser [kg] 82.1 190 76.9 138 149 231

N [ka] 14.9 33.8 30.8 56.4 71.8 108
P [ka] 51.3 118 43.1 76.9 12.8 19.0
K [t] 16.9 39 4.0 8.2 66.7 97.4
Pesticides [g] 349 482 169 303 179 262
Water-processing [t] 1.9 2.0 1.9 2.0 1.9 2.0

Economic outputs

Biodiesel [t] 1

Meal/cake [t] 4.1 6.1 14 3.4 1.5 2.8

Waste stream 1

KClI (aq.) [kg] 10.3 10.3 10.3 10.3 10.3 10.3
Water [t] 0.7 0.9 0.7 0.9 0.7 0.9

Waste stream 2

Glycerol [kg] 974 118 97.4 118 97.4 118
Methanol [kg] 2.8 34 2.8 34 2.8 34

Elementary inputs and outputs

Land — cultivated [ha] 2.1 4.8 1.9 3.6 1.9 2.7

Water — irrigated [Ml] 4.0 7.2 1.6 2.8 2.5 3.3

Crude oil [t] 0.5 0.7 0.2 0.5 0.2 0.3

Coal [kg] 71.8 92.3 359 615 41.0 56.4
COy [t] 2.0 24 0.7 1.5 0.9 1.5

SO, [ka] 13.5 22.8 7.9 12.2 8.1 10.8
NoO [kg] 36.4 41.0 135 27.2 13.6 244
NO3 (water) [kg] 1.1 19 2.1 23 49 49

BOD (water) [kg] 0.2 0.3 0.1 0.2 0.1 0.1

COD (water) [kg] 1.3 1.7 0.6 1.1 0.6 0.9
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inventory dataset. For example, published emis-
sions data are often reported per reference flow and
do not reflect geographical differences. Certain ele-
mentary environmental flows are not captured such
as the impacts on soil quality due to farming prac-
tices. Also, the elementary flow for land usage is
regarded to be occupied agricultural land for culti-
vation as per the biofuels industrial strategy.
Cognisance must be taken where a biofuel value
chain requires the transformation of ecosystems.
Finally, the temporal scale of the inventory dataset
is problematic. The annual variations in agricultural
production are large in South Africa, which, togeth-
er with expected behavioural changes due to the
introduction of the biofuels industrial strategy,
makes comprehensive uncertainty analyses difficult
at present.

The paper also considers the implications to
assess the environmental impact profiles for further
decision-making purposes. To date, much emphasis
has been placed on energy balances and air emis-
sions of such bioenergy systems, but certain aspects
are raised that must be addressed; specifically per-
taining to land use, water use, and solid waste
streams. The global warming potential category is
also used to highlight the necessity to improve the
accuracy of the conventional flows of the inventory
dataset in the South African context. For the
biodiesel value chain NoO emissions, especially,
need to be refined to reduce the uncertainty.
Although the global warming potential of agricul-
tural activities are estimated on a global aggregate
level (IPCC, 2007), major uncertainties are still
reported in the current national emissions invento-
ry (Taviv et al., 2007).
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