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Abstract

Background: Calculating the greenhouse gas savings that may be attributed to biofuels is
problematic because production systems are inherently complex and methods used to quantify
savings are subjective. Differing approaches and interpretations have fuelled a debate about the
environmental merit of biofuels, and consequently about the level of policy support that can be
justified. This paper estimates and compares emissions from plausible supply chains for
lignocellulosic ethanol production, exemplified using data specific to the UK and Sweden. The
common elements that give rise to the greatest greenhouse gas emissions are identified and the
sensitivity of total emissions to variations in these elements is estimated. The implications of
including consequential impacts including indirect land-use change, and the effects of selecting
alternative allocation methods on the interpretation of results are discussed.

Results: We find that the most important factors affecting supply chain emissions are the
emissions embodied in biomass production, the use of electricity in the conversion process and
potentially consequential impacts: indirect land-use change and fertiliser replacement. The large
quantity of electricity consumed during enzyme manufacture suggests that enzymatic conversion
processes may give rise to greater greenhouse gas emissions than the dilute acid conversion
process, even though the dilute acid process has a somewhat lower ethanol yield.

Conclusion: The lignocellulosic ethanol supply chains considered here all lead to greenhouse gas
savings relative to gasoline An important caveat to this is that if lignocellulosic ethanol production
uses feedstocks that lead to indirect land-use change, or other significant consequential impacts,
the benefit may be greatly reduced.

Co-locating ethanol, electricity generation and enzyme production in a single facility may improve
performance, particularly if this allows the number of energy intensive steps in enzyme production
to be reduced, or if other process synergies are available. If biofuels policy in the EU remains
contingent on favourable environmental performance then the multi-scale nature of bioenergy
supply chains presents a genuine challenge. Lignocellulosic ethanol holds promise for emission
reductions, but maximising greenhouse gas savings will not only require efficient supply chain design
but also a better understanding of the spatial and temporal factors which affect overall
performance.

Page 1 of 19

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19682352
http://www.biotechnologyforbiofuels.com/content/2/1/15
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/

Biotechnology for Biofuels 2009, 2:15

Background

The production of transport fuels from lignocellulosic
biomass using so-called second-generation conversion
technologies is not yet commercial. Multiple conversion
pathways are being investigated around the globe, but
dominant pathways have yet to emerge and business
models have yet to be proven. Nevertheless, expectations
are running high and there has been significant invest-
ment in research and demonstration by private compa-
nies and public sector organisations in the US, Europe and
Asia. The production of ethanol from lignocellulosic bio-
mass is one of the most promising options, and in 2007
the US Department of Energy provided more than
US$1billion toward lignocellulosic ethanol (LE) projects,
with the goal of making the fuel cost competitive at
US$1.33 per gallon by 2012 [1]. The level of support pro-
vided by the European Union (EU) is far less, but is still
significant (approximately US$68million in 2006 [2]). In
addition to support for R&D and demonstration, LE, if it
enters the market, would benefit from measures that seek
to promote the use of currently available biofuels, that is,
biofuels that are produced from agricultural commodi-
ties.

The political support for biofuels in the EU is, in part,
predicated on their ability to reduce greenhouse gas
(GHG) emissions [3]. Quantifying the GHG savings that
may be attributed to biofuels, however, is problematic for
two reasons: (i) biomass production systems are inher-
ently complex, spatially disaggregated and diverse, and
(ii) the definition of system boundaries and the allocation
of co-product impacts are highly subjective. Differing sub-
jective interpretations have fuelled an active debate about
the environmental merit of biofuels and, consequently,
about the level of policy support that can be justified.
Politically, however, decisions must be made before all
the uncertainties are resolved [4].

This paper focuses on the production of ethanol from
lignocellulosic feedstocks in Europe, exemplified using
data specific to the UK and Sweden. The aim was to com-
pare a number of plausible supply chains for LE produc-
tion, to identify which common elements gave rise to the
greatest GHG emissions, and to investigate the sensitivity
of total supply chain emissions to variations in these ele-
ments. It builds upon, and is complementary to, a previ-
ous paper that investigated the factors affecting the
commercial viability of LE production in Europe [5].

To meet this aim an emissions model was developed that
permitted the comparison of different process concepts at
the supply chain level. This model used simplified
descriptions of LE conversion processes, together with
emission factor estimates for feedstocks and supply chain
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operations, to determine the sensitivity of GHG emissions
estimates to changes in the supply chain.

This paper is presented in three parts. This first part
describes the context, reviews previous GHG estimates,
and outlines why performance assessments of bioenergy
supply chains are particularly susceptible to subjective
interpretation. The basis for supply chain emissions com-
parison is defined and the basic structure of the model is
described. The second part describes the components of
representative ethanol supply chains. It identifies generic
values for the most important parameters affecting emis-
sions performance, as well as the range of values that these
parameters may take and the influence of alternative allo-
cation methodologies on their interpretation. The last part
presents a comparison and detailed sensitivity analysis,
and identifies which supply chain components have the
greatest influence on GHG emissions.

The relative merit of alternative biofuels

The relative merit of biofuel production from different
feedstocks has been the subject of many studies and much
debate. Most studies have used the Life Cycle Assessment
(LCA) methodology, or a variation on it, to quantify the
environmental burdens arising from feedstock produc-
tion, conversion processes and fuel distribution. The LCA
methodology, although formalised by the International
Standards Organisation (ISO14040), has a number of
limitations [6,7]:

1. The definition of system boundaries, the allocation
of impacts, and the choice of data sources are inher-
ently subjective.

2. Good quality data may not exist, or may not be
readily accessible.

3. Spatial and temporal resolution is lost.

4. Rebound effects, where environmental and cost effi-
ciency improvements are cancelled out by greater con-
sumption, are not considered.

These limitations are well recognised and have led to calls
for greater consistency, transparency and coherence in
LCA studies [8].

In an attempt to compare different biofuel supply chains
on a robust basis and provide the consistency and trans-
parency demanded, a number of influential meta-studies
have been conducted. These studies have re-analysed pre-
vious LCAs, drawing the system boundary around an indi-
vidual production plant and its feedstock supply chain [8-
10]. The studies differ somewhat in approach but agree
upon a general conclusion: cellulosic ethanol results in
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greater carbon savings (75 to 150 gCO,e.km-!) than wheat
(15 to 110 gCO,e.km-1!) or maize (40 to 60 gCO,e.km-1)
but not necessarily as great as from Brazilian sugar cane
(125 to 175 gCO,e.km1).

This conclusion, however, does not stand uncontested.
Two subsequent studies assert that the system boundaries
should be expanded to include the consequential impacts
- for example, land-use change impacts - that may result
from increased demand for agricultural commodities and
land [11,12]. They argue that these impacts have the
potential to negate the benefits obtained from increased
biofuel production unless the biofuels are produced from
waste materials or on land with a low carbon-stock value
that is not under productive use.

It is our view that biofuel systems are more susceptible to
the shortcomings of the LCA method, and to differences
in interpretation, than typical petrochemical processes
working with standardised equipment and commodity
feedstocks. This susceptibility arises because of the multi-
scale nature of biomass supply chains. In particular:

1. Biomass feedstocks are varied in nature, low energy
density, geographically dispersed, and their availabil-
ity for fuel production is dependent on interactions
with existing markets; moreover, data relating to agri-
cultural practices is scarce.

2. Logistics may contribute significantly to the overall
environmental impact.

3. Environmental and technical performance is highly
dependent on the detailed process configuration and
the level of integration with other systems, for exam-
ple, district heating [13].

By identifying which LE supply chain components and
allocation methodologies have the greatest impact on
GHG emissions, and by assessing the interpretation of
these impacts, this paper goes some way towards address-
ing these issues.

The relationship between greenhouse gas emission
projections, process development tools, and supply chain
descriptions

GHG emission projections, like those for cost and com-
mercial viability, are ultimately determined by the mass
and energy balances of the conversion processes together
with the structure of the feedstock-supply and product-
distribution chains. Conversion processes for LE, how-
ever, have yet to be proven at commercial scale. Conse-
quently, mass and energy balance estimates must be
derived from flow sheeting models. These models are typ-
ically constructed to assist with process development and,
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although there are a number of good examples in the lit-
erature [14-17], they focus exclusively on the cost per-
formance of alternative process designs. This emphasis on
the conversion process ignores or sets as constant many of
the factors that may influence overall supply chain cost
performance. It also leaves the supply chain GHG per-
formance unexplored.

Many of the components that make up feedstock-supply
and product-distribution chains are already established;
nevertheless, these chains are often poorly characterised
and possess a high level of inherent variability. Whereas
for cost projections, feedstock prices may reasonably be
estimated by looking at pre-existing markets, the carbon
emissions embodied in feedstocks cannot easily be
divorced from the method of production. Consequently,
a more detailed description of the feedstock supply is
required. For agricultural commodities, for example, ferti-
liser use may have little impact on the market price but a
large impact on embodied carbon emissions. Conversely,
the product-distribution chain (percentage blend, level of
subsidy and so on) has a large impact on the price
obtained for ethanol when sold but little impact on emis-
sions from combustion. (Ethanol has a lower volumetric
energy density than gasoline but may be combusted more
efficiently. The precise difference, in terms of MJ fuel per
unit of useful work done, will depend upon an engine's
compression ratio, drive cycle, percentage blend level, and
so on, but is nonetheless small (+ 5%) [18,19].)

Developing a supply chain greenhouse gas model
Quantifying supply chain greenhouse gas performance

This analysis focuses on the carbon and energy intensity of
the supply chain and only considers the direct energy con-
sumption necessary to produce, transport and transform
material inputs, and the GHG emissions associated with
these operations. The energy required to construct, main-
tain or replace capital equipment whose lifetime far
exceeds that of the fuel produced was not considered. This
assumption is consistent with the Concawe well-to-
wheels methodology [20].

The end point of the supply chain was considered to be
the embodied GHG emissions of ethanol when delivered
to the pump. The starting point was the production of bio-
mass feedstocks. Emissions are reported as the mass of
carbon dioxide equivalents per GJ ethanol, calculated
from the summation of embodied carbon emissions
across the supply chain. The advantage of this unit is that
it is readily comparable with the carbon emissions associ-
ated with combusting gasoline (74.2 kgCO,e.GJ 1) [21].

Model description
The supply chain GHG model developed here is a spread-
sheet-based tool incorporating a macro-driven sensitivity
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analysis. The model is an adaptation and extension of a
cost model that has already been described in detail [5].
The rationale for extending an existing cost model was
straightforward: the elements of a LE supply chain which
determine its GHG performance are closely related to the
elements which determine its cost performance. The com-
bined model is shown schematically in Figure 1. The
model inputs are twofold: firstly, descriptions of the con-
version plant and process (mass and energy balance, plant
capacity) and secondly, descriptions of the supply chain
context (feedstock production, transportation and distri-
bution and associated emission factors). The extended
model permits the simultaneous evaluation of supply
chain cost and GHG performance. This paper, however,
focuses solely on the GHG results.

Verification of model inputs

Our model is, in essence, a summation of embodied car-
bon estimates in which numerous assumptions and deci-
sions are incorporated. It cannot be tested empirically, but
to ensure its overall validity, multiple estimates for input
parameters were considered, taken from a wide range of

Process
descriptions

* Mass balance
* Plant capacity
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sources. Data and assumptions were discussed with
experts and were moderated accordingly. The sensitivity
analysis embodied within the model also helped identify
those areas where greatest precision was necessary.

Methods

Our analysis focuses on a limited number of supply
chains. Specifically, we consider ethanol produced from
softwood or straw, using a dilute acid or enzymatic con-
version process. These supply chains are amongst those
with the greatest potential within Europe. Softwood and
forest fuels are of interest because of their abundance
(approximately 411 TWh.y'! [22]) in Northern Europe
and the low input intensity of silviculture compared with
agriculture. Straw is of interest because of its abundance as
a co-product of cereal production (approximately 63 to
227 TWh.y1[23]), and relatively low cost. For each supply
chain, representative values for the most important
parameters affecting embodied carbon emissions were
identified and normalised.

Supply-chain
context

¢ Emission factors and

* Capital cost

* Normalisation of scale, units
and currency

confidence limits for
« Feedstock production &
transportation

<~

- Product distribution

e Carbon summation
e Cash flow analysis
e Sensitivity analysis

o Enzyme production
o Land use change
Plant location
LCA allocation methodology

7

e finance
Ethanol value

e Relative supply-chain
performance

» Relative importance of

supply-chain components

feedstock price

Figure |

Combined greenhouse gas and cost model schematic.
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Characterising feedstock parameters

To construct base-case supply chains for comparison, esti-
mates of the embodied GHG emissions for biomass feed-
stocks were identified in the academic and grey literature
for Sweden and the UK. To enable estimates to be com-
pared on a similar basis, each estimate was normalised
using the following assumptions:

1. The feedstock supply chain was assumed to be com-
posed of three generic operations:

1.a. Production and forwarding to a roadside collec-
tion point.

1.b. Transport from the roadside collection point to
the processing plant.

1.c. Size reduction, where required, in order that the
biomass was in a form acceptable to the plant.

2. The conversion plant was assumed to only receive
chips, or in the case of the straw process, bales.

3. Biomass was transported in the densest form possi-
ble; for example, for logs, chipping at the plant was
given preference to chipping at the roadside. (Chip-
ping at the plant is more efficient and, although bio-
mass transport is not necessarily limited by the bulk
volume, transporting low-density biomass may
require specialist vehicles.)

4. Where estimates did not include transport (and/or
size reduction), a constant carbon intensity was
assumed for each operation, its value determined by
the biomass form (see Table 1, [24-27]).

5. GHG emissions from biomass production were
assumed not to vary with the quantity demanded.

http://www.biotechnologyforbiofuels.com/content/2/1/15

6. Quantities were converted to oven-dry-tonne (odt)
equivalents.

Total feedstock emissions were then calculated as the sum
of emissions at roadside, from transport and from size
reduction. It was found that the level of variation between
estimates for similar resources was comparable to the
level of variation between different resource types. It was
therefore decided to use mid-point, high and low values
as the principal inputs to the model. The mid-point corre-
sponded to the geometric mean and the high and low esti-
mates corresponding to the 15t and 85t percentiles
respectively (that is, approximately one standard devia-
tion from the mean), see Table 2, [28]. An exception was
made in the case of the GHG emissions associated with
straw production because the difference between mini-
mum and maximum estimates was nearly two orders of
magnitude, depending upon whether it was assumed that
the nutrient value of the straw was replaced with inorganic
fertilisers. To reflect this, only high and low values were
used, and the base-case supply chains assumed the lower
value.

It should be recognised that these base-case assumptions
represent a substantial simplification. Relatively few data
points were available, transport distances were assumed
to be constant and the estimates exclude emissions that
may arise as a consequence of increasing biomass utilisa-
tion. Nevertheless, the level of resolution corresponds
with the quality and availability of data and is consistent
with the analytical methods underpinning a number of
UK Government reports, including the recent UK Biomass
Strategy [29]. A more in-depth treatment of logistics and
consequential impacts is described and evaluated below.

Characterising the conversion process

Reference-case conversion processes were adapted from
Aspen Plus™ models of a softwood, 25 odt.h! (approxi-
mately 55 M.Lylethanol) stand-alone facility, developed

Table I: Emission assumptions for transportation and size reduction operations.

Operation Biomass form Average Carbon Emissions from fossil fuel kgCO,e.odt"!
Transport from roadside Softwood logs? 4.6
Softwood chipsb 72
Softwood bundles® 72
Straw balesb 6.6
Size reduction¢ Softwood (all forms) 85

These values were used to normalise feedstock emission estimates.

aEstimated emissions from fuel consumption assuming a 107 km trip — the average transport distance for logs in Sweden [24,25]. bEstimated
emissions from fuel consumption assuming 50 km trip [26]. ‘Hammermill — 12 month operation window [27].
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Table 2: Normalised embodied carbon estimates for biomass
feedstocks

Carbon emissions
(kgCO,e.0dt-h

Feedstock
(delivered to the plant as chips/bales)

Low Mid High

Softwood? 24.7 46.0 85.7

Straw 2.6 N/A 177.6

aThe values shown are derived from literature values for softwood
products that fall within the following ranges: logs: 25 kgCO,e.odt";
forestry residues: 27 to 132 kgCO,e.odt"! and energy crops: 29 to 73
kgCO,e.odt-! [8,26,28].

http://www.biotechnologyforbiofuels.com/content/2/1/15

by the University of Lund and validated by laboratory
scale experiments [17]. The enzymatic plant employed
single-step steam-and-SO,-catalysed pre-treatment fol-
lowed by simultaneous saccharification and fermentation
using commercially purchased enzymes and yeast pro-
duced in the plant; surplus solid fuel (that is, lignin not
required for process heat generation) was exported and
sold. The dilute acid plant was similar to the enzymatic
process, except that separate hydrolysis and fermentation
was undertaken using a two-stage acid catalysed pre-treat-
ment and hydrolysis step. Detailed mass balance data are
shown in Table 3.

Alternative allocation methodologies

The methodology used to apportion supply chain GHG
emissions between co-products affects the interpretation
of emissions attributable to ethanol. The inputs to the
supply chain considered here were biomass and fossil-fuel

Table 3: Mass balance and assumptions for reference-case enzymatic and dilute acid conversion processes.

Feedstock/co- Mass balance
product
(units)
Enzymatic process® Dilute acid processP
Input Output Input Output
(unit.odt!) (unit.odt!) (unit.odt') (unit.odt!)
Ethanol CO, Solid fuel Waste Ethanol CO, Solid fuel Woaste
(solid + (solid +
liquid) liquid)
Biomass
Hexose kg 620 219 245 156 620 173 190 257
Pentose 60 60 60 60
Lignin 280 252 28 280 273 7
Other 40 40 40 40
Chemicals
SO, Kg 15.48 15.48 0.00
H,SO, 0.00 63.20 63.20
NaOH (50%) 28.96 28.96 28.96 28.96
NH; (25%) 236 236 1.68 1.68
H;PO, (50%) 0.52 0.52 0.36 0.36
Defoamer 0.56 0.56 0.44 0.44
(NH,)2PO, 2.76 2.76 2.60 2.60
MgSO4.7 0.12 0.12 0.12 0.12
H20
Enzymes 106 FPU? 9.36 9.36 0.00
Electricity- MWh 0.18 0.18
buy
Cooling m3 72.48 65.44
water
Process m3 3.36 3.36 3.20 3.20
water

aFilter paper unit. PThe reference processes were adapted to include pentose fermentation using the following assumptions: the ethanol and CO,
yield from pentose sugars was assumed to be 50%, reflecting the fact that the recovery of pentoses after pre-treatment is lower than for hexoses
[17]; the solid fuel yield and process heat requirement was unaffected; the flow of chemicals was the same as the respective softwood enzymatic or
dilute acid process. The reference processes were adapted to use straw as a feedstock using similar assumptions: the ethanol and CO, yield from
hexose sugars was assumed to be the same as for the respective softwood enzymatic, or dilute acid, reference process; the solid fuel yield and
process heat requirement was unaffected; the flow of chemicals was unaffected [5].
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derived inputs: diesel, fertiliser, and so on. The outputs
were ethanol, surplus solid fuel or electricity (obtained
from lignin residues), CO, from fermentation and the
combustion of biomass residues, and CO, from the con-
sumption of diesel, production of fertiliser, and so on. (It
should be noted that the production of biofuels may give
rise to GHG emissions from a variety of other sources, for
example, N,O from fertiliser and CO, from the oxidation
of organic matter in soil; these potential sources were
included in the analysis only insofar as they were included
in the literature estimates of the GHG emissions associ-
ated with biomass production.)

In the summation of impacts, the emissions from fermen-
tation and the combustion of residues and principal co-
products (ethanol and solid fuel) were excluded. This is
because they release CO, that was biologically sequestered
in the plant material and therefore make no net contribu-
tion to the GHG balance. The other sources of GHG emis-
sions, here labelled as 'fossil CO,' emissions, were then
attributed to the ethanol and solid fuel co-products using
one of four alternative methods. The first method allo-
cated all fossil carbon emissions to the ethanol alone. The
second assumed that surplus solid fuel was exported, and
apportioned the fossil carbon emissions between the eth-
anol and solid fuel on the basis of energy content. The

http://www.biotechnologyforbiofuels.com/content/2/1/15

third method assumed that the solid fuel was transformed
into electricity at the plant and that this electricity was
then exported. (Again, fossil carbon emissions were
apportioned between ethanol and electricity on the basis
of energy content.) The last, substitution (system exten-
sion) methodology, assumed that the solid fuel was trans-
formed into electricity at the plant and that this displaced
grid electricity, thereby generating a carbon credit which
partially offset the emissions allocated to ethanol. The
supply chain inputs, outputs, and the four alternative allo-
cation methods are shown graphically in Figure 2. It
should be noted that none of these alternatives is novel
and they are a small subset of allocation methods in com-
mon use. The objective here is to illustrate how selecting
a particular allocation methodology affects the interpreta-
tion of results, not to present a new methodology. For a
summary of the arguments for and against different allo-
cation methodologies in relation to biofuel GHG report-
ing, see Bauen et al. [27].

Electricity production

Electricity is a significant input to the conversion process.
If this electricity is imported from the grid, its carbon
intensity (assuming average grid emissions) varies signifi-
cantly between European countries, depending upon the
generation mix. To account for these differences the fol-

InPUtS OUtpUtS Allocation System
. extension
i ]
Fossil fuel, . “fassil” 1 2 3
fertilizer ete. Co,
co,
combustion
Biomass o,
fermentation
(Biologically h 4 h 4 \ 4 h 4
sequestered
Co,, Ethanol Ethanol Ethanol Ethanol Ethanol
Solid fuel Solid fuel Electricity Electricity
Fossil generation /
Grid average
Figure 2
Supply chain inputs, outputs, and greenhouse gas allocation methods.
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lowing average carbon intensities were used: EU27 (340
kgCO,e.MWh-1), UK (472 kgCO,e.MWh-1), Sweden (44
kgCO,e.MWh-1) [30].

Modelling enzyme production

Enzyme manufacture is known to be energy intensive, but
no data was available about carbon emissions from cellu-
lase production. To derive a cellulase-specific estimate, a
simple model for off-site enzyme production was devel-
oped from the cellulase productivity assumptions
described in the National Renewable Energy Laboratory's
1999 design report [14]. This model considered only the
fermentation stage, assumed the use of grid electricity,
and assumed that no GHG credit was available for the
lignin residue co-produced with the enzymes. Detailed
assumptions are summarised in Table 4[31,32]. Results
for Sweden, the UK and the EU27 average are shown in
Figure 3. It can be seen that electricity (used for agitation
and air sparging) is one of the largest contributors to car-
bon emissions and that its precise contribution varies
greatly with location. The overall results are consistent
with carbon emission estimates for commonly produced
amylase, phytase and protease enzymes (1 to 10
kgCO,e.kgprotein) [33].

An alternative scenario to off-site enzyme production was
also developed. This alternative, 'auto-generation' sce-
nario, assumed that electricity was produced from the
solid fuel co-product and used for enzyme manufacture
on the same site as the ethanol plant, thereby reducing the
quantity of electricity purchased. This scenario was mod-
elled by adapting the mass balance for the enzymatic
process so that the residual solid fuel from ethanol pro-
duction, together with the lignin residue from enzyme

Table 4: Cellulase manufacture assumptions

http://www.biotechnologyforbiofuels.com/content/2/1/15

manufacture, was converted to electricity at an efficiency
of 30%. The quantities of electricity imported, and solid
fuel exported, were correspondingly reduced.

Modelling transport logistics

The base-case supply chains described above assumed
fixed transport distances. To investigate the contribution
of transport to overall feedstock carbon emissions in
greater depth, a further set of supply chains was developed
using a simple logistics model to estimate emissions from
transport as a function of the quantity of feedstock
demanded, the spatial density of the resource and the
bulk density of the biomass.

For these supply chains, transport emissions were esti-
mated as the emissions per km.ton multiplied by the total
number of km.tons required for one year's operation. The
total number of km.tons was modelled using a method
adapted from Dornburg and Faaij [34]. This method
assumed:

1. The average distribution of biomass collection
points was constant and could be characterised as a
fixed distribution density - p (odt.km-2).

2. Biomass for one year's operation — m (odt) - was
supplied from a circular area with marginal radius - r'
(km) - to a plant at the centre. Thus the marginal
radius increased with the square root of the quantity of
biomass demanded.

3. Road tortuosity was taken into account using an
average winding factor (205).

Process assumptions

Emission assumptions

Inputs and parameters Unit Quantity2 kgCO,e.kg protein-!
Fermentor volume m3 1000
Active volume % 80%
Cellulase productivity FPU.I-Lh-! 75
Cellulase activity FPU.g protein-! 600
Residence time h 160
Agitation power requirement W.m-3 400
Air sparge power requirement® W.m-3 2183
Biomass feedstock composition: cellulose/lignin % (dry basis) 43%128%

Initial cellulose concentration % 4%

(NH,)2SO, gl! 1.4 I.17b

KH,PO, gl! 2 I.11b

MgSO,.7H,0 gl! 0.3 0.56b

CaCl,.2H,0 gl! 0.4 0.56b

Tween 80 gl! 0.2 0c
Corn oil anti foam vol.vol-! 0.001 3.51d

aNREL 1999 design report [14]; bestimated from GREET [31]; cassumed to be negligible; dassumed to be the same as rapeseed oil: LCAfood
database [32]; cassumes air sparge rate: 0.577 v.v-!.min-!; compressor capacity:630.6 m3.min-!; motor power: 2983 kW.
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Figure 3

Estimated greenhouse gas emissions from cellulase manufacture.

The total number of km.tons (rm,,) for one year's opera-
tion is thus given by the integral of the marginal radius
with respect to mass, multiplied by the road tortuosity:
T = (2/3)32.m32. (11 p) /2.

Transport was assumed to be by truck. The choice of vehi-
cle was determined by the form of the biomass: logs were
transported in wagons; chips, sawdust, and so on were
either transported in tipping or moving floor trailers. The

Table 5: Logistics assumptions

emissions per km.ton transported were estimated for logs,
bundles, chips and bales according to the type of vehicle
used and the density of the biomass. Emissions were
assumed to arise solely from the use of diesel and were
therefore directly proportional to the transport distance.
(This assumption is consistent with the JEC well-to-
wheels methodology [20].) Detailed logistics assump-
tions are summarised in Table 5[35].

Unit Strawe Softwood®

Biomass parameters Form Bales Logs Bundles Chips

Bulk density odt.m3 0.11 0.462 0.251 0.219

Distribution density odt.km-2yr-! 100 0.6 0.43 0.43

Logistics parameters2 Unit capacity m3 100
Daily availability hr.day-! 18
Annual availability day.yr-! 261
Vehicle speed Km.h-! 50
Terminal time hr.trip-! 2
Fuel economy Km.I-! 2.7

a[25]; b[34]; <[23] (GIS-based assessment of cereal straw energy in the European Union — average value for East Anglia, UK).
Page 9 of 19
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Consideration of consequential impacts and land-use
change

GHG emissions may arise from consequential impacts,
the most important of which are arguably direct and indi-
rect land-use change. Direct land-use change may occur if
previously uncultivated land is used to produce biomass
feedstocks; if the converted land had a high carbon stock
value (for example, if it was forested) the GHG emissions
from clearance and conversion may be significant. Indi-
rect land-use change impacts may arise if increasing
demand for biofuels increases commodity prices or dis-
places the production of other agricultural crops, and this,
in turn, causes uncultivated land to be converted to agri-
cultural production.

The Intergovernmental Panel on Climate Change (IPCC)
provides guidance on the estimation of direct impacts (for
example, the conversion of forest or grassland to annual
or perennial biofuel crops) based on climate zone, ecolog-
ical zone and soil type [36]. In the case of by-products (for
example, straw) and managed forestry which continues to
be managed (for example, softwood in northern Europe),
the direct impacts, following IPCC 'tier 1' guidance, are
nil.

Yet the science, and convention, for determining indirect
impacts is in its infancy. To estimate the impacts from
indirect land-use change, the UK Renewable Fuels Agency
identifies two contrasting approaches: partial equilibrium
modelling [12] and the use of indirect land-use change
(ILUC) factors [37,38]. Both have been applied to first
generation biofuels to investigate possible displacement
effects resulting from the use of food crops for biofuels,
but the indirect effects from the increased use of forest
products (and residues such as straw) have received less
attention.

In the absence of specific data, and consistent with our
objective to show the relative importance of changes in
the supply chain, the following assumptions were used to
illustrate the potential effect, of including consequential
impacts:

1. For softwood, consequential emissions were
assumed to arise from an equivalent mass of short
rotation coppice (SRC) grown on arable land, which
in turn results in land elsewhere being converted to
arable usage. Using an average yield of 10 odt.Hal.yr
! for SRC, and Fritsche's estimate for the conversion of
high carbon content natural systems to arable land
(4000 kgCO,e.Hal.year!) [39] these assumptions
yield a rough estimate of 400 kgCO,e.odt 1.

http://www.biotechnologyforbiofuels.com/content/2/1/15

2. For straw, consequential emissions were assumed to
be the same as the nutrient replacement value: 177.6
kgCO,e.odt! (that is, the 'high' estimate in Table 2).

Labelling individual supply chains

Many hundreds of supply chain permutations are possi-
ble. To clearly distinguish individual permutations the
following labelling scheme is used:

Feedstock: Softwood = Spruce, Straw = Straw

Feedstock emissions: High = (HC), Medium = (MC),
Low = (LC)

Process: Dilute acid = DA, Enzymatic = EH, Pentose fer-
mentation = p

Capacity: 25 odt.h-1 = C(25)

For example, softwood with a low level of embodied car-
bon emissions, processed using an enzymatic process
including pentose fermentation, in a plant with a capacity
of 25 odt.h-!, would have the label: Spruce(LC)-EHp-
C(25).

Results and discussion

Comparison of base-case supply chains

This section presents a comparison of LE supply chains
developed from the components described above. The
objective was to identify which elements have the greatest
impact on embodied carbon emissions. The base-case
chains which are compared are defined in Table 6. The
embodied carbon emissions for each chain are shown in
Figure 4.

All the base-case chains lead to substantially reduced car-
bon emissions relative to gasoline (56 to 82% reduction).
For enzymatic hydrolysis chains, the greatest contribution
to emissions comes from enzyme production (50 to
60%), followed by electricity consumption in the conver-
sion process (22 to 28%). For the acid hydrolysis chains,
the greatest contribution to emissions comes from elec-
tricity consumption (40 to 55%). For the softwood
chains, biomass contributes approximately 16 to 30%,
whereas for the base-case straw chain the contribution is
negligible. In all cases the emissions associated with other
process chemicals are small (4 to 8%) and the emissions
associated with transport and distribution are negligible
(0.5 to 1.5%). Chains utilising pentose fermentation all
show lower emissions than their non-pentose fermenting
counterparts, demonstrating the advantage that may be
obtained from incremental improvements in ethanol
yield.
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Table 6: Base-case lignocellulosic ethanol supply-chains

Supply chain label Feedstock embodied emissions Electricity embodied emissions Allocation method Transport distance
kgCO,e.odt!

Straw-DA

Straw-EH

Low (2.6)
Straw-EHp

Straw-DAp All fossil carbon
emissions allocated to Static
Spruce-EH EU 27
average

Spruce-EHp

Med (46.0)
Spruce-DA

Spruce-DAp

Gasoline average

Embodied Carbon emissions
kgC0,e.GJethanol

B B I & N
2 B @ @
& & & & . %QQ} &S d %QQ} ca:a@ﬁ
Supply-chain
B Biomass production & transport ©Enzyme production Process Electricity
QH2504 OOther process chemicals M Ethanol distribution
Figure 4

Carbon emissions from ethanol production for base-case supply chains. Greenhouse gas emissions arising from the
use of fossil fuels, fertiliser, and so on, are apportioned between ethanol and solid fuel on the basis of energy content.
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The impact of allocation and location decisions

Figure 5 shows how the emissions estimates, and their
interpretation, vary depending upon the allocation meth-
odology selected and the location of the plant. The results
shown are for the softwood enzymatic hydrolysis supply
chain (Spruce(MC)-EH), but similar relationships can be
demonstrated for the other supply chains.

It can be seen that allocating emissions to both ethanol
and co-products reduces the emissions attributable to eth-
anol in all cases. With this method, a supply chain located
in Sweden yields a greater carbon saving relative to gaso-
line (73 to 86% reduction) than the same chain located in
the UK (28 to 63% reduction) or assuming the EU27 aver-
age electricity mix (42 to 70% reduction). This difference
reflects the greater carbon intensity of electricity in the UK
and EU27 compared with Sweden.

Using the substitution methodology, ethanol appears to
have greatly reduced emissions compared with gasoline
(74 to 84% reduction), but the impact of location is
reversed: a chain located in Sweden appears worse than
one located in the EU27 or UK. This is because the carbon
credit obtained by displacing relatively clean Swedish grid

http://www.biotechnologyforbiofuels.com/content/2/1/15

electricity is approximately one tenth of that obtained by
displacing UK or EU27 electricity; that is, the more carbon
intensive the electricity system, the greater the apparent
saving the substitution methodology will demonstrate.

It is arguable that the substitution method best reflects the
situation on the ground for a specific plant. The disadvan-
tage, however, is that expanding the system to include dis-
placed electricity production (or other products) requires
knowledge of the local situation. The products that are
displaced may also change with variations in relative mar-
ket price; consequently, generalisation from a specific
instance may not be justified. Allocation on the basis of
energy content avoids this problem to a certain extent, but
it may be argued that this approach provides a less accu-
rate reflection of the net impact of the bioethanol produc-
tion system in the economy. Again, the issue of how to
draw consistent boundaries arises because the solid fuel
may be burnt directly or transformed into secondary
products.

Comparing offsite and onsite enzyme production
Figure 6 shows how the emissions estimates for the spruce
enzymatic hydrolysis supply chain vary depending upon

Ethanol+displaced grid ] :
EU27 Ethanal+salid fuel ]
Ethanaol+electricity '
Ethanol only '
£ r Ethanal+displaced grid
= d
ﬁ Ethanol+solid fuel
Sweden ¢ 7 :
T: Ethanol+electricity ' Gasoline
% Ethanol only [ | average
wm 1 :
( Ethanal+displaced grid :
Ethanol+solid fuel ;
UK + ] 5
Ethanol+electricity '
. Ethanal anly | :
. 10 20 a0 40 50 60 70 30
Allocation Embodied carbon emissions
Location methedology p
kgCO,e.GJethanol
Figure 5

The variation in embodied carbon emissions estimates for alternative allocation methods and locations. The
example shown is for the spruce enzymatic hydrolysis supply chain (Spruce-EH).
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EH - onsite i
EU 27 T i
EH - offsite
i ' Gasoling
£ EH - onsite | average
8 Sweden | i
0 :
= EH - offsite
o !
n -
: '
7]
EH - onsite |
LK ]
EH - offsite |
! ocation 0 5 10 15 20 25 30 70 80
Embodied carbon emissions
kgCO,e.GJethanol™
Figure 6

The variation in embodied carbon emission estimates for alternative locations and onsite versus offsite
enzyme production. The example shown is for the spruce enzymatic hydrolysis supply chain (Spruce-EH); all fossil carbon
emissions are allocated to ethanol and residual solid fuel in proportion to their energy content.

whether enzymes are produced onsite or offsite. It can be
seen that onsite production leads to an apparent saving
compared with offsite production where the electricity
being displaced has a high carbon intensity (UK and
EU27), but not where the displaced electricity has low car-
bon intensity (Sweden). This result should not be unex-
pected because onsite enzyme manufacture is analogous
to the system extension allocation methodology
described above. Not all the savings due to onsite enzyme
production, however, are an artefact of location and allo-
cation methodology: the inclusion of lignin residues from
enzyme manufacture in the mass balance for ethanol pro-
duction reduces the emission estimates by a small propor-
tion (approximately 6%) compared with the base-case. It
is also possible that an integrated flowsheet model could
reveal further savings: for example, onsite production may
allow emissions associated with purifying, drying and
transporting the enzymes to be avoided altogether.

The impact of transport emissions

A large plant requires feedstocks to be gathered from a
larger area, thereby entailing greater transport emissions.
To show the effect of increasing plant capacity on GHG
emissions, base-case supply chains were modified to
include the logistics model described above. Results for
the enzymatic hydrolysis conversion process are shown in
Figure 7. It can be seen that the difference between emis-
sions for a small (10 odt.h'!) plant and a large (150 odt.h-
1) plant is only around 2 to 10%. So, while there is a trade-
off between minimising transport emissions, obtaining
economies of scale, and possibly improvements in proc-
ess integration at the plant level, the GHG consequences
of this trade-off are minimal. Although not shown, similar
relationships can be demonstrated for the other chains.

Consequential impacts: indirect land-use change and
fertiliser replacement

If the consequential impacts due to land-use change and
fertiliser replacement are included, supply chain emis-
sions could increase dramatically. This is illustrated in Fig-
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Figure 7

The variation in supply chain greenhouse gas emissions owing to increased transport distances due to increas-
ing plant capacity. The example shown is for the enzymatic hydrolysis process, all fossil carbon emissions are allocated to

ethanol and solid fuel in proportion to their energy content.

ure 8 for the softwood and straw chains (again, assuming
that emissions are allocated to ethanol and surplus solid
fuel). In this instance, for softwood, including indirect
land-use change effects reduces the GHG saving from 70%
to 27%, and for straw, introducing fertiliser replacement
reduces the GHG saving from 56% to 24%. If co-products
are not taken into account, or an allocation methodology
that presents the process from a less advantageous per-
spective is used, the detrimental effect of including these
impacts appears even greater.

The ILUC estimate for wood included here is somewhat
crude and may be overly pessimistic; nevertheless, it is
clear that indirect land-use change could have an impor-
tant impact if demand for lignocellulosic feedstocks were
to indirectly increase competition for land. In the case of
increasing the utilisation of waste products such as straw,
the inclusion of fertiliser replacement has a similar effect.
In this case, however, it might be argued that a portion of
the consequential impacts should be attributed to the pri-
mary product, the grain. Ultimately this is a subjective
judgement.

Sensitivity analysis

The relationships shown above clearly illustrate that emis-
sion estimates are influenced by a great number of
assumptions. Testing the stability of the model output
against variation in these assumptions is important to
identify which have the greatest influence. In this analysis,
the testing has been broken down into two steps.

In the first step, an elasticity analysis was conducted on
each of the GHG emission factor parameters feeding into
the model. The elasticity of a result with respect to an
input parameter is defined as the ratio of the percentage
change of the result to the percentage change in the
parameter. A small change, much less than 1, denotes an
inelastic parameter, that is, one that is forgiving of small
uncertainties, whereas an elasticity close to 1 shows that
the parameter has a greater influence on the model result
and indicates that a more accurate input is required.

In the second step, the parameters identified as important
were varied over a range of values and the change in
results recorded. The outcome is presented graphically in
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Spruce
change

Figure 8

Spruce + indirect land use

Stravy Straw + fertiliser
replacement

Supply Chain

Greenhouse gas emissions for supply chains including consequential impacts (indirect land use change and fer-
tilizer replacement). The example shown assumes an enzymatic hydrolysis process, EU 27 electricity, and that emissions are
allocated to ethanol and surplus solid fuel in proportion to their energy content.

the form of a spider diagram showing the change in the
result as a function of the percentage change in each
parameter.

The elasticity of the kgCO,e.GJ-! metric was calculated
with respect to all emission parameters and for all the sup-
ply chains. For clarity, only parameters with elasticity
greater than 0.01 are shown; these are listed in Table
7[39,40].

The results of the sensitivity analysis are similar for soft-
wood and straw chains. Illustrative spider diagrams show-
ing the results for the softwood enzymatic and dilute acid
processes are shown in Figures 9 and 10. For the examples
shown, all parameters are positively correlated. The
parameters with the greatest influence are the emissions
factors for electricity, enzyme manufacture, biomass pro-
duction, and, in the case of the dilute acid process, sul-
phuric acid. Other chemical inputs have little impact.

Conclusion

The model described here has been used to characterise
and compare simplified LE supply chains applicable to
Europe. Using this model it has been possible to identify
which factors are most important in determining GHG
emission savings and to compare a range of supply chain
configurations. The impact of selecting alternative alloca-
tion methodologies on the interpretation of the results
was also considered.

Quantifying GHG emissions from the production of cel-
lulosic ethanol faces similar challenges to quantifying the
emissions from conventional biofuels. There is limited
empirical data, significant methodological variation, and
results cannot easily be divorced from subjective interpre-
tation. Nevertheless, although the precise level of emis-
sions may be uncertain, the LE supply chains considered
here all lead to GHG savings relative to gasoline irrespec-
tive of the allocation method applied. There is, however,
one important caveat to this generalisation: the essentially
unknown importance of consequential impacts, and, in
particular, indirect land-use change. If LE production uses
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Table 7: Emission factor parameters included in the sensitivity analysis.

Parameter Unit Base-case value.unit! % Variation relative to base-case Remark
Min Max
Softwood production 46.0 0.5 1.9 Range reflects the
transport and size difference between high
reduction and low estimates for
softwood emissions,
excluding land-use change
kgCO,e.odt!
Straw production and 2.6 0.5 2 This range is illustrative
transport only and reflects variation
around the lower estimate
for straw
Enzyme production kgCO,e.kg protein-! 9.55 0.1 1.4 Range reflects the carbon
intensity of enzyme
manufacture using Swedish
or UK electricity relative
to EU 27
Process electricity kgCO,e.MWh-! 340.8 0.1 1.4 Range reflects the carbon
purchased intensity of Swedish and
UK electricity relative to
EU 27
H,SO2 0.5 0.5 2 Avrange of -50% to +100%
was considered sufficient
to cover uncertainties in
NaOHp 0.58
SO, kgCO, 0.641
e.kg!
(NH4)2PO4¢< 1.67
MgSO,7 H,0d 0.56

aBoustead database [38]. PDEAM database [39]. Estimated from mass proportion of NH; with H;PO, (reported in
DEAM database). dReported in GREET 1.8, Ag_Inputs!AA43:AA52 — sum of production and process emissions,

assumed to be the same as CaCO;.

feedstocks that lead to indirect land-use change, the GHG
performance of LE supply chains may be greatly reduced.

If the commercial deployment of LE technology is modest
and does not exceed the carrying capacity of existing man-
aged forestry, then indirect land-use change could reason-
ably be ignored. The problem for policy makers is that
replacing a significant proportion of European transport
fuel requires anything but a modest response. Indirect
land-use change is therefore likely to remain firmly on the
political and scientific agenda. Further analysis is needed,
and it is important that this analysis is sensitive to the
multi-scale nature of bio-energy systems and the antici-
pated level of deployment.

The debate about how impacts should be allocated to co-
products is also unlikely to diminish. The UK Renewable

Transport Fuel Obligation - arguably the most advanced
framework for assessing the GHG benefit of biofuels -
indicates that substitution is the preferred approach, but
permits other approaches be considered where substitu-
tion is not practical. This flexibility has considerable
advantages: for an individual plant the substitution meth-
odology probably provides the best reflection of the situ-
ation on the ground, but for the purpose of policy
formation, where it is necessary to forecast and generalise
the environmental impact of multiple plants in multiple
locations, allocating emissions on the basis of energy con-
tent is simpler and will yield a more consistent result.

Setting the issues of consequential impacts and allocation
to one side, the most important factors affecting supply
chain emissions are the use of electricity and the GHG
emissions embodied in biomass production. For any
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Figure 9

The sensitivity of supply chain greenhouse gas performance to variations in emission factor assumptions - soft-
wood enzymatic process. The example shown assumes EU27 electricity, and that emissions are allocated to ethanol and

solid fuel in proportion to their energy content.

operational assessment of GHG impacts that may be
required as part of a reporting scheme, it will therefore be
important for fuel producers to know the provenance of
their feedstocks.

The enzymatic process entails greater GHG emissions
than the dilute acid process owing to the large quantity of
electricity consumed during enzyme manufacture, even
though the dilute acid process has a somewhat lower eth-
anol yield. Co-locating ethanol production, electricity
generation and enzyme production in a single facility may
improve performance, particularly if this allows the
number of energy intensive steps in enzyme production to
be reduced, or if other process synergies are available.
Determining the extent of these synergies requires a more
detailed process comparison than the one presented here.
What is clear, however, is that without these synergies,
integrating enzyme production on site is simply equiva-
lent to selecting a system expansion methodology to allo-

cate environmental impacts in preference to one that
apportions impacts to products and co-products.

While process integration provides scope to decrease elec-
tricity consumption and advances in microbiology have
the potential to increase enzyme yield and efficacy, the
emissions embodied in biomass production are poten-
tially more difficult to reduce: improvements will ulti-
mately depend on yield improvements and efficiency
gains. Transport emissions, although often discussed in
the literature, appear to be relatively unimportant.

If biofuels policy in the EU remains contingent on favour-
able environmental performance then the multi-scale
nature of bioenergy supply chains presents a genuine
challenge. LE holds promise for emission reductions, but
maximising GHG savings will not only require efficient
supply chain design but also a better understanding of the
spatial and temporal factors which affect overall perform-
ance.
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The sensitivity of supply chain greenhouse gas performance to variations in emission factor assumptions — soft-
wood dilute acid process. The example shown assumes EU27 electricity, and that emissions are allocated to ethanol and

solid fuel in proportion to their energy content.
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