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C
hemicals are an essential part of our every-day life. During 
the last two decades, global chemicals production doubled, 
reaching 2.3 billion tonnes in 2017, while only 2% are cur-

rently bio-based1. The continuous dependency on processing fossil 
resources is a major contributor to greenhouse gas emissions driv-
ing global warming impacts2. Furthermore, fossil-based chemi-
cal production is very energy demanding, accounting for roughly 
20% of the total energy used by industry3. Significant investments 
support exploring renewable ‘bio-based’ resources as new ways of 
producing chemicals, which have been reported to cause less global 
warming impacts than their fossil-based counterparts4. This picture, 
however, is strongly influenced by the covered processes and choice 
of end-of-life treatment, where global warming impacts from bio-
based chemicals can also exceed those from fossil-based chemicals 
when, for example, moving from composting to landfilling without 
energy recovery5,6.

.

m

.

m

.

m

Fighting fossil resources depletion and global warming are the 
main drivers to shift globally from fossil-based to bio-based prod-
ucts. Industry and academia have jointly taken on the challenge 
to develop bio-based processes for chemical production, and 
bio-based chemicals are projected to reach a market share of 22%  
by 20251,7.

Using non-fossil resources for chemical production comes, 
however, with its own challenges for environmental sustainability. 
Feedstock selection, shifting from laboratory to commercial-scale 
production, and end-of-life treatment of bio-based products may 
all introduce sustainability trade-offs8. To minimize such trade-offs 
and move biochemicals production to becoming a viable alterna-
tive to fossil-based chemicals production, it is crucial to identify 
and efficiently reduce related environmental impacts by system-
atically assessing the environmental sustainability performance of 
biochemical production systems.

More than 10 years ago, the US Department of Energy (DOE) 
proposed a list of 12 bio-based chemicals as potential substitutes 

for some of the current fossil-based chemical building blocks on the 
market, using a techno–economic analysis9. The intention was not 
to directly replace particular intermediates in the chemical indus-
try, but rather use the proposed chemicals as new intermediates for 
functionally equivalent downstream products, such as packaging 
materials. Increased use of renewable resources and environmen-
tal sustainability of bio-based industrial products were among the 
DOE’s major motivations behind establishing this list10. Two chemi-
cals were added and five removed in an update of the original DOE 
list in 2010, mainly related to shifts in research and development in 
the biochemical industry11. The current level of commercialization 
of the chemicals on the updated DOE list ranges from laboratory 
scale to full commercial production12,13, with microbial fermenta-
tion as a key process for using bio-based feedstocks in the chemical 
industry13. As the DOE list was not developed based on a specific set 
of criteria, we systematically selected from this list those biochemi-
cals that are currently highly relevant for the global community.

As a result, we focused on studies assessing the environmental 
performance of commercially available commodity chemicals pro-
duced from bio-feedstocks through microbial fermentation as well as 
assessing the environmental performance of functionally equivalent 
petrochemicals. We specifically analysed studies applying environ-
mental life cycle assessment (LCA) as a standardized method14 widely 
used to assess the environmental sustainability performance of prod-
ucts and services. LCA aims at capturing all relevant environmental 
impacts occurring along full product life cycles from raw material 
extraction (‘cradle’) and manufacturing to end-of-life (‘grave’), and 
helps pinpointing hotspots in, for example, production processes (see 
Box 1 for related definitions of LCA terminology). LCA is a powerful 
tool for identifying trade-offs between life cycle stages and for avoid-
ing burden shifting from impacts on, for example, global warming 
versus ecotoxicity15. We focused on biochemicals that have been fully 
commercialized to harvest maximum information on reported envi-
ronmental performance, and exclude biochemicals that are derived 

Producing biochemicals from renewable resources is a key driver for moving towards sustainable societies. Life cycle assess-
ment (LCA) is a standardized tool to measure related progress by quantifying environmental sustainability performance of 
chemical products along their life cycles. We analysed LCA studies applied to commercialized commodity biochemicals pro-
duced through microbial fermentation. The few available studies show inconsistencies in coverage of environmental impacts 
and life cycle stages, with varying conclusions. Claims of better sustainability performance of biochemicals over fossil-based 
chemicals are often based on comparing global warming impacts, while ignoring other impacts from bio-feedstock production. 
To boost sustainable biochemicals, we recommend that LCA practitioners include the broader range of impact indicators and 
entire life cycles, follow standards and guidance, and address missing data. The biochemicals industry should systematically 
use LCA to direct research, identify impact hotspots, and develop methods to estimate full-scale process performance. This will 
promote biotechnology as important contributor to solving existing sustainability challenges.
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either from chemical conversion or from combined fermentation 
and chemical conversion (for example, monoethylene glycol), or that 
are not primarily used as monomers derived for polymerization (for 
example, ethanol and glycerol). Ho

.

m
wever, the commercialization of 

bio-based ethanol mainly used for biofuel production and glycerol as 
a biodiesel production by-product introduced industrial shifts from 
fossil-based chemicals to biochemicals. Hence, several related LCA 
studies with focus on environmental performance of biofuels and its 
by-products exist. In summary, those studies show that using bio-
resources as compared to fossil-based energy sources reduces green-
house gas emissions and fossil fuel consumption, while introducing 
other impacts, such as related to acidification and eutrophication16–20. 
These studies also highlight that methodological choices drive high 
variability in environmental performance results and limit study 
comparability. Recommendations derived from LCA literature for 
ethanol and glycerol are to set future focus on optimizing agricultural 
methods, identifying cost-effective and environmentally attractive 
feedstocks, improving pre-treatment operations, and using chemical 
plant by-products.

With emphasis to go beyond ethanol and glycerol, our study 
focuses on the following commercialized biochemicals, produced 
and marketed by at least one company: lactic acid (for example, 
produced by Cargill, United States), succinic acid (for example, 
BioAmber, Canada; Succinity, Spain), 1,3-propanediol (for exam-
ple, DuPont; Tate & Lyle, both United States), 1,4-butanediol  

(for example, BioAmber, Canada), and 1,5-pentanediamine, also 
known as Cadaverine (for example, BASF, China).

In support of the broader development of biochemicals with 
optimal environmental sustainability performance, we additionally 
evaluated studies applying LCA to nine DOE listed biochemicals 
that are not yet commercialized. With our study, we seek to pro-
vide answers to three overarching questions: (1) What are the main 
methodological choices when assessing environmental sustainabil-
ity of bio-based chemicals? (2) What are the main conclusions from 
published LCA studies on commercialized bio-based chemicals 
versus fossil-based chemicals? (3) How can we improve the use of 
LCA for bio-based chemicals, to help striving towards a viable and 
sustainable future for the biochemical industry? Based on identi-
fied general patterns in environmental impact profiles of bio-based 
and fossil-based chemicals, we provide specific recommendations 
for improving future LCA practice, and highlight opportunities and 
constraints in shifting from fossil-based to bio-based chemicals.

State of commercialized commodity biochemicals
We systematically searched Scopus and Google Scholar for bio-
chemical name synonyms as listed in PubChem21 along with “sus-
tainability” or “LCA” and “life cycle assessment” or “foot print” and 
“footprint”. We found 36 environmental sustainability assessment 
studies published between 2003 and 2018 that matched these crite-
ria (searches conducted until February 2018). Table 1 summarizes 
market information and results from these studies conducted for 
the commercialized biochemicals in focus.

LCA studies have been found for all assessed biochemicals 
except 1,5-pentanediamine. Of the analysed studies, 83% claim to 
follow International Organization for Standardization (ISO

.

m
) stan-

dards, requiring LCA studies to consider all relevant life cycle stages 
and cover a comprehensive set of environmental issues related to 
the product system being studied22. Nevertheless, 46% of these stud-
ies only consider one or two impact categories and many assess only 
a limited number of life cycle stages (see Fig.  1 for succinic acid  
as an example).

Three life cycle stages, namely biomass production, polymer 
production, and end-of-life treatment, drive LCA results for the 
five biochemicals with available data (see Table 1), either through a 
combination of involved processes or high impacts for specific pro-
cesses. For example, when assessed, land-use impacts are in almost 
all cases more than a factor of 10 higher for biochemicals than for 
petrochemicals23–25. Variability in life cycle impacts from biochemi-
cal production is predominantly driven by geographical differences 
in the technology mix of the electricity generation26,27. During end-
of-life, impacts vary mainly due to differences in economic devel-
opment and geographical and cultural waste treatment patterns, 
yielding a variety of waste disposal options, such as industrial com-
posting, incineration (with or without heat recovery), and landfill-
ing28. Impact results variability is further influenced by the choice 
of allocation approaches in case of multifunctional production sys-
tems (system boundary expansion versus economic or energy-allo-
cation-based approaches)29. Both geographical and approach-based 
variability can be tested in scenarios to assess the sensitivity of LCA 
results and estimate related uncertainty for each scenario, which can 
help to understand the robustness of results.

Across LCA studies, the single most assessed impact category is 
global warming from emissions of greenhouse gases. Global warm-
ing impacts vary widely when comparing production of lactic acid 
and (poly)lactic acid (PLA) with functionally equivalent fossil-
based chemicals and plastics, such as polyethylene terephthalate 
(PET) and polystyrene (PS) (see Fig.  2). In a number of studies, 
PLA shows 5–90% lower global warming impacts than fossil-based 
equivalents with higher CO2 emissions due to extraction and pro-
cessing of fossil resources30,31. However, some studies show higher 
global warming impacts for PLA than for PET5 and PS6, mainly 

Box 1 | important terms from the field of environmental 
sustainability assessment

Life cycle assessment (LCA). An ISO-standardized method to 
quantify environmental impacts from inputs (resources used) 
and outputs (chemical emissions) along the life cycle of one or 
more defined product or service systems on a common function-
al basis. LCA consists of four iterative methodological phases, 
namely goal and scope definition, life cycle inventory analysis, 
life cycle impact assessment, and interpretation.

Life cycle stages. The stages of product or service life cycles, 
which usually include raw materials extraction, manufacturing, 
use, and end-of-life.

Life cycle inventory (LCI) analysis. The phase of LCA 
quantifying life cycle inputs and outputs for product or service 
systems as flows from or toward the natural environment.

Life cycle impact assessment (LCIA). The phase of LCA 
characterizing life cycle inputs and outputs of product or 
service systems in terms of the magnitude and significance of 
their potential impacts on human health, ecosystem quality and 
natural resources.

Impact category. The class of impacts that represent an 
environmental issue of concern. Examples of impact categories 
are global warming, ozone depletion, human toxicity, ecotoxicity, 
land use, water use, and resources use, to which product system 
life cycle inputs and outputs may be assigned.

Cradle-to-gate. LCA where the product system is defined from 
raw materials extraction (‘cradle’) to factory gate, that is, not all 
life cycle stages are covered.

Cradle-to-grave. LCA where the product system is defined from 
raw materials extraction (‘cradle’) to end-of-life (‘grave’), that is, 
all life cycle stages are covered.

End-of-life. The life cycle stage representing the end of the product’s 
use. It may include processes like reuse, recycling, chemical and 
energy recovery, incineration, landfilling, wastewater treatment, 
and release of bio-based products in nature.
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associated with CO2 emissions from electricity generation (due to 
a fossil-based electricity generation used for the resin production26) 
and from waste management32,33. For succinic acid, global warm-
ing impacts for bio-based production vary from being 22% lower 
to being 250% higher than for fossil-based production as a function 
of considering carbon storage during biomass cultivation, different 
energy mixes during resin production29, and purification technol-
ogy34. Going beyond global warming, we observe similar trends and 
variations with both lower and higher impacts for biochemical solu-
tions compared to their fossil-based counterparts, as summarized in 
Fig. 2 for all considered chemical-impact combinations.

Burden shifting between life cycle stages is an often-disregarded 
phenomenon when analysing the transition from fossil-based to 
bio-based chemicals. A cradle-to-gate LCA shows, for example, 
that global warming impacts from a PLA bottle reach only 69–90% 

of impacts from a PET bottle6. When including disposal (cradle-
to-grave), the total burden for PLA increases and shifts from 
‘harvesting and production’ to ‘use and end-of-life’, due to emis-
sions of the strong greenhouse gas methane from degradation of 
PLA under anaerobic conditions during landfilling, whereas PET 
is assumed non-degradable6. The advantage of PET over PLA is 
further increased when the bottle material is recycled, since such 
systems are currently operational in many places for PET but not 
for PLA. An

.

m
 additional shift in burden is seen when moving to bio-

based lactic acid, where we see strongly reduced global warming 
impacts for the acid production but strongly increased land-use 
impacts, which may be up to more than 100-times higher when 
using agricultural crop-based feedstock (see Fig. 2).

For succinic acid, LCA studies show that fermentation-related 
energy consumption, choice of fermentation process, and impacts 

Table 1 | C
.

m
haracteristics and lCA results for commercialized biochemicals produced through microbial fermentation

Chemical name lactic acid Succinic acid 1,3-propanediol 1,4-butanediol 1,5-pentanediamine

CAS registry number 50-21-5 110-15-6 504-63-2 1070-70-8 462-94-2

World production in kt 
yr–1 (year)

Fossil-based N/A 76 (2015)56 N/A 2,500 (2015)56 N/A

Bio-based 472 (2015)56 38 (2015)56 128 (2015)56 3 (2015)56 5057,58,a

Main current 
application

Food supplement, (poly)
lactic acid

Food supplement, 
pigment, resin

Plastics, cosmetics, 
cleaning products

Plastics, fibres Nylon, chemical 
intermediate

Number of published 
LCA studies

20b (refs. 
5,6,23,24,26,28,31,32,39,59–69)

8c (refs. 29,30,33–36,70,71) 5 (refs. 10,29–32) 3 (refs. 36,37,71) -

Number of published LCA studies addressing different impact categories according to ISO14040 and EN16760 requirementsd

Global warming 20 7 5 3 -

Ozone formation 3 2 1 1 -

Ozone depletion 4 3 - 1 -

Ionizing radiation 1 1 - - -

Particle formation 3 2 1 1 -

Human toxicity 4 3 1 - -

Ecotoxicity 4 3 1 - -

Acidification 7 2 2 1 -

Eutrophication 6 3 1 1 -

Land use 2 3 1 - -

Water use 4 1 - 1 -

Resources use 2 3 - 1 -

Energy demand 13 6 5 2 -

Production with 
fermentation 
from renewable 
biomass: state of 
commercialization

Commercialized12 Commercialized12,72 Commercialization12,72 Commercialized12,72 Commercialized57

Availability of inventory 
data for bio-based 
production routes

Production process 
data in LCI database 
ecoinvent45

No data in LCI 
databases

No data in LCI 
databases

No data in LCI 
databases

No data in LCI databases

Limitations of available 
LCA studies with 
focus on assessing 
environmental impacts 
of biochemicals

Variation in assessed life 
cycle stages: two studies 
assess stages from 
resource extraction to 
acid production. 11 include 
polymerization and 11 
assess the whole life cycle.

Few studies available Few studies available Few studies available No LCA studies publicly 
available.
Nothing about 
environmental 
performance is known.

Opportunities for applying LCA Conduct and publish more studies identifying hotspots and burden shifting within the life cycles; more focused research will help increasing environmental sustainability of 

bio-based substances. Apply and publish LCA studies on bio-based products and processes. aEstimated production volume. bGlobal warming and energy demand impact results could only be retrieved from 

Morales et al.32. cOne of the studies is not an LCA, but a comparison of selected environmental sustainability metrics33. d30 out of 36 studies followed ISO standard for conducting LCA. N/A, not applicable
.

m
.
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from end-of-life processes constitute the main environmental per-
formance challenges when moving to biochemicals29,35,36. Studies for 
1,4-butanediol and 1,3-propanediol show more consistent environ-
mental benefits of the bio-based chemicals over their petrochemi-
cal equivalents. This is mainly linked to petrochemical conversion 
processes being more energy intensive37, while including biomass-
production-related impacts, such as land use and acidification, 
results in bio-based chemicals either performing worse24 or results 
not being very decisive37.

In summary, results for even the most often included impact  
category, global warming, vary a lot across bio-based chemicals  
(see Fig. 2), rendering generic conclusions impossible without con-
sidering all life cycle states in all cases. In addition, LCA studies need 
to consider other potentially important impacts, such as land use 
and eutrophication, associated with current bio-based production 
methods to ensure that they identify and address relevant impact 
trade-offs and burden shifting along the chemicals’ life cycles.

improving lCA practice for biochemicals
The large variation in considered impacts and life cycle stages across 
LCA studies reflects current challenges when assessing biochemi-
cals. Each studied system is unique in features and components, 
rendering it difficult to compare it with functionally equiva-
lent systems or processes. This well-known problem, however, is  
not unique to biochemicals but applies to many product systems, 
such as waste treatment systems38. For improving LCA practice for 

biochemicals, we emphasize the key components to be included in 
each study, such as all life cycle stages, including end-of-life scenar-
ios, and all relevant impact categories. Indeed, it is an ISO require-
ment that all life cycle stages should be considered in an LCA39 to 
uncover possible burden shifting along product life cycles, such 
as environmental benefits or impacts related to certain end-of-life 
treatments. In the following, we detail the required adaptations 
of LCA for the biochemicals industry to allow giving a relevant 
impression of environmental sustainability, including to adhere to 
existing assessment standards and available practical guidance, and 
to address the need to estimate currently missing data.

Considering the entire life cycle. The analysis of existing LCA 
studies on biochemicals revealed that the most relevant impact 
categories are global warming, land use and water use, eutrophica-
tion (fertilizer use) and ecotoxicity (pesticide use) during feedstock 
production, and energy and water use in biorefineries. The most 
relevant and variable life cycle stage is feedstock production, where 
a potentially very important modelling aspect is the impacts from 
indirect land-use changes, representing those changes in land use 
that may result from expansions in cropland induced by an increased 
demand for crops due to increases in biochemical (or biofuel)  
production. Biochemical processing has significant potential for 
sustainability optimization that becomes even more important 
during upscaling from laboratory to market scale, where the bio-
chemicals industry will still need further innovation for process 

Impact categories

Energy demand

Global warming

Ozone depletion

Ionizing radiation

Particulate matter
formation

Human
toxicity

Smidt et al.30

Tecchio et al.70 Cok et al.29 Adom et al.71

Breedveld et al.35

Patel et al.36

Morales et al.34 Pinazo et al.33

Ozone formation

Resources use

Water use

Land use

Ecotoxicity

Acidification

Eutrophication

Biomass
production

Sugar
extraction

Biorefining
process

Succinic acid
synthesis

Polymer
production

Product
manufacturing

Product
use

Product
end-of-life

Fig. 1 | Overview of seven existing lCA studies of succinic acid production with their respective life cycle stages and impact categories considered.  
A f

.

m
ull li

.

m
st of included studies is provided in Table 1. Note that the study of Pinazo et al.33 is not an LCA (see Table 1 footnote).
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maturation. Finally, end-of-life treatment is relevant, as biodegrad-
able chemicals are often claimed to be CO2 emission neutral, but 
methane emissions from landfilling can offset these benefits.

Because of the special nature of bio-based chemicals originat-
ing from biotic resources, all impact categories assessing impacts 
occurring in the growing phase of the biomass should be included 
by default in related LCA studies. For end-of-life scenarios, it 
is especially important to consider those impact categories that 
address possible toxicity-related impacts of waste treatment includ-
ing ecotoxicity and human toxicity, and to model potential landfill 
emissions of methane, a strong greenhouse gas. Spatial variability 
may have a significant influence on LCA results, and it should be 
considered whenever data and models are available, in particular for 
locally variable impact categories like freshwater use, eutrophica-
tion and ecotoxicity.

When assessing end-of-life scenarios, the most representative 
setups for relevant product applications should be included, as envi-
ronmental impacts can vary greatly between disposal methods26,38. 
If end-of-life scenarios are not considered, it is still important to 
outline applicable scenarios, stating whether products are com-
postable, biodegradable under environmentally relevant conditions, 
or recyclable.

Adhering to existing standards and guidelines. Inconsistent appli-
cation of well-defined guidelines yields highly variable LCA results 
even when the same impact categories are assessed40. To avoid such 
issues and to strengthen the credibility of LCA results for biochem-
icals, we strongly suggest that future studies follow the ISO 14040 
standards series and the US Environmental Protection Agency (EP

.

m
A) 

LCA principles and practice41. Furthermore, for making LCA on 
bio-based chemicals much more representative, we recommend to 

follow the specific standard EN 16760:201542 for LCA on bio-based 
products. This standard builds on the ISO standards14,22 for guidance 
concerning the general LCA methodology, but gives explicit guid-
ance, for example, on modelling of agriculture, forestry and aquacul-
ture systems, which are recognized to have relevant environmental 
impacts in bio-based production systems42.

Overall, a strength of LCA is its broad coverage of impact cate-
gories, ensuring that all relevant impacts are reflected in the results. 
It is, however, also a challenge to communicate the array of results. 
Hence, the choice between alternative products based on LCA 
results will often require some aggregation of the results across 
impact categories, based on normalization and weighting of the 
impact scores or science-based translation into common metrics 
representing damages to natural ecosystems (for example, species 
loss) or human health (lifetime loss)43. Comprehensive guidance 
to address these challenges of interpreting LCA results and using 
these results as decision support for the biochemicals industry 
is available, for example, in the textbook Life Cycle Assessment: 
Theory and Practice44.

Estimating missing data. In the absence of real-world data, which 
is often the case for lab-scale production processes, reference pro-
cess data, default optimization potentials and relevant scale-up 
mechanisms should be considered for a first impact hotspot screen-
ing. Data then need to be systematically provided for hotspot pro-
cesses and related impacts.

We have the following recommendations for modelling feed-
stocks. Focus should firstly be on impacts from emissions of pesti-
cide and fertilizer production. Secondly, emissions from pesticide 
and fertilizer field application should be modelled, as well as use 
of water, land and global warming impacts (related to for example, 

Impact
category

GW 2 11 11 4 1 2 4 2 1 2

OF 1 1 1 1 1 1 1

OD 1 1 2 1 1 1

IR 1

PM 1 1 1 1 1 1

HT 1 2 1 1 1 1

ET 1 1 2 1 1 1

AC 1 4 3 1 2 1

EU 1 3 3 1 1 1 1

LU 1 1 1 1 1

WU 1 3 1 1

RU 1 1 1 1 1

ED 9 3 3 1 1 4 2 2

Diol
production 

1,3 propanediol 1,4 butanediol

Life cycle stages included in studies

End-of-life
scenario 

Lactic acid Succinic acid

Acid
production

Polymeri-
zation

End-of-life
scenario 

Acid
production

Polymeri-
zation

End-of-life
scenario 

End-of-life
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Diol
production 

Bio ≈ fossil 

Bio-based
better

Fossil-based
better

Factor of difference

No data

>10

10

2

1
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>10

Fig. 2 | environmental impact comparison for chemicals with available data from published studies. Nu
.

m
meric values represent study count. Impacts 

are expressed as factors of difference between bio-based and fossil-based chemicals (colour range, normalized to fossil-based chemicals) for different 

chemical–process–impact combinations, where each listed process includes also its upstream processes. Different colours within a single combination 

(for example, eutrophication (EU) impacts associated with acid production of succinic acid) indicate that multiple scenarios in a single study (that is, 

indicated study count n = 1) or results of multiple studies (that is, study count n > 1) show different impact ratios for the same chemical–process–impact 

combination. This variability is plotted as a colour range. A list of all studies included in our analysis is given in Table 1. Impact categories: GW, global 

warming; OF, photochemical ozone formation; OD, stratospheric ozone depletion; IR, ionizing radiation; PM, particulate matter formation; HT, human 

toxicity; ET, ecotoxicity (terrestrial or aquatic); AC, acidification (terrestrial or aquatic); EU, eutrophication (terrestrial or aquatic); LU, land use; WU,  

water use; RU, abiotic resources use; ED, (non-renewable) cumulative energy demand.
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agricultural methane emissions), which may be estimated based on 
average conditions and agricultural practices as done, for example, 
in the ecoinvent database45. When data are missing for modelled 
processes or when focus is on process specifications, computational 
simulations should be applied to project or quantify emissions, for 
example for agricultural practices, or by applying techno–eco-
nomic assessments for biochemical production processes. For 
addressing geographic differentiation, modelling of emissions and 
resources use needs to be performed for the specific processes of 
the life cycle (possibly based on modification of generic inventory 
database processes and using local electricity grid mixes). In the 
impact assessment part, spatially differentiated methods are gener-
ally available for all non-global impact categories. Hence, impact 
assessment research is already focused on strengthening the avail-
able methods, for example by addressing spatial differentiation of 
life cycle toxicity impacts46, while several related research gaps still 
remain to be addressed47.

For production efficiency, specific data should be available for 
the studied system and upscaling, and learning may be relevant 
to consider when comparing new and early-stage technologies 
with conventional alternatives, depending on the scale and matu-
rity of the processes included. For the impact assessment, we can 
also a priori identify the relevant impact categories when we know 
the specificities of the bio-based chemical life cycle and the con-
ventional chemical(s) that we want to compare. Usually, relevant 
impact categories are found among climate change (CO2, N2O and 
CH4 related to agriculture and energy systems) and eutrophication 
(nutrient emissions from agricultural fertilizer application). Of fur-
ther relevance are impacts associated with ecotoxicity (pesticides 
emitted from agricultural production of feedstock, biocides emitted 
from the production of bio-based chemicals, and toxic intermedi-
ates potentially emitted from synthesizing fossil-based chemicals), 
water use (from agriculture if water is critical in the concerned 
region) and land use (agriculture again).

toward a sustainable biochemicals industry
We identified several environmental sustainability recommenda-
tions for the biochemicals industry. Key opportunities are: (1) to 
systematically include LCA at early stages for directing research 
efforts in support of identifying key environmental hotspots 
and improving process development; (2) to focus on estimating 
commercial-scale production process data for biochemicals to 
allow for developing LCA for a broader range of products; and (3)  
to use LCA results to promote biotechnology as a significant  
contributor to solving environmental sustainability problems in 
areas where they are documented to actually perform better com-
pared to petrochemical solutions. In the production of agricul-
tural feedstocks, this could, for example, mean to increase crop 
yields and reduce fertilizer consumption by using plant growth 
promoting bacteria.

LCA for identifying hotspots and research needs. Bio-based 
chemicals can show lower, but sometimes also higher global 
warming impacts compared to fossil-based chemicals, for exam-
ple, due to cultivation practices leading to increased release of 
carbon from the cultivated soil, and often show higher impacts in 
other categories, such as land use. However, in full cradle-to-grave 
assessments, biochemicals often yield a better environmental 
performance than fossil-based chemicals. When life cycle stages 
beyond factory gate are assessed, this picture becomes less clear, 
while for land use specifically, biochemicals always show a worse 
environmental performance.

LCA is a useful tool to identify hotspots in environmental sus-
tainability profiles of bio-based chemicals48. Significant additional 
research and development efforts are required, mainly regard-
ing feedstock production, biorefining and product recycling, for  

further improving the overall environmental sustainability of bio-
based products.

At the early stages of biorefinery development, feasibility stud-
ies should include at least screening-level LCA to identify major 
hotspots in the product system. For assessments where the pur-
pose is to investigate the consequences at societal scale of a change 
towards first generation bio-based chemicals, LCA should also aim 
to model the consequences at societal scale, and further modelling 
efforts are required to address indirect land-use change impacts. As 
an example, an increased demand for corn to produce bio-based 
chemicals in the United States may lead to the expansion of corn 
production to other regions to meet overall greater demand. This 
may eventually induce conversion of natural areas into farmed 
land49, causing environmental impacts that are potentially large but 
typically not considered in LCA of individual biochemical products 
and materials analysed in the present study. Finally, the ‘wicked 
nature of sustainability’50 calls for considering consumer preferences 
to a higher degree51, since traditional methods targeting optimiza-
tion as an economic problem at process or product level might not 
be sufficient, and multidisciplinary approaches (for example, taking 
into account market-related rebound effects) are necessary to boost 
overall environmental sustainability of bio-based products52.

Methods for full scale process performance. When assessing 
opportunities using lignocellulosic biomass, macro- and micro-
algae as next generation feedstocks, the main challenges are related 
to data availability and accessibility, as well as targeting environmen-
tal sustainability-related impact hotspots in biochemicals produc-
tion that may differ between feedstock generations. When assessing 
environmental impacts of biochemicals produced by early-stage 
technologies, in order to judge their full potential in a commercial 
production, we need to effectively scale up laboratory data to be 
more representative for commercial scale production. We further 
need to consider potential learning reflecting the optimization 
potential of bio-based chemicals, as various production processes 
are currently still immature. The modelling of these developments 
may be inspired by comparisons of efficiencies and emissions for 
laboratory scale processes and commercial full-scale processes for 
other similar biochemicals and materials. It is further possible to 
define minimum fermentation yield performance and productivity 
that would be required to become commercially viable, or to soft-
link process simulation with LCA, enabling plant-wide design by 
scaling up lab-scale technologies using scaling factors53.

Biotechnology’s sustainability potential. In perspective, we 
observe that socio–economic aspects including population, trans-
portation, and the use of primary energy, water, fertilizers and 
biotic and abiotic resources grew rapidly over the last decades54. 
These aspects drive increasing impacts on global warming, ocean 
acidification, eutrophication, stratospheric ozone depletion, and 
impacts on humans and ecosystems from chemical emissions, 
and on depletion or degradation of land, water, fossil and other 
resources. Some of these trends already exceed Earth’s capacity for 
sustaining the current socio–economic development. Hence, just 
ever being ‘more environmentally sustainable’ is not enough, espe-
cially when population and per-capita consumption are increas-
ing globally52. The biochemicals industry should be promoted to 
explore how innovation can contribute to being environmentally 
sustainable in absolute terms based on the capacity of sustain-
ing our biophysical Earth systems, while meeting the growing 
needs for viable bulk chemicals in today’s and future societies55. 
For LCA practitioners, this means that there is no excuse not to 
look at all relevant impacts and life cycle stages to fully support-
ing a comprehensive improvement of biochemicals’ environmental 
performance. For biotechnology developers, this means to better 
integrate LCA as a systematic tool that can quantitatively support 
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a truly sustainable development of biochemicals instead of relying 
on partially justifiable environmental sustainability claims, such 
as reduction of CO2 emissions in the chemical production phase 
alone compared to a petrochemical alternative. We look forward 
to seeing both fields converging for successfully moving towards 
a true sustainable future based on biochemicals in line with the 
global sustainability agenda.
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