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Abstract: Biomass is a promising renewable feedstock to produce polyisoprene for the rubber
industry. Through metabolic engineering, sugars derived from pretreated and hydrolyzed cellulose
and hemicellulose can be directly fermented to isoprene to produce rubber. Here we investigate
the life cycle environmental impact of isoprene fermentation to produce bio-polyisoprene from
agricultural residues (of Zea mays L.). Results show that the greenhouse gas (GHG) intensity of bio-
polyisoprene (−4.59 kg CO2e kg−1) is significantly lower than that of natural rubber (Hevea brasiliensis)
and synthetic rubber (−0.79 and 2.41 kg CO2e kg−1, respectively), while supporting a circular
biogenic carbon economy. We found the land use intensity of bio-polyisoprene to be 0.25 ha metric
ton−1, which is 84% lower than that from rubber tree plantations. We compare the direct fermentation
to isoprene results with indirect fermentation to isoprene through the intermediate, methyl butyl
ether, where dehydration to isoprene is required. The direct fermentation of isoprene reduces reaction
steps and unit operations, an expected outcome when employing process intensification, but our
results show additional energy conservation and reduced contribution to climate change. Among
the ReCiPe life cycle environmental impact metrics evaluated, air emission related impacts are high
for bio-polyisoprene compared to those for natural and synthetic rubber. Those impacts can be
reduced with air emission controls during production. All other metrics showed an improvement for
bio-polyisoprene compared to natural and synthetic rubber.

Keywords: bio-polyisoprene; life cycle assessment; agricultural residues; circular economy

1. Introduction

Biological systems routinely use metabolic pathways to convert organic compounds to
useful products. These pathways support functions within ecosystems where reactions are
non-spontaneous. Metabolic processes enable the synthesis of specific substances needed
for all organisms, including biochemicals, energy and fuel. The field of synthetic biology
has adopted key processes from nature for industrial processing of chemical commodities.
Advancing synthetic biology into industrial technological settings can allow for mapping
of bio-based processes through metabolic engineering to create green, circular and more
sustainable economies [1,2].

Synthetic biology has evolved from combining genes with E. coli organisms [3,4]
to focus more recently on technological aspects of creating bacterial genomes through
computer simulations [5]. Biomass can be decomposed into fermentable sugars that can
be tailor-made into bio-based monomers for polymers as successfully as the engineering
of petrochemicals [6,7]. However, a key challenge is the realization of materials with com-
parable or even improved properties in terms of sustainability and economics. Improved
pathways for metabolic engineering of the fermentation of sugars to fuels has given rise to
higher yields and a more cost effective means of replacing petroleum sourced products [8,9],
including biomass derived polymers.

Fermentation 2021, 7, 204. https://doi.org/10.3390/fermentation7040204 https://www.mdpi.com/journal/fermentation

https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0001-7243-9993
https://doi.org/10.3390/fermentation7040204
https://doi.org/10.3390/fermentation7040204
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fermentation7040204
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation7040204?type=check_update&version=1


Fermentation 2021, 7, 204 2 of 14

Polyisoprene, an organic polymer and much valued material found in natural rubber
trees and certain plants (e.g., guayule, Parthenium argentatum), is used in the production
of rubber products. Its molecular structure and high molecular weight offers material
properties that are not easily replaced [10]. Current pathways for the production of poly-
isoprene rely either on rubber plantations, or more commonly synthetic routes in the
conversion of low molecular weight hydrocarbon by-products of naphtha cracking [11]. In
the production of natural rubber (Hevea brasiliensis), the polyisoprene polymer is sourced
from mono-crop plantations that inherently destroy local ecosystems. Most of the world’s
tree-based polyisoprene production is in Southeast Asia, where new production growth
imposes land use change, often from converting natural and managed forests to rubber
plantations. This destroys the local ecosystem of flora and fauna and habitat for many
species. The rate of deforestation in Southeast Asia due to rubber tree plantations is un-
precedented in recent years [12,13]. Expanding the number of plantations by destroying
native forests changes the soil microbiome, releasing GHGs from stored C and N as CO2
and N2O, respectively [14]. On the other hand, petroleum-derived isoprene has a tremen-
dous negative impact on climate change. Therefore, plantation- and petroleum-sourced
polyisoprene both impose significant impacts on the environment. Direct fermentation of
cellulosic sugars to isoprene for polyisoprene production may offer environmental and
economic benefits as a replacement for rubber production from alternative routes.

Isoprene is a key intermediate chemical for the production of synthetic rubber (cis-
polyisoprene) in tire manufacturing. Although its main use is for the production of
synthetic tires, other markets for polyisoprene include, adhesives, lubricants, and useful
elastomers such as surgical gloves, golf balls and shoes [15]. With the rise in natural gas
supply in the U.S. in the last decade, ethylene for polyethylene production has shifted away
from the cracking of naphtha and gas oil to ethane cracking. This has drastically reduced
the production of isoprene, a co-produced fraction of naphtha cracking, for synthetic
rubber [9,10]. Additionally, isoprene produced from this unnatural route is energy intensive
and involves multiple extraction and distillation unit processes to isolate isoprene in its
pure form [6]. A decrease in isoprene supply from petroleum resources could also devastate
native forests that would be required to fill the gap in demand for rubber and put a strain
on the volatile market price of polyisoprene. The combined effects of declining supply
from naphtha cracking and limitations on sustainably harvested rubber from plantations
could lead to more viable, sustainable pathways in bio-based isoprene production [16].

In 2015, the global isoprene market was valued at USD 1.93 billion and was projected
to grow to USD 3 billion market by 2021 [17]. Approximately 70% of isoprene production
is used to manufacture polyisoprene from petroleum resources in the form of synthetic
rubber. Moreover, synthetic-bio-polyisoprene can substitute for many existing applications
of natural rubber. Today, the tire industry is experiencing higher demand due to growth
in the automotive industry resulting in major companies like Goodyear, Bridgestone and
Michelin choosing to partner with biotech companies to seek alternatives for isoprene
supply [6]. Sustained demand for isoprene is expected to grow, given increased automotive
sales in China and India, along with the exponential sales growth in the electric car
industry [18]. Bio-based polyisoprene could supply the growing demand for fuel efficiency
and eco-friendly tires [18,19]. However, the source and environmental impact of the
isoprene should be scrutinized.

Recent studies have evaluated the life cycle environmental performance of producing
natural rubber from guayule, a shrub native to the southwest U.S., as a substitute for
Hevea natural rubbers. Growing guayule in suitable regions of the U.S. may limit U.S.
dependence on imported natural rubber [20,21]; however, the land use requirements and
GHG emissions resulting from irrigation, fertilizer usage, and other agricultural activities
may be intensive for the growing the crop [22]. Additionally, land for guayule production
could be limited such that resulting rubber production may not meet rising demand for
diverse rubber products on a global scale. Thus, a diversity of sustainable feedstocks to
supplement polyisoprene production is needed in the near term.
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Life cycle assessment (LCA) is an analytical method that can facilitate industrial deci-
sion making towards sustainable resource management. LCA is a standardized methodol-
ogy that allows the compilation and evaluation of inputs, outputs and potential environ-
mental impacts of a product system throughout its life cycle [23,24]. Prospective LCA [25] is
increasingly used to evaluate the environmental tradeoffs of early-stage technology evolv-
ing at pre-commercial stages of development and at low technology readiness levels [26,27].
Riazi et al. [28] investigated the environmental tradeoffs of co-producing polyisoprene and
renewable aviation fuel from process development unit scale experiments for a biorefinery
concept that can flexibly convert isoprene to both final products. The authors undertook
a prospective LCA of the two products and describe key experimental processes that
tested the fermentation of sugars to methyl butenol (MBE) as an intermediate for isoprene.
Yang et al. [29] demonstrated a laboratory-scale genetically engineered pathway in which
direct fermentation to isoprene from sugars can negate this intermediate step. Our objective
is to evaluate the life cycle environmental impacts of isoprene synthesis through direct
fermentation, which reduces unit processes through process intensification, and may also
reduce the impact of polyisoprene production through a synthetic biology route. We use a
prospective LCA approach to investigate the variability in life cycle environmental impact
of polyisoprene production from agricultural residues compared to natural and synthetic
rubber. The direct fermentation of isoprene avoids the intermediate step of MBE dehydra-
tion by incorporating the advanced metabolic engineering pathway of direct fermentation
to isoprene.

2. Materials and Methods

This study applies life cycle assessment (LCA) to evaluate the environmental im-
pact associated with polyisoprene production from corn (Zea mays L.) stover based on
experiments and chemical process simulations formulated with experimental data. We
use mass and energy balances following methods set by the International Organization
for Standardization [23] to construct a life cycle inventory (LCI) model using SimaPro 9.1
software [30]. The functional unit is defined as 1 kg of polyisoprene.

Life cycle impact assessment (LCIA) was carried out for ReCiPe mid-point impacts
for producing polyisoprene from corn stover and compared to natural rubber, which
was sourced from the GaBi 9 Professional LCA database [31] and synthetic rubber from
ecoinvent [32]. ReCiPe mid-point impacts provide a holistic approach to compare the
environmental, human health and ecosystem impacts in the production of polyisoprene
from corn stover. These impacts have been applied in both Europe and North America to
evaluate the life cycle environmental impacts of a wide range of product and engineering
designs. Our goal is to use select ReCiPe mid-point impacts to evaluate a new production
route for bio-based polyisoprene within a prospective LCA framework. We focus on climate
change, land use, and ecosystem impacts deemed critical for a polymer production from
agricultural resources, which occupy land but sequester C during production.

Renewable polyisoprene is modeled as a cradle-to-gate process that includes feedstock
production, harvest (where soil N2O emissions and change in soil organic carbon (SOC)
are considered), transport of the feedstock, pretreatment, hydrolysis, fermentation, and
polymerization to polyisoprene (Figure 1).

This study assumes that the polyisoprene product will be used for long-term goods
that store the carbon sequestered via photosynthesis over the life-time of the material. We
assumed that polyisoprene usage and end-of-life management were excluded from the
defined life cycle system boundary involved in the biogenic carbon calculation.

The biorefinery is modeled to match the National Renewable Energy Laboratory’s
(NREL) biorefinery design [33] of 2500 metric tons (20% moisture content) of biomass per
day (MTPD). The supply of corn stover as the feedstock is assumed to be sourced within a
81 km (50 mile) radius of the biorefinery.

Data from previous literature [34,35] are used for certain LCI inputs (nutrients and
diesel for farm operations) for corn stover harvesting and N-P-K nutrient addition to
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replace quantities in the biomass removed. Iowa was chosen as the location for corn stover
supply to the biorefinery following the work of Pourhashem et al. [34], who used the
DayCent biogeochemical model for Boone county, Iowa to estimate soil nitrous oxide and
soil organic carbon (SOC) change emissions related to stover removal.

Figure 1. Cradle-to-gate life cycle process flow diagram for the production of polyisoprene from corn stover. Conversion of
lignocellulosic sugars to Isoprene is simulated in UniSim design suite, which provides heat duties necessary for constructing
the LCI model.

Specific areas of the biorefinery were modelled using experimental data to provide
heat duty unit operations from UniSim simulation software and where data were un-
available, extensive mass and energy balances. Several unit operations for feedstock
handling, pretreatment, and hydrolysis were taken from the literature [28,34,35] to build
mass balances to estimate the ReCiPe mid-point impacts that included loading of chemicals,
enzymes and nutrients.

After the corn stover is brought to the biorefinery, pre-treatment and hydrolysis
is carried out. Prior literature [28,34] was used for these steps assuming dilute acid
pretreatment and enzymatic hydrolysis [33]. The lignin portion of the feedstock is assumed
to be fractionated after pretreatment and combusted to generate electricity and steam
onsite providing the energy required for the biorefinery similar to prior models [33,35].
The electricity generated is surplus to the operational needs of the biorefinery, providing
an electricity credit that is assumed sold to the electricity grid, reducing the environmental
and economic impact of the process [35,36]. The Midwest Reliability Organization (MRO)
electricity grid, which supplies electricity to Iowa, is used for all LCA calculations.

The fermenter was modelled using UniSim chemical process simulation software
(Figure 2). Dextrose, a native UniSim component, that has been used to model 6 carbon
sugars was used as a feed along with air to supply oxygen. The feed temperature was
considered at room temperature 20 ◦C to match average yearly temperature in Iowa, US.
The direct fermentation (DF) using genetically engineered E. coli converts sugar to isoprene
using parameter conditions outlined in the dual MEP/MVA pathway [29] according to
stoichiometry (Equation (1)).

1.25 C6H12O6 + 0.5 O2 → C5H8 + 2.5 CO2 + 3.5 H2O (1)

The fermentation process was scaled to a 100 L reactor operated at Technology Hold-
ing LLC laboratories to determine initial operating parameters and ensure that isoprene
production is maintained in an environment to maximize its yield. Isoprene yields used
in the process simulation and LCI are taken from experiments on the 100 L reactor and
scaled-up through process simulation. The energy requirements for fermentation are domi-
nated by the heat required to raise the feed temperature (20 ◦C) to the reactor temperature
(35 ◦C). The fermenter reactor temperature was set at 35 ◦C as isoprene changes to vapor
phase at 34.1 ◦C [37]. Using data from fermentation experiments, the heat duty required
for this step is calculated using optimized process simulation in UniSim design suite [38].
Direct CO2 emissions from the fermentation step are calculated using the net stoichiometric
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fermentation reaction (Equation (1)). These emissions add to total GHG emissions of
bioconversion and are related to biogenic carbon uptake of the feedstock. After exiting
the fermenter, isoprene is recovered via a condenser and flash separator (Figure 2). The
condenser modeling allows for heat duty calculations, however in the refinery alternative
equipment such as a gas absorption unit may be used to separate CO2 and vapor impurities
from the isoprene gas.

Figure 2. UniSim model of fermenter, condenser and flash separator.

The fermenter product stream consists of 26.7% isoprene by mass fraction and is
condensed to purified isoprene in its liquid state where CO2 emissions are vented into
the atmosphere. Heat integration between the fermenter reactor and condenser further
reduces the energy and environmental impact of the process. Purified isoprene is then
polymerized using industry standards and the assumption is that all isoprene would be
used for polymerization to polyisoprene. The most effective polymerization of isoprene
has been shown to take place at 70 ◦C using chlorobenzene as solvent [39]. Since the
isoprene stream output from the condenser is 25 ◦C, a pre-heat step before polymerization
is necessary to return the isoprene to gas phase at 70 ◦C, the energy requirement for which
is calculated using UniSim. The energy required to polymerize isoprene is calculated using
an activation energy of 3.3 kcal/mol based on literature [40].

We applied thermodynamic and kinematic equations to create material and energy
balances around the biorefinery. Table 1 summarizes key parameters related to the unit
operation temperature, fermenter and polymerization yields (by mass), thermal duties and
surplus electricity produced by the lignin boiler.

Table 1. Parameter settings for Life Cycle Inventory.

Parameter Unit Amount Data sources and assumptions

Sugar yield from
pre-treatment and enzymatic

hydrolysis
g sugars/g feedstock 0.597 National Renewable Energy Laboratory

(NREL) [33]

Fermentation conversion g isoprene/g sugars 0.267 Modelled in UniSim using experimental data
from Yang et al. [29]

Fermenter temperature ◦C 35 Kirk-Othmer Encyclopedia [37]
Heat duty in fermenter kJ/kg Isoprene 1708 Fermenter duty taken from UniSim simulation
Condenser duty after

fermenter kJ/kg Isoprene 87.3 Condenser duty taken from UniSim simulation

Polymerization conversion % 99.9 Experimental data from Alnajrani et al. [39]
Polymerization

activationenergy kcal/mol 3.3 Hadjichristidis et al. [40]

Surplus electricity
coproduct kWh/kg polyisoprene 2.7 Reference calculated on assumption of selling

electricity coproduct to the grid
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Table 2. summarizes the inputs of feedstock, chemicals, and energy on a functional
unit basis of 1 kg polyisoprene. We assume that the corn stover supply shed yields meet
the biorefinery feedstock demand and that there is no competition with other uses for the
corn stover.

Table 2. LCI summary of cradle-to-gate feedstock, chemicals, and energy inputs and co-product
outputs in the biorefinery. All data expressed per 1 kg Polyisoprene produced.

Input Quantity Unit

Corn stover (CS) feedstock 5.53 kg
Feedstock yield 9.7 ton/ha/year

Collection 1.7 MJ

Nutrient replacement
N 27.7
P 10

K 50.9

g
g
g

N2O emissions 305.8 g
Change in soil organic carbon 1115.6 g

Transportation diesel 25.7 mL
Enzymes 50.9 g

Lime 160.4 g
Diammonium phosphate 10.5 g

Sulfuric acid 143.8 g
Electricity required (supplied onsite) 0.142 kWh

Oxygen from air 235 g

Output

Net co-produced electricity 2.7 kWh

The 100-year global warming ReCiPe mid-point impacts follow the Intergovernmental
Panel on Climate Change (IPCC) AR5 report, where the 100-year global warming potential
(GWP) of CO2, CH4 and N2O gases have a GWP of 1, 30, and 265 g CO2 equivalents (CO2e),
respectively (Table 3). ReCiPe LCIA midpoint metrics for natural rubber were taken from
the Gabi version 9 [31] professional database, described in [41], as a result of insufficient
data in the ecoinvent database.

Table 3. Additional ReCiPe 2016 LCIA midpoint impacts considered.

Impact Category Unit

Fine particulate matter PM2.5 equivalent
Stratospheric ozone depletion kg CFC-11 equivalent

Freshwater eutrophication kg Phosphorous equivalent
Marine eutrophication kg Nitrogen equivalent
Freshwater ecotoxicity kg 1,4-Dichlorobenzene equivalent

Marine ecotoxicity kg 1,4-Dichlorobenzene equivalent
Human non-carcinogenic toxicity kg 1,4-Dichlorobenzene equivalent

Terrestrial acidification kg Sulfur Dioxide equivalent
Fossil depletion kg oil equivalent

As the global population increases, demand for agricultural land for food production
is expected to rise leading to rising competition for prime agricultural land [42]. A parallel
assessment to GHG emissions is land use intensity as defined here for land required (in
hectares) to produce 1 kg of polyisoprene. Land use scenarios have been evaluated accord-
ing to Table 4, which summarizes data sources. The energy required for polymerization
is taken from previous data obtained through process simulations and chemical kinetics
equations, modeling the cracking of light naphtha, in a method similar to polymerization of
isoprene from biomass [28]. The corn stover-to-polyisoprene pathway is based on removal
of 50% corn stover from existing cropland in the US Midwest.
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Table 4. Description of model cases: DF, FMBE, NR, SR.

Pathway Description 1

DF Direct fermentation pathway of sugars to
isoprene.

DF-BC Direct fermentation pathway of sugars to
isoprene including biogenic carbon.

FMBE Indirect fermentation via methyl butenol

FMBE-BC Indirect fermentation via methyl butenol
including biogenic carbon

NR Natural rubber
NR-BC Natural rubber including biogenic carbon

SR Synthetic rubber
1 DF and DF-BC scenarios based on models developed herein; FMBE and FMBE-BC scenarios from [28]; NR and
NR-BC from evaluated from GaBi; and SR evaluated from Ecoinvent.

The life cycle system boundary of natural rubber polyisoprene is taken from ReCiPe
LCIA midpoint methods, and includes the impacts listed in Table 3. Table 4 summarizes
the model cases compared for polyisoprene produced from direct fermentation of cellu-
losic sugars, converted from fermented MBE intermediate, and from natural rubber and
synthetic rubber.

3. Results and Discussion

We evaluate contributions to and net life cycle global warming (GW) and land use
impacts for four alternative rubber pathways and compare them to natural and synthetic
rubber baselines. We further discuss and compare the LCIA midpoint impacts for the direct
fermentation pathway modeled in this research relative to natural and synthetic rubber.

Figure 3 summarizes the life cycle global warming impacts of direct fermentation
including (DF-BC) and excluding biogenic carbon (DF) sequestered in the final polyiso-
prene product. The figure also presents a comparison to previous work carried out by
Riazi et al. (FMBE & FMBE-BC). The GW estimates negative emissions only when se-
questered biogenic CO2 is included (DF-BC and FMBE-BC). The higher isoprene yield
in the DF-BC (−4.59 kg CO2e/kg polyisoprene) and DF (0.79 kg CO2e/kg polyisoprene)
pathways further reduces GW compared to the FMBE-BC and FMBE pathways, which emit
−3.64 and 2.5 kg CO2e/kg polyisoprene, respectively. Additionally, reducing the unit steps
involved in the DF production of isoprene, lowers the electrical and thermal demand of the
biorefinery, which results in a lower environmental impact. At the same time, an increase
surplus in electricity from the combustion of lignin provides a larger electricity credit in
the overall life cycle. The GW impact pathway of DF at 0.79 kg CO2/kg polyisoprene is
lower than those of natural and synthetic rubber of 1.18 and 2.41 kg CO2/kg polyisoprene,
respectively. The bio-based polyisoprene is fully comprised of biogenic carbon. When
accounting for biogenic carbon in bio-based materials two cases were considered. In the
first case (DF-BC and FMBE-BC), biogenic carbon is accounted as carbon storage, CO2 that
is captured from the atmosphere during photosynthesis and retained within the bio-based
material over its product life. To be conservative, the benefits of biogenic carbon storage are
not included in the second case (DF and FMBE), which leads to a net positive GW impact.

Figure 4a shows the major contributions to the GHG emissions not including the
biogenic carbon and electricity credit, which are compared in Figure 4b. The hot spots
in GHG emissions (Figure 4a) are from the boiler and fermentation unit operations, both
of which emit biogenic CO2 and represent 46% and 21% of GHG emissions, respectively.
When summing the biogenic CO2 across the life cycle and applying a displacement credit
for co-produced electricity, the life cycle GHG emissions are negative (DF-BC). Biogenic
CO2 contributes over 40% of the negative GHG emissions (Figure 4b). The biogenic
CO2 credit accounts for −10.3 kg CO2e in the DF pathway along with a credit from the
combustion of lignin in the boiler of −2.0 kg CO2e.
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Figure 3. The 100-year GW of select parameters for the scenarios of producing polyisoprene, DF-BC =
Direct fermentation with sequestered biogenic carbon; DF = direct fermentation without sequestered
biogenic carbon; FMBE-BC = fermentation to methyl butenol with sequestered biogenic carbon; FMBE
= fermentation methyl butenol without sequestered biogenic carbon; SR = synthetic rubber; NR =
natural rubber; NR-BC = natural rubber with biogenic carbon; NR-BC = natural rubber including
biogenic carbon and land use converted from forests to rubber plantations.

Figure 4. Life cycle percentage component contribution (a) positive GW contributions to DF and
FMBE process; (b) positive and negative GW contributions to DF and FMBE process including
negative GWs of biogenic carbon and on-site electricity credit.

Recent studies [43,44] have considered the production of value-added chemicals from
lignin as opposed to sending the lignin to the boiler for on-site electricity and steam
production. Lignin based chemicals, as a co-product in place of electricity, would remove
the need for a boiler that is considered to run at low efficiency and high capital cost, as
reported in [45]. Moreover, studies on ethanol biorefineries based on similar feedstock
quantities have examined a reduction in boiler size by using the bio-gas produced onsite
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for thermal energy [39]. This may reduce capital costs significantly and provide alternative
products from lignin.

The results documented in Table 5 show a decrease in GHG emissions to the atmo-
sphere relative to the two main current sources of polyisoprene, natural rubber sourced
from rubber plantations, and synthetic rubber sourced from petroleum. The land use
intensity range for corn stover based polyisoprene, natural rubber and synthetic rubber
are calculated based on previous studies reported by Riazi et al. [28] and Jawjit et al. [46]
(Table 5). Corn stover as a feedstock is a by-product that relies on corn production markets;
therefore, we assume that minimal additional land use would be required. The results
of minimal land use suggest that only the replacement of nutrients would be a factor ac-
cording to quantity of corn stover removed. Overall, land use intensity showed bio-based
polyisoprene accounting for 0.25 ha/metric ton, an 84% improvement from rubber tree
plantations. A recent study [47] considered converting forests to new lands for new rubber
tree plantations, due to increasing demand for polyisoprene. This leads to significant GHG
emissions from deforestation, as the land clearing related GHG emissions are significant as
described by de Blécourt et al. [48] for land use change of conversion of secondary forests
to rubber. Therefore, from an environmental perspective, it may be more beneficial to use
alternative biomass resources such as corn stover or forest residues that can be sustainably
harvested to reduce the current pattern of deforestation.

Table 5. Land Use Intensity and GW of Polyisoprene Produced from Different Feedstocks.

Feedstock Source Land Use (ha/Metric ton
Polyisoprene)

Net GHG Emissions
(kg CO2e/kg Polyisoprene)

Net GHG Emissions
(kg CO2e/kg Polyisoprene) excl.

Biogenic Carbon

DF 0.25 a to 0.59 a −4.59 a 0.79 a

FMBE 0.3 b to 0.7 b −3.64 a 2.5 a

NR 1.6 c −0.79 d to 15.9 b 1.18 d

SR 0 b 2.41 e 2.41 e

a Direct fermentation to isoprene. b Riazi et al. [28] reported for indirect fermentation. c Jawjit et al. [46] reported. d Gabi 9 [31] reported
output from LCIA ReCiPe midpoint impacts. e SimaPro [30] reported output from LCIA ReCiPe midpoint impacts.

Based on our results, the GHG emissions for both NR and SR, only NR offers a route
to a net carbon emission of zero or less at −0.79 kg CO2e. However, this value is evaluated
from LCA GaBi software data in which forest conversion from other land uses to growing
rubber plantations is not considered. Including land use change, Jawgit et al. show that
a likely upper bound of 15.9 kg CO2e may offer a more realistic assessment of climate
change affects when current demand would require mass forest conversion. From Table 5,
negative emissions of −4.59 kg CO2e from corn stover conversion to polyisoprene, via the
DF pathway, offers a future alternative to rubber supply. This value is based on 50% corn
stover removal; however, when greater removal occurs, this can have an adverse effect on
the GHG emissions and would decrease land use by 57%.

The purpose of bio-polyisoprene production is to use it as a substitute for rubber
and thus reduce the global warming impacts. Therefore, the balancing of polyisoprene
production and the overall carbon footprint is key to the development of the technology.
The use of fermentable sugars from sustainably harvested biomass can be considered an
environmentally preferable feedstock for its production. While the majority of current
research on uses of biomass for petroleum substitution has focused on liquid fuels [34,35,49],
novel bioconversion routes for polyisoprene production alone, shown here, offer the
prospect of substituting the high in demand rubber materials. In this case, the stoichiometric
isoprene yield for DF is greater than the indirect FMBE pathway that consists of further
process units downstream to separate and purify isoprene before polymerization. Less
feedstock is therefore needed to produce each kg of polyisoprene. This not only has an
economic benefit to the process but also an environmental one. The potential impacts
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on other environmental categories are also important given complex technologies, use of
chemicals, enzymes and the interactions metabolic pathways have with the local ecosystem.

The study by Riazi et al. [28] on bio-polyisoprene highlighted the need to incorporate
multiple life cycle environmental impacts in addition to climate change. We evaluate several
relevant midpoint LCIA impacts using ReCiPe 2016 for polyisoprene production (Figure 5)
for the direct fermentation (DF) pathway alongside of the production of polyisoprene
from natural rubber (NR) and synthetic rubber (SN). Supporting information Table S1
summarizes the contributions to the impacts by life cycle stage.

Figure 5. Life cycle environmental impacts of producing 1 kg of polyisoprene using ReCiPe 2016
midpoint impacts. The impacts for fine particular matter and terrestrial acidification are given in log
scale on the y-axis.

Figure 5 shows that DF exerts a large environmental impact for terrestrial acidification.
Those values are the result of inorganic emissions to air, particularly, SO2 at 2.4 g/kg
polyisoprene and both CO and NOx at 1.1 g/kg polyisoprene that have been calculated
from boiler emissions. To counter these emissions, a vent scrubber could be installed
as proposed by Larnaudie et al. [49]. NR is estimated to have a large impact in marine
eutrophication. Our estimate is derived from the GaBi professional database based on
production of latex rubber in Thailand; however, little information is provided on the
processes that contribute to eutrophication. In contrast, Jawjit et al. [46] developed LCI
data from four latex processing mills in Thailand. While they used an alternative indicator
of eutrophication based on emissions of PO4

3−, their research explained the major source
of eutrophication impact originates from use of diammonium phosphate (DAP), which is
used to remove magnesium from fresh latex. Synthetic rubber production from petroleum
sources (SR) is shown to give best results for land use and ozone depletion. However,
throughout the SR energy intensive process from cradle to gate, GHG emissions are larger
compared to all pathways when including biogenic CO2 benefits. In addition, SR has an
impact of 1.63 kg oil equivalent for fossil depletion per kg of polyisoprene produced. Crude
oil, the most common raw material in SR production, accounts for 71% of this value. DF is
not sourced from crude oil or from plantations and therefore has the potential to minimize
fossil depletion, ecotoxicity and climate change.

While a number of environmental savings can be achieved, stratospheric ozone deple-
tion is the main environmental burden from DF when considered in a comparison. This
is likely caused by biomass transport [50]. GaBi and ecoinvent datasets do not appear to
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have inputs for fine particulate matter formation for NR and SR and this is something that
should be considered. Studies characterizing the health effects of PM2.5 are becoming more
frequent in LCA research and therefore more detailed analysis of this impact area should
be performed. Health effects of PM2.5 calculated with the ReCiPe 2016 method using LCA
software are much lower in NR and SR, which could be related in part to underestimation
of data used to calculate the results of fine particulate matter.

With supply uncertainty of polyisoprene in the near-future, fermentable sugar from
sustainably harvested biomass has been considered an environmentally preferable feed-
stock for its production. Synthetic bioconversion routes such as the direct fermentation
pathway to isoprene for polyisoprene production offers the prospect of substituting for
rubber-based materials. However, synthetic polyisoprene and bio-polyisoprene cannot
fully substitute for natural latex rubber in all applications due to limitations in material
properties like elasticity, abrasion resistance [51]. Given that bioconversion technologies
are at an early stage of development, at precommercial scales, there are technological
challenges affecting the profitability and hence commercialization of such biorefineries.
To assess its commercialization potential, a techno-economic analysis of this proposed
process for bio-polyisoprene is needed to understand its economic viability along with
environmental benefit.

4. Conclusions

This LCA study highlights the potential for producing a sustainable alternative to
natural and synthetic rubber supply given its anticipated growth in demand in the future.
A new, early technology pathway is explored using corn stover as a biomass feedstock.
Analyzing processes through chemical process modeling and simulation, we develop a
life cycle inventory of an optimized fermenter that converts cellulose and hemicellulose
sugars to isoprene to produce polyisoprene. When comparing this biomass conversion
pathway for polyisoprene to synthetic and natural rubber pathways, we find a significant
reduction in GHG emissions to −4.59 kg CO2e/kg polyisoprene. Besides a decrease in
GHG emissions, the increased demand for polyisoprene could lead to further expansion of
mono-crop rubber plantations, which is destroying ecosystems through mass deforesta-
tion. Sustainable sources of biomass for bio-polyisoprene production could have a role
in arresting this impact through sourcing biomass from agricultural residues on existing
agricultural land with a significantly lower land use intensity of 0.25 ha/metric tonne
polyisoprene. Petroleum sourced polyisoprene, although having a low land use inten-
sity, primarily continues to consume fossil energy resources, contribute more greatly to
global warming and affect human and ecosystem health through toxic emissions. Direct
fermentation to isoprene for the production of polyisoprene results in negative fossil energy
depletion, freshwater eutrophication, human toxicity and terrestrial and marine ecotoxicity
due to electricity co-product credits. It reduces marine eutrophication as compared to
current sources of polyisoprene but releases higher fine particulate matter and results in
greater terrestrial acidification and stratospheric ozone depletion due to air emissions at
the isoprene biorefinery. Controls on air emissions could help mitigate those impacts and
should be investigated through more detailed process design and equipment selection.

Process modeling and simulation enabled predicting the environmental performance
of the isoprene fermenter studied herein through LCA. The process modeling approach
performed in this research suggests potential for a low environmental impact alternative
pathway for producing bio-polyisoprene to support future demand and for renewable
rubber. Although, current research still focuses on uses of biomass for replacement in
petroleum-based liquid fuels, novel bioconversion routes for polyisoprene production
alone offer an alternative prospect for rubber-based materials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/1
0.3390/fermentation7040204/s1, Table S1: Contributions to the LCIA metrics by life cycle stage.
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