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Abstract
Purpose The production of cellulase enzymes (CE) has been
identified as one major contributor towards the life cycle en-
vironmental and economic impacts of second-generation lig-
nocellulosic bioethanol (LCB) production. Despite this
knowledge, the literature lacks consistent and transparent life
cycle assessments (LCA) which compare CE production
based on the three more commonly proposed carbon sources:
cornstarch glucose, sugar cane molasses and pre-treated soft-
wood. Furthermore, numerous LCAs of LCB omit CE pro-
duction from their system boundaries, with several authors
citing the lack of available production data.
Methods In this article, we perform a comparative attribution-
al LCA for the on-site production of 1 kg CE in full broth via
submerged aerobic fermentation (SmF) based on the three
alternative carbon sources, cases A, B and C, respectively.
We determine life cycle inventory (LCI) material consumption
using stoichiometric equations and volume flow,

supplemented with information from the literature. All LCIs
are provided in a consistent and transparent manner, filling the
existing data gaps towards performing representative LCAs of
LCB production with on-site CE production. Life cycle im-
pact assessment (LCIA) results are determined with SimaPro
8 software using CML 1A baseline and non-baseline methods
along with cumulative energy demand and are compared to
results of similar studies. Sensitivity analysis is performed
both for all major assumptions and for market changes with
the application of advanced attributional LCA (AALCA).
Results and discussion We find that CE production from pre-
treated softwood (case C) provides the lowest environmental
impacts, followed by sugar cane molasses (case B) and then
cornstarch glucose (case A), with global warming potentials of
7.9, 9.1 and 10.6 kg CO2 eq./kg enzyme, respectively. These
findings compare well with those of similar studies, though great
variation exists in the literature. Through sensitivity analysis, we
determine that results are sensitive to assumptions made
concerning carbon source origin, applied allocation, market
changes, process efficiency and electricity supply.
Conclusions Furthermore, we find that the contribution of CE
production towards the overall life cycle impacts of LCB is
significant and that the omission of this sub-process in LCAs
of LCB production can compromise their representativeness.

Keywords Biomass .Cellulase enzyme .Glucose .Lifecycle
assessment . Lignocellulosic bioethanol . Molasses

1 Introduction

With the implementation of the Renewable Energy Directive
(EC 2009) and its predecessors, the European Union (EU) has
set a 10 % target for use of renewable energy in the transport
sector by 2020. Furthermore, the European Commission
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reported in a recently released scenario that the total energy
demand of all transport in the EU 27 + 2 was 381 million
tonnes oil equivalent (Mtoe) in 2010, of which road transport
was 307 Mtoe, with biofuels contributing 13 Mtoe (Hamje
et al. 2014). The same report predicts that by 2020, energy
demand in road transport will decrease by 8.5 % though
biofuel’s contribution will increase to 21.5 Mtoe, with ligno-
cellulosic bioethanol (LCB) contributing 0.7 Mtoe, or approx-
imately 1.38 × 109 l. The promotion of LCB is partially based
on the environmental, social and economic concerns sur-
rounding first-generation biofuels (Tilman et al. 2009), many
of which resulted from so-called transfer effects (Holden and
Gilpin 2013).

LCB is one of several second-generation biofuels, which
are defined as biofuels produced from cellulose, hemicellulose
and lignin (Sims et al. 2008), with biomass sources from sil-
viculture, agriculture waste streams and fast-growing high-
yield energy crops. The most commonly proposed method
for converting lignocellulosic biomass into bioethanol is via
the biochemical process of enzymatic hydrolysis and fermen-
tation. Central to this process is the enzymatic hydrolysis of
cellulose and hemicellulose into fermentable sugars by cellu-
lase enzymes (CE), see Fig. 1.

Large quantities of CE are required for the enzymatic hy-
drolysis of lignocellulosic biomass, with CE consumption
ranges of approximately 0.3–2.1 g of CE per MJ LCB pro-
posed in the literature (Hong et al. 2013; Humbird et al. 2011;
MacLean and Spatari 2009), see Electronic Supplementary
Material.

The method most commonly proposed in life cycle assess-
ment (LCA) literature to produce CE results from their secre-
tion by the fungus Trichoderma reesei cultivated by sub-
merged aerobic fermentation (SmF) and fed on a carbon
source, see Table 1, though numerous CE-secreting organisms
and cultivation methods exist. CE production is a resource-
intensive process and represents one of the greatest uncer-
tainties and current high costs related to LCB production
(Foust et al. 2009; Luo et al. 2009). Specifically, the high
uncertainty and costs are related to the provision of the carbon

source, for which glucose, molasses and pre-treated softwood
are alternatives, see Table 1.

1.1 Goal definition

The goal of this LCA study is to compare the environmental
impacts associated with European production of CE that uses
the three alternative carbon sources: cornstarch glucose, sugar
cane molasses and pre-treated softwood. In addition, we aim
to fill the existing data gaps in existing LCAs of LCB by
presenting consistent, detailed and transparent life cycle in-
ventory (LCI) data for CE production. In doing so, we answer
the following research questions:

1. Which cellulase enzyme production path, with respect to
carbon source, provides the lowest environmental
impacts?

2. How do the environmental impacts determined in this
study compare with those determined in similar studies?

3. If current enzyme production methods are over- or
underestimated, or omitted, what inferences can be made
with respect to the representativeness of existing LCAs of
LCB?

The LCA is performed under the guidance of both the
International Organization for Standardization standards
14040 series for LCA (ISO 2006a, b) and the European
Commission’s BInternational Reference Life Cycle Data
System (ILCD) Handbook^ (EC 2010). We apply attribution-
al LCI modelling methods, and prioritize representative, pub-
lically available, consistent and transparent data sources over
proprietary commercial data. The effect of this choice on re-
sults, along with other assumptions described in more detail
later, is tested by sensitivity analyses. Classifying this study as
situation A (EC 2010) and applying attributional LCA meth-
odology present limitations for interpreting and applying the
results, which are not intended to be used for meso- or macro-
level decision-making. Instead, the results are intended to pro-
vide guidance to researchers and business developers, and to
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Fig. 1 Simplified process overview of LCB production via enzymatic hydrolysis and fermentation (Humbird et al. 2011)
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other public and private stakeholders working in the field of
CE and LCB development.

1.2 Scope definition

BCellulase enzyme^ is an umbrella term for a mixture of endo-
p-glucanases, exo-P-glucanases and β-glucosidase proteins.
These three proteins work in sequence, with endo-p-
glucanases randomly breaking the cellulose molecular chain
into glucose and cello-oligo saccharides, followed by exo-P-
glucanases, which then work on the exposed chain ends re-
ducing these to glucose and cellobiose. Finally, the β-
glucosidase protein hydrolyse the cellobiose to glucose. The
result is slurry of fermentable, low-molecular-weight hexose
(e.g. glucose) and pentose (e.g. xylose) monosaccharides
(Miyamoto 1997).

Figure 2 presents the general system boundary for on-site
CE production via the SmF method, from which the specific
cases are derived. The product of this process is a full broth
containing CE, a full broth which is then utilized in on-site
LCB production, specifically the enzymatic hydrolysis of cel-
lulose and hemicellulose to fermentable sugars, step 2 in
Fig. 1. The functional unit (FU) of on-site CE production is
1 kg of CE (protein) in full broth, which is the same FU chosen
by all authors of on-site CE-specific assessments in Table 1.

LCA presents the potential environmental impacts of a sys-
tem or product over its life cycle by using measurable data of
existing processes and products with known uncertainty (EC
2010). In this study, foreground process LCIs are formulated
according to the literature review and are presented in the
succeeding case descriptions. Background processes are de-
rived from commercial databases available in the SimaPro 8
LCA software package (Goedkoop et al. 2013).

Neither CE production nor any of the foreground processes
are multi-functional processes. Of the significant background
processes, both corn wet-milling and sugar cane processing
are multi-functional processes. Corn wet-milling has the co-
products corn steep liquor, corn oil and cornstarch (input to
glucose production) among others, and sugar cane processing
has the co-product molasses among others. As recommended
by ISO (2006a, b), the methods of subdivision and allocation

were considered, in that order, for dealing withmulti-function-
ality. Using the same logic as Würdinger et al. (2003) (i.e.
because of the complexity of corn wet-milling and sugar cane
processing, and because of a lack of data with suitable reso-
lution), the preferable solution of subdivision was not feasible.
Therefore, and with the aim of methodological consistency,
allocation has been applied to all multi-functional processes.
Specifically, a preferred causal physical relation does not exist
for the co-products of corn wet-milling, and considering that
the primary motivation of corn wet-milling operators is profit,
background LCI data using economic allocation were selected
(Würdinger et al. 2003). Sugar and molasses, the co-products
of sugar cane processing, share the causal physical relation of
energy; therefore, background LCI data using energetic allo-
cation were chosen (van Zeist et al. 2012). Remaining alloca-
tion decisions for significant background processes are select-
ed according to the most suitable causal relation, and clearly
identified in the LCI tables in this article and in its Electronic
Supplementary Material.

Life cycle impact assessment (LCIA) was performed using
SimaPro 8 LCA software (Goedkoop et al. 2013). CML 1A
baseline and CML 1A non-baseline methods (Pré 2015) were
used for determining global warming potential 100-year time
horizon (GWP; measured in kg CO2 eq.), eutrophication po-
tential (EP; measured in g PO4 eq.), acidification potential
(AP; measured in g SO2 eq.), ozone layer depletion (ODP;
measured in mg CFC-11 eq.), photochemical oxidation poten-
tial (POP; measured in g C2H4 eq.) and land use (measured in
m2a). Cumulative energy demand, measured in MJ, was de-
termined using methods developed by Frischknecht et al.
(2007).

Sensitivity analysis involves two approaches: first, through
traditional testing of sensitivity towards changes in CE yield,
source of electricity and various aspects concerning the carbon
source. The second approach involves testing the sensitivity of
results towards market effects by multiplying global change
mix factors (GCMF) by hexose and pentose flows, a method
known as advanced attributional LCA (AALCA) (Andrae
2015). We apply AALCA because of the common criticism
of ALCA methodology, that is, its limitation to account for
future market effects. Andrae (2015) has shown that AALCA

Media preparation

1.

Aerobic cultivation

2.

Seed train

3.

CE to enzymatic

Hydrolysis,

or immobilization

Carbon source,

Etc.

CE secreting fungus

Fig. 2 Process overview of CE production via the SmF method (Davis et al. 2015)
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can be performed as a sensitivity check of comparative ALCA
results. By applying GCMFs based on real or future market
changes, the interdependence of rising and declining global
markets and micro-level LCA shifts can be taken into account
in comparative micro-level ALCA studies. Therefore,
AALCA represents an improvement over ALCA but cannot
fully claim, as consequential LCA can, to fully reflect conse-
quences of decisions, and as such, is not a replacement for
consequential LCA.

2 Methods and case descriptions

In this LCA study, we compare three cases of CE production
that use the three more relevant carbon sources: cornstarch
glucose in case A, sugar cane molasses in case B and pre-
treated softwood in case C. All percentages (%) are given as
weight (wt.) percentages unless otherwise stated.

The National Renewable Energy Laboratory (NREL) pro-
cess descriptions for CE production (Humbird et al. 2011;
Wooley et al. 1999) form the general system from which all
cases are developed. These designs along with succeeding/
preceding LCB assessments produced by NREL, see
Table 1, are based on Schell et al. (1991). We have chosen
the NREL designs for two reasons: first, NREL provides
transparent foreground LCIs of CE production, and second,
these designs have been adopted in numerous other studies
(Dunn et al. 2012; MacLean and Spatari 2009; Sheehan
et al. 2003; Zhuang et al. 2007). This choice facilitates both

the comparison with and the transfer of results to these and
other studies.

The on-site SmF production of CE in full broth involves
three steps:

1. Media preparation—A carbon source, water and other
nutrients are mixed in fixed quantities, along with small
amounts of slip-stream-produced sophorose, which in-
duces T. reesei to produce CE.

2. Seed train—T. reesei fungus is stimulated to multiply in
optimal conditions and fed by fraction of the media pre-
pared in step 1, producing a T. reesei inoculum for step 3.

3. Aerobic cultivation—In this step, the T. reesei from step 2
is introduced into a fermenter under submerged aerobic
conditions (SmF), where it feeds on the carbon source and
nutrients prepared in step 1 and secretes CE, see Fig. 2.

Common to all three cases is the assumption that the pro-
duction of cell mass (T. reesei) and CE, steps 2 and 3, respec-
tively, requires the stoichiometrically balanced dosing of the
reactants: carbon source, oxygen (O2), ammonia (NH3) and
sulphur dioxide (SO2) with the resulting products: carbon di-
oxide (CO2), water (H2O), CE and cell mass, see Table 2. We
assume that the entire reactive carbon source, see Table 3, is
consumed during steps 2 and 3. Humbird et al. (2011), citing
Atkinson and Mavituna (1991) and proprietary information
provided by novozymes, provide the elemental compositions
for CE and cell mass, respectively, for cases A and B and
Wooley et al. (1999), citing Wooley and Putsche (1996),

Table 2 Chemical reactions
modelled in CE production for
cases A, B and C

Case A Case B Case C

Carbon source Cornstarch glucose Sugar cane molasses Pre-treated softwood
CE prod. Modelled on: Humbird et al. 2011 Wooley et al. 1999
Elemental composition CE CH1.59N0.24O0.42S0.01 CH1.57N0.29O0.31S0.007
Elemental composition cell mass CH1.645N0.205O0.445S0.005 CH1.64N0.23O0.39S0.0035
Carbon selectivity 65 % CO2 31 % CE 4 % cell mass 65 % CO2 29 % CE

6 % cell mass
Reactants
C6H12O6

a 1.00 1.00 1.00
C12H22O11

b 0.00 0.56 0.00
C5H10O5

c 0.00 0.00 0.61
C6H10O5

d 0.00 0.00 2.45
O2 3.86 8.19 15.2
NH3 0.50 1.05 2.32
SO2 0.02 0.04 0.05
Products
CO2 3.90 8.28 15.4
H2O 5.07 10.2 18.2
CE 1.86 3.95 6.82
Cell mass 0.24 0.51 1.49

a Galactose, glucose, fructose and mannose
b Sucrose
c Arabinose and xylose
d Cellulose, galactan and mannan

1038 Int J Life Cycle Assess (2017) 22:1034–1053



provide the elemental composition for CE and cell mass for
case C, see Table 2.

The efficiency of CE production can be expressed by the
molar selectivity of the reactive carbon source’s carbon atoms
towards the formation of CO2, CE and cell mass. The higher
the carbon selectivity towards CE, the higher the yield of CE
per kilogramme of reactive carbon source. Davis et al. (2015,
2013) and Humbird et al. (2011) all apply the same molar
selectivity with glucose as the carbon source, and these
authors provide the molar selectivity for cases A and B, see
Table 2. Wooley et al. (1999) assume one molar selectivity for
soluble sugars and a different molar selectivity for sugar poly-
mers; these combine to form the molar selectivity presented in
Table 2 for case C. By assessing the elemental compositions of
the reactants and products and molar selectivity, we were able
to balance the aforementioned stoichiometric equations, see
Table 2.

CE production requirements for nutrients and antifoaming
agents are based on Schell et al. (1991), see Electronic
Supplementary Material. LCI data for polysorbate 80 and po-
tassium phosphate were not found in the literature or in com-
mercial databases; accordingly, we have determinedGWP and
cumulative energy demand for polysorbate 80 by using the
Swiss Method (Wernet et al. 2008, 2009) and have construct-
ed an LCI for the production of potassium phosphate based on
Freilich and Petersen (2005), see Electronic Supplementary
Material.

Energy requirements (electricity, heating and cooling) for
cases A and B are adapted from Humbird et al. (2011) and
Wooley et al. (1999) for case C. Furthermore, Humbird et al.
(2011) and Wooley et al. (1999) describe an on-site combined
heat and power (CHP) generation plant using LCB production
waste streams as feedstock. In this study, CHP generation lies
outside the evaluated system’s boundary and representative
LCIs for CHP generation using organic waste feedstock have
been selected; the validity of this selection is tested by sensi-
tivity analysis. Cooling is produced from the same electricity
source and scaled with respect to CE production. Aeration in
the form of compressed air is scaled according to the oxygen
uptake rate determined stoichiometrically, see Table 2. In do-
ing so, we assume that the oxygen transfer rate is proportional
to the oxygen uptake rate (Humbird et al. 2011). In addition,
we assume the same reactor geometries, equipment and media
characteristics as presented in Humbird et al. (2011) for cases
A and B and Wooley et al. (1999) for case C.

Table 4 presents the final LCIs for the base cases A, B and
C. The specific descriptions of carbon source production are
provided subsequent sections.

Table 3 Consumption of reactive carbon source available to cellulase
production per 1000 kg carbon source entering cellulase production

Cornstarch
glucose

Sugar cane
molasses

Pre-treated
softwood

Unit

Arabinose 3.5 kg
Fructose 146.0 kg
Galactose 6.4 kg
Glucose 850.0 128.0 10.9 kg
Mannose 23.4 kg
Sucrose 292.0 kg
Xylose 17.4 kg
Cellulose 89.0 kg
Galactan 0.2 kg
Mannan 0.6 kg

Table 4 LCIs for cases A, B and C for the production of 1 kg cellulase enzyme

Case A Case B Case C Unit Data sourcea

Product
CE 1.0 1.0 1.0 kg

Input
Materials/fuels
Water 19.0 22.9 35.5 kg Ecoinvent 3
Carbon source 4.7 6.9 28.3 kg Table 5 (no allocation)/Agri-footprint

(energy)/Table 6 (no allocation)
Ammonium sulphate 0.037 0.046 0.095 kg Ecoinvent 3
Potassium phosphate 0.053 0.066 0.135 kg Electronic Supplementary Material (no allocation)
Magnesium sulphate 0.008 0.010 0.020 kg Ecoinvent 3
Calcium chloride 0.011 0.013 0.027 kg Ecoinvent 3
Polysorbate 80 0.005 0.007 0.014 kg Own calculation (no allocation)
Corn steep liquor 0.269 0.338 0.692 kg Agri-footprint
Sulphur dioxide 0.028 0.028 0.022 kg Ecoinvent 3
Ammonia 0.189 0.189 0.254 kg Ecoinvent 3 (no allocation)
Antifoam (corn oil) 0.026 0.033 0.068 kg Agri-footprint

Energy
Electricity 6.3 7.3 26.5 kWh Ecoinvent 3 (exergy)
Heating 2.9 3.6 0.0 MJ Ecoinvent 3 (exergy)
Cooling 59.8 59.8 43.3 MJ Ecoinvent 3

Emissions
Carbon dioxide 3.8 3.8 4.4 kg

a Causal relation used for foreground allocation in bold; when present and significant ( ≥ 5%) with respect to the contribution analysis of GWP, see either
Fig. 3 or Electronic Supplementary Material
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2.1 Cornstarch glucose

Hobbs (2009) and EIA (2015) provide the LCI data for corn-
starch glucose production; this data has been conditioned with
respect to glucose output based on Tsiropoulos et al. (2013)
and lower dry matter (DM) (85 %), see Table 5. In the
modelled process, cornstarch containing slurry is treated with
hydrochloric acid to lower the pH under high pressure and
high temperature for a short residence time, resulting in the
longer starch molecules being cleaved into lower-molecular-
weight glucose. After conversion to glucose has been
achieved, the pH is raised using soda ash (sodium carbonate).
The resulting slurry is then centrifuged to remove impurities,
then treated with active carbon to remove undesirable flavour
and colour. The final step adjusts the pH further and condenses
the liquor through evaporation (Hobbs 2009). The composi-
tion of reactive carbon sources available for CE production
per 1000 kg glucose syrup is presented in Table 3.

2.2 Sugar cane molasses

Agri-footprint (2014) citing van Zeist et al. (2012) provide the
consumption mix and LCI data for sugar cane molasses pro-
duction and transport to Europe (Netherlands). Furthermore,
we have adopted the energetic allocation applied by van Zeist
et al. (2012), with 41% of inputs allocated to molasses and the
remainder to sugar. We assume that the consumption mix of
molasses for the Netherlands is representative of the mix for
Europe. Molasses is one product derived from the multi-

product process of refining sugar cane; other products are cane
sugar, bagasse and filter cake. Specifically, molasses is the co-
product of the multi-stage process of forming and separating
crystallized cane sugar (sucrose) from cane juice. The precur-
sor to molasses, cane juice, is dried to form various grades of
molasses depending on consumption (i.e. edible molasses or
feed-grade molasses (blackstrap)) (EPA 1995). The DM con-
tent of the rawmolasses is assumed to be 73% (van Zeist et al.
2012). DM composition is based on Olbrich (2006), see
Electronic Supplementary Material, and has a higher ratio of
sucrose to glucose and fructose than the ratio used by He et al.
(2014). The composition of reactive carbon sources available
for CE production per 1000 kg of molasses is presented in
Table 3.

2.3 Pre-treated softwood biomass

The production of pre-treated softwood, including woodchip
handling and pre-treatment processes, has been adapted for
softwood chips from Wooley et al. (1999), see Table 6. The
softwood chips entering handling and pre-treatment have a
DM content of 47.9 %, and a DM composition adopted from
Ferraro et al. (1999), see Electronic Supplementary Material,
which is similar to that used by Barta et al. (2010) and
Olofsson et al. (2015). In this process, the softwood chips
are initially screened and cleaned of impurities and contami-
nants. Then, a dilute-acid treatment is applied at high temper-
atures, and during the treatment, the hemicellulose polysac-
charides are hydrolysed into soluble monosaccharides. This
choice of pre-treatment is in agreement with the majority of
assessments of LCB (Wiloso et al. 2012). In addition, a por-
tion of the cellulose is converted to glucose, and otherwise
exposed for conversion by CE. Lime is then added to raise
the pH, and then precipitated as gypsum and removed. The
resulting product is a hydrolysate containing cellulose and
soluble sugars, among others (Wooley et al. 1999). The hy-
drolysis reactions for cellulose and hemicellulose are adopted
from Davis et al. (2015), see Electronic Supplementary
Material. The composition of reactive carbon sources avail-
able for CE production per 1000 kg of pre-treated softwood is
presented in Table 3.

3 Results

Table 7 summarizes the LCIA results of the present study and
compares these with the results of other relevant studies. From
Table 7, we observe two things: first, the present results for
GWP, EP, AP, POP and cumulative energy demand are within
acceptable ranges. All of these impacts (excl. EP for case A)
fall within the standard deviation (2σ or 95 % confidence) of
the weighted mean of the relevant studies, when considering
that non-formulated enzymes can have impacts (GWP) 36 %

Table 5 LCI for the production of 1000 kg glucose 85 % DM

Value Unit Data sourcea

Product

Glucose 1000 kg

Input

Materials/fuels

Activated carbon 15.3 kg Agri-footprint (economic)

Hydrochloric acid 7.7 kg Ecoinvent 3

Cornstarch 766 kg Ecoinvent 3 (economic)

Soda ash 3.1 kg Ecoinvent 3

Water 6130 kg Ecoinvent 3

Electricity/heat

Electricity 57.6 kWh European Life Cycle
Database v3.0

Heat 540 MJ Ecoinvent 3

Waste and emissions to treatment

Waste water 5.9 m3 Ecoinvent 3

a Causal relation used for foreground allocation in bold; when present and
significant (≥5 %) with respect to the contribution analysis of GWP

1040 Int J Life Cycle Assess (2017) 22:1034–1053



lower than formulated enzymes do (Hong et al. 2013). It should
be noted that it was not possible to determine the weighted
mean and standard deviation for several impact categories,

because of limited sample size. The second observation is that
considering all impact categories, case C provides the lowest
environmental impacts for the production of CE.

Table 6 LCI for the production
of 1000 kg pre-treated softwood
biomass

Value Unit Data sourcea

Product

Pre-treated softwood biomass 1000 kg

Input

Materials/fuels

Ammonia 3.14 kg Ecoinvent 3 (no allocation)

Lime 1.97 kg Ecoinvent 3

Softwood chips (DM) 441 kg Electronic Supplementary Material

Steam 177 kg Electronic Supplementary Material

Sulfuric acid 5.15 kg Ecoinvent 3

Water 759 kg Ecoinvent 3

Electricity/heat

Electricity 5.93 kWh Ecoinvent 3

Waste and emissions to treatment

Gypsum 6.71 kg Ecoinvent 3

Waste water 0.42 m3 Ecoinvent 3

a Causal relation used for foreground allocation in bold; when present and significant (≥5 %) with respect to the
contribution analysis of GWP

Table 7 Summary of life cycle impact assessment results including a comparisonwith other relevant studies including theweightedmean and standard
deviation (2σ or 95 % confidence) of the other studies

GWP100 EP AP ODP POP LU Cumulative
energy demand

Unit kg CO2 eq. g PO4 eq. g SO2 eq. mg CFC-11 eq. g C2H4 eq. m2a MJ
Case A 10.6 44.2 49.3 0.4 1.6 0.5 81.2
Case B 9.1 24.8 54.5 0.1 4.9 4.3 62.3
Case C 7.9 8.7 31.6 0.2 2.0 41.4 52.4
Weighted mean and

standard deviationa
(14.7 ± 13.7)F

(6.3 ± 4.0)NF
(22.2 ± 18.7)F

n/a
(210.4 ± 343.1)F

n/a
(1.9 ± 0,76)F

n/a
(11.1 ± 10.9)F

n/a
n/a
n/a

(120.2 ± 118.9)F

n/a
Olofsson et al. 2015 5.5F 69F

Agostinho et al. 2014 21.93F 7F 1664F

Hong et al. 2013 10.2NF–16.0F

Dunn et al. 2012b 3.7F 46F

Harding and Harrison 2011 (53.5–190.2)F,c

Kim et al. 2009 (16–25)F (11.5–18.3)F,b (120–145)F,b (5.8–7.6)F,b (117–207)F,b,d

MacLean and Spatari 2009 2.3NF 24.8NF,e

Harding 2008 (−1240–-924)F,f (22–37)F (270–510)F (1.52–2.28)F (11–20)F (88.8–190.2)F,c

a Does not include cumulative energy demand from Agostinho et al. (2014) or GWP of Harding (2008)
b Determined from figure, or through calculation
c Only (direct) electricity and steam consumption
dOnly non-renewable energy consumption
e Only fossil energy consumption
f Negative values due to LCA accounting practises where CO2 uptake from agricultural inputs during cultivation exceeds CO2 releases during cellulase
production
F Formulated
NFNon-formulated
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Figures 3, 4, 5, 6, 7, 8 and 9 present the LCIA results for the
base cases A, B and C. The results are disaggregated for all
sub-processes which contribute significantly towards each im-
pact (≥5 %). Contribution analysis results are provided in the
Electronic Supplementary Material.

Based on the contribution analyses presented in Figs. 3, 4,
5, 6, 7, 8 and 9 and Electronic Supplementary Material, it can
be observed that the carbon source and electricity are the most
significant contributors to all impact categories with the ex-
ception of GWP, where CE production-process emissions are
significant (36–55 %) as well. CE production-process emis-
sions (CO2) have been determined stoichiometrically based on
the assumed molar selectivity of the carbon source, see
Table 2; therefore, CE production-process emissions are di-
rectly correlated to the assumed molar selectivity and carbon
source.

Furthermore, for the impact category land use (Fig. 8), the
provision of carbon sources is the largest contributor.
Differences in land use impacts are the result of differences
in carbon source yield (per m2a). Considering corn and sugar
cane are high-yield annual crops, and that softwood is a lower-
yielding and slower-growing crop, softwood will occupy the
same area for several years to produce the same mass of car-
bon source, resulting in higher land use values per
kilogramme reactive carbon source.

A sensitivity analysis is performed for the two sig-
nificant sub-processes, carbon source and electricity, ob-
serving changes in the arbitrarily selected impact cate-
gories: GWP and cumulative energy demand. Hereafter,
we refer to the previously determined results for cases
A, B and C as base cases.

In the base-case scenarios, we have assumed a carbon
source molar selectivity of 31 % for CE production for cases
A and B (Davis et al. 2015) and 29 % for CE for case C
(Wooley et al. 1999). Both Davis et al. (2015) and Wooley
et al. (1999) have assumed these selectivities for future nth
plant performance based on Meerman et al. (2004) and
Hamilton (1998), respectively. Similar to Hong et al. (2013),
in the sensitivity analysis, we reduce selectivity for CE pro-
duction arbitrarily by 5 and 10 %, with resulting increases in
selectivity for cell mass production of 5 and 10 %, respective-
ly. These changes in molar selectivity for CE production can
be interpreted as a reduction from Davis et al.’s (2015) and
Wooley et al.’s (1999) nth plant assumptions. The results of
this first sensitivity analysis are presented in Figs. 10 and 11.
From these figures, two observations can be made: first, GWP
and cumulative energy demand are sensitive to changes in
process efficiency, and second, that case C is least sensitive
to changes in carbon source molar selectivity. It should be
noted that whereas Humbird et al. (2011) (case A) and
Wooley et al. (1999) (case C) based their molar selectivity
and yields on laboratory results, this study has assumed the
same molar selectivity of case A for case B, using results from
studies by Olofsson et al. (2015), He et al. (2014) and Barta
et al. (2010). From the laboratory results of He et al. (2014),
one can determine a molar selectivity of approximately 6 %
for CE. Therefore, a cautious interpretation of results would
choose the 10 % reduction for case B as more appropriate.

Additional assumptions were made with regard to carbon
sources in the base-case LCI models. For glucose, we have
constructed a LCI for glucose production. This LCI results in a
GWP value of 1.34 kg CO2 eq./kg glucose DM, which is
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slightly higher than the 0.95 kg CO2 eq./kg glucose DM de-
termined byAn et al. (2012) and within the range of 0.7 ± 0.2–
1.1 ± 0.2 kg CO2 eq./kg glucose DM determined by
Tsiropoulos et al. (2013). Disregarding differences in LCIA,
these differences can be attributed to impacts associated with
cornstarch production and variations in LCI modelling
approaches as explained by both Tsiropoulos et al. (2013)
and An et al. (2012). Würdinger et al. (2003) and van Zeist
et al. (2012) provide cornstarch LCIs which result in GWP
values ranging from 1.41 kg CO2 eq./kg cornstarch DM

(global, economic allocation) to 0.53 kg CO2 eq./kg corn-
starch DM (US, energy allocation), respectively. In this study
we have applied a cornstarch LCI resulting in GWP of
1.29 kg CO2 eq./kg cornstarch DM (German, economic allo-
cation). The application of Würdinger et al.’s (2003) and van
Zeist et al.’s (2012) cornstarch LCIs results in GWP values of
1.43 kg CO2 eq./kg glucose DM and 0.92 kg CO2 eq./kg
glucose DM, respectively. Furthermore, Fig. 12 depicts the
sensitivity analysis results from substituting into the complete
LCI for case A these two alternative cornstarch LCIs.
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Figure 12 indicates that GWP results for case A are sensitive
to changes in cornstarch’s feedstock, geography of origin and
applied allocation.

For molasses, we have based our LCI model on van
Zeist et al. (2012) for sugar cane molasses, assuming this
LCI is suitably representative. This LCI, when applying
energetic allocation, results in a GWP of 0.76 kg CO2 eq./kg
molasses DM. LCAs of molasses production are scarce
because of the predominance of integrated sugar and
molasses-ethanol production (Gopal and Kammen 2009),
and the resulting lack of sufficiently disaggregated LCIs.

Van Zeist et al. (2012) provides values ranging from
0.16 kg CO2 eq./kg DM for sugar beet molasses
(Netherlands, economic allocation) to 1.43 kg CO2 eq./kg
DM for sugar cane molasses (Brazil, mass allocation).
These values equate to a 79 % decrease and an 87 %
increase in GWP, respectively, relative to the base-case
scenario. As a sensitivity analysis, we consider both an
80 % decrease and an 80 % increase in molasses GWP,
or 0.15 and 1.37 kg CO2 eq./kg molasses DM, respective-
ly. Figure 13 presents the results of this sensitivity anal-
ysis and indicates that GWP results for CE production
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based on molasses are sensitive to molasses’ feedstock,
geography of origin and applied allocation. In
comparison, Olofsson et al. (2015) cite a GWP of
0.14 kg CO2 eq./kg molasses, which upon review is
assumed to be for sugar beet molasses. Thus, the
80 % decrease column in Fig. 13 is more representative
of CE production that uses sugar beet molasses, whereas
this study’s results are representative for CE production
that uses sugar cane molasses.

For pre-treated softwood, we have assumed softwood
cellulose and hemicellulose pre-treatment hydrolysis

reactions (conversion) based on Davis et al. (2015), see
Electronic Supplementary Material. Wooley et al. (1999)
provide another set of pre-treatment reactions, see
Electronic Supplementary Material. As a sensitivity anal-
ysis, we consider the effect of applying Wooley et al.’s
(1999) set of hydrolysis reactions to our pre-treatment
process; Fig. 14 presents these results. The reduction in
GWP when using Wooley et al.’s (1999) hydrolysis reac-
tions is directly related to their assumption that less cel-
lulose is converted to soluble sugars in pre-treatment, and
as a result, more cellulose is available for CE production
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in succeeding stages. However, the differences in conver-
sion efficiency are only slight, and these differences effect
on GWP results for case C are less significant.

Considering electricity, in the base-case scenarios,
electricity was modelled using CHP generation from or-
ganic waste feedstock (Humbird et al. 2011; Wooley
et al. 1999), see Electronic Supplementary Material. In
the sensitivity analysis, we have substituted this method
for softwood chip boiler CHP generation and the EU 27

consumption mix, see Figs. 15 and 16. These figures
indicate that both GWP and cumulative energy demand
results are sensitive to direct electricity supply.
Particularly, the substitution of organic waste CHP for
softwood chip CHP has little effect on GWP and cumu-
lative energy demand results for all cases. The substitu-
tion of organic waste CHP for the EU 27 consumption
mix significantly increases impacts for case C, though
less so for cases A and B. The sensitivity to changes in
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electricity supply is explained by the variation in direct
electricity consumption between cases A, B and C in
increasing order, see Table 4, making case C more sen-
sitive to changes in direct electricity supply.

As a final sensitivity analysis, as an estimate of the
effect of market changes on carbon source GWP results,
historical GCMF for cornstarch glucose (case A), sugar
cane molasses (case B) and pre-treated softwood (case C)
are estimated, and these GCMF are then multiplied by
the reactive carbon source flows, see Table 3, for each
case A, B and C.

The cornstarch and sugar cane markets are large and di-
verse, and in 2013, more than 2 billion metric tonnes of each
were produced (Geohive 2015a). Cornstarch glucose and sug-
ar cane molasses can be derived from starches and sugar cane,
respectively, and pre-treated softwood can be derived from
woodchips.

For cornstarch glucose, the GCMF are obtained from
the global corn production (Geohive 2015b) and from the
share of corn sweetener of US corn production (USDA
2015). Globally in 2000 and 2015, 592 million metric
tonnes (MMT) (Geohive 2015b) and 972 MMT (WOC
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2015) of corn were produced, respectively, and the shares
used to make corn sweeteners were 7.69 and 5.5 %, re-
spectively (i.e. 46 MMT and 53 MMT, respectively).

For sugar cane molasses, the GCMF are obtained from
the global sugar cane production (Geohive 2015a) and
from the yield of molasses per tonne of sugar cane, which
is approximately 3 % (MM 2015). In 2000 and 2015,
1256 and 2005 MMT of sugar canes were produced, re-
spectively (Geohive 2015a, b) (i.e. 38 and 60 MMT of
molasses cane syrup, respectively).

For pre-treated softwood, the GCMF are obtained from
the annual woodchip production, which is used as a
starting point for estimating softwood-based hydrolysate.
The global annual woodchip production increased from
around 30 to 60 MMT between 2000 and 2015
(Ekstrom 2011), and the theoretical amount of hydrolysate
that can be extracted from woodchips is 1–12 % DM
content (Gladyshko 2011). Extraction of hemicelluloses
by acid-catalysed hydrolysis is not equal to the actual
production of wood hydrolysate for glucose applications,
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because a large share of hydrolysate is used for biofuels
and renewable products (Dahlman et al. 2014). Still, if an
average 6 % hydrolysate from woodchips is used, the pre-
treated softwood production thereby increased from 1.8 to
3.6 MMT between 2000 and 2015, respectively.

Alternatively, global corn sweetener production
(Geohive 2015b; USDA 2015; WOC 2015) and the mar-
ket share of hydrolysates related to the sweeteners glucose
syrup, modified starch, maltodextrin and cyclodextrin
(MM 2015) can be used. In 2000 and 2015, the market
shares of hydrolysates are estimated to be 7.2 and 11.4 %,
respectively (MM 2015) (i.e. 4 and 7 MMT of hydroly-
sates, respectively).

The values used for determining GCMF are summarized
in Tables 8 and 9, and the results are presented in Fig. 17.
The results indicate that case A, or more specifically, GWP
associated with glucose production, is highly sensitive to
market changes. The reasons are the slow market growth
of cornstarch glucose leading to a relatively low GCMF,
implying a relatively low carbon source allocation in

Table 4 in combination with the relatively high share of
the carbon source of the total GWP score (Fig. 3). Pre-
treated softwood also obtains a low carbon source allocation
because of a low share of the applied GCMF mix. However,
the share of the carbon source of the total GWP score for
pre-treated softwood is relatively small (Fig. 3), and there-
fore, the effect is less significant, as shown in Fig. 17. The
sugar cane molasses market grows quicker than the markets
of cornstarch glucose and pre-treated softwood, and there-
fore, is allocated a relatively high GCMF (Table 9). The
share of the carbon source of the total GWP score for sugar
cane molasses is relatively high (Fig. 3), leading to a similar
GWP score for ALCA and AALCA (Fig. 17).

The results of the sensitivity analysis indicate that case
A is most sensitive to assumptions made concerning glu-
cose’s feedstock, geography of origin and applied alloca-
tion and market changes, whereas case C is most sensitive
to assumptions made concerning molar selectivity and di-
rect electricity supply. Case B indicates the least sensitiv-
ity to those assumptions tested in the sensitivity analysis.
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Table 8 Gross generation of carbon sources for the period 2000–2015

Source of glucose
for CE production

Gross generation
in 2000
(Mtonnes)

Gross generation
in 2015
(Mtonnes)

Cornstarch glucose (case A) 46 53

Sugar cane molasses (case B) 38 60

Pre-treated softwood (case C) 2 4

Total 85 117

Table 9 Determination of GCMFs for cases A, B and C

Source of glucose
for CE production

Consequential
historical (mass)

GCMF

Change 2000–2015 Applied mix

Cornstarch glucose (case A) 8 0.25

Sugar cane molasses (case B) 22 0.69

Pre-treated softwood (case C) 2 0.06

Total 32 1.00
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4 Discussion

A semi-quantitative comparison of the results of this
study with the results of similar non-formulated enzyme
assessments, see Table 7, reveals that this study’s results
are within the determined range (2σ) of Hong et al. (2013)
and MacLean and Spatari (2009). Furthermore, when one
considers that Hong et al. (2013) found that formulated
enzymes can have impacts (GWP) 57 % higher than non-
formulated enzymes do, the results of this study, when
compared with those for formulated enzymes, seem ac-
ceptable. However, the results of this study do not share
similarities with Agostinho et al.’s (2014) cumulative en-
ergy demand or with Harding’s (2008) GWP results, see
Table 7. Agostinho et al.’s (2014) high value of 1664 MJ/
kg CE can be attributed to the use of paper pulp as a carbon
source, which accounts for 77 % of cumulative energy de-
mand. Harding’s (2008) low (negative) GWP impacts are
the result of the LCI modelling approach he has taken,
where CO2 uptake from agricultural inputs during cultiva-
tion exceeds CO2 releases during cellulase production.
Remaining minor differences can be attributed to variations
in the background LCIs chosen and variations in LCI
modelling.

Considering the CE consumption values presented in the
introduction, and the results of this study, one can estimate the
environmental impact associated with CE production per MJ
LCB based on this study, see Electronic Supplementary
Ma t e r i a l . The GWP range fo r a l l c a s e s i s 2–
22 g CO2 eq. CE/MJ LCB for low CE consumption (case C)
to high CE consumption (case A), respectively. These results
are similar to the resul ts of Hong et al . (2013)

(12 g CO2 eq. CE/MJ LCB) and of MacLean and Spatari
(2009) (3.3–3.6 g CO2 eq. CE/MJ LCB) for non-formulated
enzymes, and to the higher results of Olofsson et al. (2015)
(18–30 g CO2 eq. CE/MJ LCB) and of Dunn et al. (2012)
(4.6 g CO2 eq. CE/MJ LCB) for formulated enzymes.

When one compares these values with the total GWP of
forest-to-gate LCB production determined by other authors
(9.3–50.3 g CO2 eq./MJ LCB: Bright and Strømman (2009),
Dunn et al. (2012) and Olofsson et al. (2015), to cite several),
and with a recent review of 53 studies byMorales et al. (2015)
revealing values ranging from 1.6 to 123.4 g CO2 eq./MJ
LCB, one can conclude that CE production is significant with
respect to the total environmental impacts of LCB production.

Alarmingly, Borrion et al. (2012), who reviewed 53 LCAs
of LCB, found that in many instances, it is not clear whether
CE production is within the evaluated system boundary, and
Wiloso et al. (2012), who reviewed 22 LCAs of LCB, re-
vealed that only 15 studies incorporated enzyme production
in their inventory analyses, several of which have been cited in
this article. Morales et al. (2015), Borrion et al. (2012),Wiloso
et al. (2012), Singh et al. (2010) and Luo et al. (2009) all point
to the existing data gaps concerning CE production and the
necessity to include this process in LCAs of LCB in order to
represent the true environmental impacts associated with LCB
production.

Finally, future research, development and implementation
will lead to a better understanding of the best-suited pre-treat-
ments (Kumar et al. 2009), enzyme strains (Seiboth et al.
2011) and location of CE production (Olofsson et al. 2015),
in addition to compiling LCIs suitable for assessing additional
LCIA categories, for example, water consumption (An et al.
2012).
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5 Conclusions

The results of this study show that CE production using pre-
treated softwood as a carbon source provides lower environ-
mental impacts than does CE production using cornstarch
glucose and sugar cane molasses carbon sources. However,
to varying degrees, results are sensitive to assumptions.

From the results, we conclude that other studies evaluating
the environmental impacts of CE production neither overesti-
mate nor underestimate CE production’s environmental im-
pact. Instead, from using sensitivity analysis and from
reviewing these sources, we conclude that particular attention
should be paid to correct selection of background LCIs, par-
ticularly carbon source and electricity, and even nutrient re-
quirements. Additionally, consistent LCI modelling method-
ology should be applied and transparently described.

Furthermore, we observe that according to estimates for
CE’s contribution towards the GWP impacts of LCB produc-
tion, CE production’s exclusion from LCB assessments can
lead to significant deviations from the true impacts associated
with LCB production.

As CE production increases because of the foreseen increase
in LCB production, experience will lead to advances in under-
standing and technology, advances which could prove either
favourable or detrimental to assessing the environmental im-
pacts associated with CE production. It is, however, of the
utmost importance to find (the most) sustainable processes
and to avoid competition for finite resources, in line with the
philosophy of industrial ecology. This study has filled some of
the data gaps associated with the production of LCB in general
and has specifically provided a clear and transparent indication
of the resource use and environmental impacts of on-site SmF
CE in full broth production. Future research could include de-
fining a pure consequential LCA looking at the consequences
of changing cornstarch glucose, sugar cane molasses and pre-
treated softwood demands in CE production to substantiate or
disregard the findings of AALCA sensitivity analysis.
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