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Window of sustainable bioprocess operation: towards 
merging environmental sustainability assessment and 
process operation at early-stage bioprocess 
development
Philipp Demling1, Katrin Rosenthal2 and Alexander Grünberger3

Developing and optimizing sustainable bioprocesses require 
integrating technical feasibility and environmental sustainability 
assessment at an early stage of process development. 
Therefore, environmental impact estimations need to be 
performed alongside the development of novel bioprocesses, 
and ‘feasibility’ windows need to be defined, in which a 
bioprocess can be operated robustly and economically while 
being as environmentally friendly as possible. In this opinion, we 
summarize the progress made in the field of environmental 
sustainability assessment and its integration into bioprocesses 
at an early stage. We propose the ‘window of sustainable 
bioprocess operation’ (SBO window) as a concept to find 
operating conditions that match economic and environmental 
constraints. The insights obtained by the SBO window enable 
the back-translation of environmental constraints into 
bioprocess design optimizations and thus lay the foundation for 
a successful implementation of sustainable bioprocesses in the 
future.
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Introduction
Enhancing environmental sustainability is the primary 
incentive for transforming the current fossil-based 
economy into a bioeconomy based on renewable re
sources. To achieve a biologization of the industry, the 
successful translation of bioprocesses from the laboratory 
to the industrial scale plays a key role [1]. Current bio
process development focuses mainly on technical feasi
bility, especially in the early stages of development, 
aiming at economic competitiveness compared to es
tablished processes [2]. Because of the complex and 
multivariate nature of bioprocess development, optimal 
operation conditions bordered by design constraints for 
both process conditions and cells are defined. Re
nownedly, these are visualized in a ‘window of operation’ 
[3], which classically focuses on constraints in agitation 
and aeration in a stirred-tank reactor or variants of it 
applying different process parameters [4]. While defining 
these technical constraints provides the basis for en
suring the technical feasibility of the envisioned process, 
an assessment of environmental sustainability at early- 
stage bioprocess development is often missing, contra
dicting the initial incentive of the bioeconomy. Reasons 
might be that bioprocesses are often regarded as green or 
sustainable per se [5], which is demonstrably incorrect [6], 
or missing awareness and expertise to evaluate sustain
ability. Instead of integrating environmental sustain
ability in the bioprocess development pipeline at early 
stages, it is often assessed only at full-scale operation 
when data are easily accessible [7,8]. This could even
tually prove to be economically detrimental as cost-in
tensive retrofitting or a redesign of the entire process 
chain might be required, especially regarding changing 
regulatory limits or charges for emissions. An assessment 
of the environmental sustainability of a bioprocess at an 
early stage is, therefore, of utmost importance [9] and 
needs to be incorporated into the bioprocess develop
ment pipeline. Therefore, before spending vast amounts 
of resources on developing suboptimal processes, deci
sions improving environmental sustainability can be 
made early on in bioprocess development. However, 
available tools are either inadequate for early estima
tions, missing, or not consequently applied for sustain
ability-driven bioprocess development.
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Prerequisites for environmental sustainability 
assessment and existing tools
Tools with different complexities and accuracies are 
available for assessing environmental sustainability. 
These encompass rather simple metrics, such as the 
Process Mass Intensity, the E(+)-Factor, or the Product 
CO2 Footprint, each indicating the ratio of resources 
used or waste generated per product obtained 
(Table 1). Further, semiquantitative metrics (e.g. 
EcoScale [10]) or rather qualitative estimations based 
on the 12 Principles of Green Chemistry [11] can be 
applied. While these metrics can help give a rough 
estimate, a full Life Cycle Assessment (LCA) can 
provide a more comprehensive picture of the en
vironmental sustainability of a process. However, be
cause of its complexity and partial retrospective 
nature, large amounts of data are required, often not 
available at early-stage process development [12]. For 
compensation, a substantial number of assumptions 
have to be made, which reduce accuracy. As critically 
reviewed by Talwar & Holden, many bioeconomy 
LCA studies fall short due to inaccuracy or in
completeness, for example, due to narrow system 
boundaries or unavailability of data [13]. Therefore, a 
full LCA at the early stages of bioprocess development 
might not be suitable. Here, a focused approach on 
categories important for the specific (biochemical) 
reaction or process should be considered. Water usage 
and energy consumption could be classic impact 
categories, certainly applicable for a wide range of 
bioprocesses, as particularly fermentations and down
stream process unit operations are often water- and 
energy-intensive [14]. Further, greenhouse gas emis
sions can be quantified to compare the bioprocess to a 
chemical pendant. However, the impact categories 
need to be chosen and compiled specifically for the 
process or unit operation considered.

A current dilemma is that at the early stages of biopro
cess development, one must rely on straightforward 
metrics with less predictive accuracy because data are 
lacking for thorough environmental sustainability as
sessments. However, some previous studies in biopro
cess design have attempted to tackle this conflict and 
serve as use cases.

State-of-the-art of early-stage sustainability 
assessments in bioprocess development
Most conducted studies considering an environmental 
sustainability assessment of a bioprocess focus on a 
specific product, ranging from bulk to fine chemicals. 
While many studies use relatively simple metrics for 
early-stage assessments, we focus here on LCAs. 
Regarding LCAs, there are often challenges in setting 
the system boundaries to be comparable, and differences 

in the selection of impact categories are common [25,26]. 
For example, in a study performing an early-stage LCA 
for citric acid production [27], the substrate and the 
operation modes of the fermenter are considered, thus 
focusing primarily on bioconversion. Other studies in
cluded process integration and intensification, con
sidering reaction conditions, such as the selection of 
biocatalysts and feedstocks, and different routes for 
downstream processing (DSP), for example, for the 
production of aromatics [28], lactic acid [29], or mono
terpenoid indole alkaloids [30]. Multiple studies in
vestigating the fermentative production of different 
biosurfactants identified the fermentation, specific DSP 
unit operations, and proper scaling to have the highest 
impact on environmental sustainability and suggested 
optimizing the process accordingly [31–33]. Regarding 
biocatalyst selection, enzyme production was identified 
as potentially having a substantial effect on the en
vironmental sustainability of the overall process [34]. 
Further, comparative LCAs have been conducted to 
assess if biocatalytic syntheses have an ecological ad
vantage over chemical processes, for example, in the 
case of isopropyl palmitate [35], lactone [36], or cyclic 
dinucleotide production [37]. Additionally, specialized 
reactor and process setups were investigated regarding 
their environmental impact. Abel et al. analyzed elec
tromicrobial production (EMP) systems with different 
substrate inputs (formate, H2, acetate generated from 
electrolysis of CO2 and H2O using renewable energy) 
and three products (lactic acid, biomass, enzymes) 
compared with traditional bioprocesses [38]. EMP sys
tems would be favorable if 90% renewable energy were 
used, and land use would be reduced by 95%. A sub
sequent techno-economical assessment modeling bu
tanol production in an EMP revealed strong restrictions 
on prices for hydrogen, direct air capture, and renewable 
energy, as well as required process key performance 
indicators (KPIs) for the process to be economical [39]. 
While currently not economically viable, the targeted 
KPIs are not out of reach. Other bioeconomy LCAs or 
simpler methodologies focus on reactor design, for ex
ample, for photobioreactors [40], or aim to minimize the 
energy demand of stirred-tank reactors [41].

Although the application of LCAs and other metrics for 
environmental sustainability assessment at the early stages 
of bioprocess design is limited, further examples are pre
sent in the literature [42–47]. Wowra et al. [9] compre
hensively reviewed the application of LCAs in (early- 
stage) bioprocess development and highlighted their im
portance for holistic assessments. However, LCAs heavily 
rely on data, which are missing at the early stages of pro
cess development. At the same time, the complexity of 
LCAs demands expert knowledge in modeling and vali
dation to achieve a sound conclusion. Therefore, a trade- 
off needs to be made: While an LCA would be the ideal 
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method if sufficient data were available, the bioprocess 
engineer needs easily applicable tools to estimate en
vironmental sustainability, enabling the adjustment and 
decision-making on process design considerations and 
parameters in the early stages of development. At the very 
least, data are gathered by these tools, preparing more so
phisticated subsequent methods like LCAs.

Integration of environmental sustainability 
assessment into bioprocess development
Easily accessible tools are needed to better incorporate 
the importance of environmental sustainability and es
tablish it as a decisive factor in process design. The 
necessity and relevance of integrating sustainability into 
early-stage process design have already been recognized 
in the chemical process engineering fields [48–50], 
leading to the concepts of ‘industrial ecology’ and ‘de
sign for environment’ [51]. These concepts have not 
been discussed and transferred in the context of bio
process development. We propose the ‘window of sus
tainable bioprocess operation’ (SBO window) as an 
emerging concept to integrate early-stage sustainability 
analysis into bioprocess development (Figure 1). Here, 
environmental sustainability windows (Figure 1a) are 
established, analogous to the renowned ‘window of op
eration’ [3] (Figure 1b) for technical bioprocess devel
opment. Specific impact categories, for example, water 
usage and energy consumption, span the parameter 
space, in which constraints for main contributors re
garding environmental sustainability are set for a bio
process (Figure 1a). These constraints define an optimal 
range within which the designed bioprocess must op
erate to be environmentally sustainable. In parallel, the 
classic ‘window of operation’ (Figure 1b) is applied to 

determine the process parameters under which the 
predefined constraints for the environmental impact ca
tegories are met. This ensures that the chosen opera
tional parameters reflect technical feasibility and 
environmental sustainability. The combined application 
of both windows, defined as the SBO window (Figure 
1c), illustrates the abstract, multidimensional parameter 
space of all selected environmental impact categories 
and their consequences, translated to process conditions.

Application of the SBO window in an 
exemplary case study
The SBO window has not yet been applied, but it can be 
transferred to various studies in the literature that aim to 
improve bioprocesses based on insights obtained by early- 
stage environmental sustainability assessments. Applied to 
biotechnological cellobiose lipid production, this ex
emplifies the SBO window’s potential as a guiding tool for 
early estimations in developing an environmentally sus
tainable bioprocess [31]. In a cradle-to-gate LCA, Oraby 
et al. identified fermentation as a major contributor to all 
investigated impact categories (including abiotic depletion, 
eutrophication, and global warming potential), especially 
the energy required for agitation and aeration. Solutions 
suggested by the authors were to decrease fermentation 
time, which would require an increased space-time yield, 
and to be more energy-efficient by reducing aeration and 
sparging. However, economic viability must be met by 
reaching targeted KPIs, potentially contradicting suggested 
solutions favoring environmental sustainability. Here, the 
SBO window could support decision-making and finding a 
trade-off between maximum environmental sustainability 
and acceptable KPIs (Figure 2). In the case of cellobiose 
lipid production, decreasing energy consumption moves 

Figure 1  

Current Opinion in Biotechnology

Concept of the ’Window of sustainable bioprocess operation’. (a) Qualitative boundaries for selected impact categories (here energy and water) are 
visualized in the environmental sustainability window. (b) Qualitative operating boundaries for aerobic bacterial fermentation (based on Woodley [3]) 
are visualized in the bioprocess operation window. (c) Combining these windows allows for determining critical operation boundaries regarding 
technical, economic, and environmental sustainability aspects, visualized in the window of sustainable bioprocess operation (SBO window).
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the point of operation into the boundaries of the environ
mental sustainability window (Figure 2a). This requires 
decreasing agitation and aeration in the traditional ‘window 
of operation,’ moving the point of operation closer to the 
boundaries of ‘poor oxygen supply’ and ‘poor mixing’ 
(Figure 2b). The technical and environmental boundary 
conditions have to be merged as visualized in the SBO 
window (Figure 2c). If the point of operation lies outside of 
the boundaries, a redesign of the fermentation or the 
choice of a different (bio)chemical conversion route is re
quired.

The boundaries of the sustainability window have to be 
defined individually for each process as they depend on 
different factors, for example, the type of product, the 
location of the production plant, access to substrates and 
renewable energy, the environmental sustainabilty of 
substrates, or (water) recycling strategies. The same 
applies to the axes, which should represent the impact 
categories that have the prospected highest influence on 
the environmental sustainability of the process. In the 
example described, minimal water consumption and 
energy usage would be ideal, but these are constrained 
by the minimum economic requirements for a viable 
process. The economic requirements can be represented 
by process metrics translated into KPIs. These KPIs 
include cost per kg of product, annual production, re
action yield, biocatalyst yield, product concentration, 
and space-time yield. Threshold assessment values have 
been defined based on the chemical industry market 
segment (pharmaceutical industry, fine chemical in
dustry, and bulk industry) and enable cost and process 

optimization in the early development phase [2,52,53]. 
Similar thresholds have been established for waste 
generation [54]. However, additional thresholds for 
parameters assessing environmental sustainability, such 
as global warming potential or energy and water con
sumption of processes, are still missing.

We have demonstrated how establishing the SBO 
window can support environmental sustainability con
siderations early during bioprocess development, using 
the example of the existing study for cellobiose lipids 
production [31]. A translation and application to bio
processes currently under development will further 
show its benefits. Here, fitting impact categories have to 
be chosen, and distinct thresholds and operating points 
for the respective windows have to be set, all iteratively 
revalued based on data acquired during process devel
opment. Furthermore, the concept needs to be trans
ferred and applied in DSP to identify sustainable 
bioprocess operation parameters, covering all steps of 
bioprocess development, ranging from inoculation to 
product purification. Thereby, the concept of the SBO 
window will support the development of en
vironmentally sustainable and, at the same time, tech
nically feasible and economically viable bioprocesses.

Perspective
The application of environmental sustainability analysis 
at early-stage bioprocess development is an emerging 
field. Combined and merged with traditional bioprocess 
optimization tools, environmentally sustainable, robust, 
and economical bioprocesses can be developed. Much 

Figure 2  

Current Opinion in Biotechnology

The concept of the ’Window of sustainable bioprocess operation’ demonstrated in a case study of cellobiose lipids production. (a) The improvement 
of sustainability can be realized by shifting the point of operation (PoO) from high environmental impact into acceptable ranges (impact categories are 
energy and water in this case study). (b) Translation of the improved environmental sustainability results in a shifted PoO regarding process conditions 
(here reduced agitation and aeration). Iteratively, a PoO resulting in acceptable ranges for both environmental sustainability and process conditions is 
determined. (c) Optimally, operating conditions are found that reduce the environmental impact maximally (here energy and water below the red line) 
while enabling technical feasibility and economic feasibility (blue line).  
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effort is invested into gathering data and performing 
complex sustainability calculations; however, the re
integration into bioprocess development is not system
atically done. As bioprocess engineers, we need an easily 
applicable tool that can be integrated into the current 
bioprocess development pipeline for early-stage en
vironmental sustainability assessments. This is where 
the proposed SBO window can contribute. While it is a 
rather qualitative concept at this stage, a more quanti
tative implementation must be pushed forward. We in
vite bioprocess engineers to integrate early-stage 
environmental sustainability assessments using and re
fining the concept of the SBO window. At the very least, 
it will raise awareness of the importance of early-stage 
environmental sustainability considerations during bio
process development and gather data for subsequent 
complex methods like full LCAs.

CRediT authorship contribution statement
Philipp Demling: Conceptualization, Writing – original 
draft, Writing – review & editing, Visualization. Katrin 
Rosenthal: Conceptualization, Writing – original draft, 
Writing – review & editing, Visualization. Alexander 
Grünberger: Conceptualization, Writing – original draft, 
Writing – review & editing, Visualization.

Data Availability

No data were used for the research described in the ar
ticle.

Declaration of Competing Interest
The authors declare no competing interests.

Acknowledgements
We acknowledge Christin Koch, Judith Wegmann, Esther Hegel, and 
Karoline Wowra for their critical proofreading of this manuscript. This re
search did not receive any specific grant from funding agencies in the 
public, commercial, or not-for-profit sectors.

References and recommended reading
Papers of particular interest, published within the period of review, have 
been highlighted as: 

•• of special interest
•• of outstanding interest

1. Delvigne F, Takors R, Mudde R, van Gulik W, Noorman H: 
Bioprocess scale-up/down as integrative enabling technology: 
from fluid mechanics to systems biology and beyond. Microb 
Biotechnol 2017, 10:1267-1274, https://doi.org/10.1111/1751- 
7915.12803

2. Ögmundarson Ó, Sukumara S, Herrgård MJ, Fantke P: Combining 
environmental and economic performance for bioprocess 
optimization. Trends Biotechnol 2020, 38:1203-1214, https://doi. 
org/10.1016/j.tibtech.2020.04.011

3. Woodley JM, Titchener-Hooker NJ: The use of windows of 
operation as a bioprocess design tool. Bioprocess Eng 1996, 
14:263-268, https://doi.org/10.1007/BF00369924

4. Zhou YH, Titchener-Hooker NJ: Visualizing integrated 
bioprocess designs through ‘3D-windows of operation’. 

Biotechnol Bioeng 1999, 65:550-557, https://doi.org/10.1002/(SICI) 
1097-0290(19991205)65:5<550:AID-BIT8>3.0.CO;2-0

5. Ni Y, Holtmann D, Hollmann F: How green is biocatalysis? To 
calculate is to know. ChemCatChem 2014, 6:930-943, https://doi. 
org/10.1002/cctc.201300976

6. Ögmundarson Ó, Herrgård MJ, Forster J, Hauschild MZ, Fantke P: 
Addressing environmental sustainability of biochemicals. Nat 
Sustain 2020, 3:167-174, https://doi.org/10.1038/s41893-019- 
0442-8

7. Singh A, Singhania RR, Soam S, Chen C-W, Haldar D, Varjani S, 
Chang J-S, Dong C-D, Patel AK: Production of bioethanol 
from food waste: status and perspectives. Bioresour Technol 
2022, 360:127651, https://doi.org/10.1016/j.biortech.2022. 
127651

8. Tonini D, Astrup T: LCA of biomass-based energy systems: a 
case study for Denmark. Appl Energy 2012, 99:234-246, https:// 
doi.org/10.1016/j.apenergy.2012.03.006

9.
••

Wowra K, Hegel E, Scharf A, Grünberger A, Rosenthal K: 
Estimating environmental impacts of early-stage bioprocesses. 
Trends Biotechnol 2023, 41:1199-1212, https://doi.org/10.1016/j. 
tibtech.2023.03.011. 

This review gives an overview and discusses the needs and challenges 
of performing an environmental assessment at an early stage of bio
process development.

10. van Aken K, Strekowski L, Patiny L: EcoScale, a semi- 
quantitative tool to select an organic preparation based on 
economical and ecological parameters. Beilstein J Org Chem 
2006, 2:3, https://doi.org/10.1186/1860-5397-2-3

11. Anastas PT, Warner JC: Green Chemistry: Theory And Practice. 
edn 1, Oxford University Press; 1998.

12. Arvidsson R, Tillman A-M, Sandén BA, Janssen M, Nordelöf A, 
Kushnir D, Molander S: Environmental assessment of emerging 
technologies: recommendations for prospective LCA. J Ind Ecol 
2018, 22:1286-1294, https://doi.org/10.1111/jiec.12690

13.
•

Talwar N, Holden NM: The limitations of bioeconomy LCA 
studies for understanding the transition to sustainable 
bioeconomy. Int J Life Cycle Assess 2022, 27:680-703, https://doi. 
org/10.1007/s11367-022-02053-w. 

This review highlights the shortcomings of current bioeconomy LCAs 
and gives recommendations on how to gain more insight into the current 
state of a sustainable bioeconomy by focusing on integrated systems, 
adhering to standards, and looking beyond eco-efficiency.

14. Liang C, Gracida-Alvarez UR, Hawkins TR, Dunn JB: Life-cycle 
assessment of biochemicals with clear near-term market 
potential. ACS Sustain Chem Eng 2023, 11:2773-2783, https://doi. 
org/10.1021/acssuschemeng.2c05764

15. Jimenez-Gonzalez C, Ponder CS, Broxterman QB, Manley JB: 
Using the right green yardstick: why process mass intensity is 
used in the pharmaceutical industry to drive more sustainable 
processes. Org Process Res Dev 2011, 15:912-917, https://doi. 
org/10.1021/op200097d

16. Sheldon RA: E factors, green chemistry and catalysis: an 
odyssey. Chem Commun 2008, 29:3352-3365, https://doi.org/10. 
1039/b803584a

17. Tieves F, Tonin F, Fernández-Fueyo E, Robbins JM, Bommarius B, 
Bommarius AS, Alcalde M, Hollmann F: Energising the E-factor: 
the E+-factor. Tetrahedron 2019, 75:1311-1314, https://doi.org/ 
10.1016/j.tet.2019.01.065

18. Christensen CH, Rass-Hansen J, Marsden CC, Taarning E, Egeblad 
K: The renewable chemicals industry. ChemSusChem 2008, 
1:283-289, https://doi.org/10.1002/cssc.200700168

19. Zhao Q, Han F, Huang Y, She X, You Z, Zhang B: Research of 
the carbon footprint calculation and evaluation method 
based on the pattern microalgae for biodiesel production. 
Renew Energ 2024, 231:120912, https://doi.org/10.1016/j. 
renene.2024.120912

20. In Handbook on Life Cycle Assessment: Operational Guide to the 
ISO Standards. Edited by Guinée JB, Lindeijer E. Kluwer; 2002.

6 Energy Biotechnology 

www.sciencedirect.com Current Opinion in Biotechnology 2025, 93:103292

https://doi.org/10.1111/1751-7915.12803
https://doi.org/10.1111/1751-7915.12803
https://doi.org/10.1016/j.tibtech.2020.04.011
https://doi.org/10.1016/j.tibtech.2020.04.011
https://doi.org/10.1007/BF00369924
https://doi.org/10.1002/(SICI)1097-0290(19991205)65:5<550:AID-BIT8>3.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-0290(19991205)65:5<550:AID-BIT8>3.0.CO;2-0
https://doi.org/10.1002/cctc.201300976
https://doi.org/10.1002/cctc.201300976
https://doi.org/10.1038/s41893-019-0442-8
https://doi.org/10.1038/s41893-019-0442-8
https://doi.org/10.1016/j.biortech.2022.127651
https://doi.org/10.1016/j.biortech.2022.127651
https://doi.org/10.1016/j.apenergy.2012.03.006
https://doi.org/10.1016/j.apenergy.2012.03.006
https://doi.org/10.1016/j.tibtech.2023.03.011
https://doi.org/10.1016/j.tibtech.2023.03.011
https://doi.org/10.1186/1860-5397-2-3
http://refhub.elsevier.com/S0958-1669(25)00036-9/sbref11
http://refhub.elsevier.com/S0958-1669(25)00036-9/sbref11
https://doi.org/10.1111/jiec.12690
https://doi.org/10.1007/s11367-022-02053-w
https://doi.org/10.1007/s11367-022-02053-w
https://doi.org/10.1021/acssuschemeng.2c05764
https://doi.org/10.1021/acssuschemeng.2c05764
https://doi.org/10.1021/op200097d
https://doi.org/10.1021/op200097d
https://doi.org/10.1039/b803584a
https://doi.org/10.1039/b803584a
https://doi.org/10.1016/j.tet.2019.01.065
https://doi.org/10.1016/j.tet.2019.01.065
https://doi.org/10.1002/cssc.200700168
https://doi.org/10.1016/j.renene.2024.120912
https://doi.org/10.1016/j.renene.2024.120912
http://refhub.elsevier.com/S0958-1669(25)00036-9/sbref20
http://refhub.elsevier.com/S0958-1669(25)00036-9/sbref20


21. Domínguez de María P: General equations to estimate the CO2 
production of (bio)catalytic reactions in early development 
stages. RSC Sustain 2024, 2:3817-3825, https://doi.org/10.1039/ 
D4SU00535J

22. Cataldo AL, Sissolak B, Metzger K, Budzinski K, Shirokizawa O, 
Luchner M, Jungbauer A, Satzer P: Water related impact of 
energy: cost and carbon footprint analysis of water for 
biopharmaceuticals from tap to waste. Chem Eng Sci X 2020, 
8:100083, https://doi.org/10.1016/j.cesx.2020.100083

23. International Standards Organization: Environmental management 
– Life cycle assessment – Principles and framework (ISO 
14040:2006); 2006.

24. International Standards Organization: Environmental management 
– Life cycle assessment – Requirements and guidelines (ISO 
14044:2006); 2006.

25. Vulsteke K, Huysveld S, Thomassen G, Beylot A, Rechberger H, 
Dewulf J: What is the meaning of value in a circular economy? A 
conceptual framework. Resour Conserv Recycl 2024, 
207:107687, https://doi.org/10.1016/j.resconrec.2024.107687

26. van Wilder L, Boone L, Ragas A, Moermond C, Pieters L, Rechlin A, 
Vidaurre R, de Smedt D, Dewulf J: A holistic framework for 
integrated sustainability assessment of pharmaceuticals. J 
Clean Prod 2024, 467:142978, https://doi.org/10.1016/j.jclepro. 
2024.142978

27. Becker M-Y, Kohlheb N, Hunger S, Eschrich S, Müller R, Aurich A: 
Early-stage sustainability assessment of biotechnological 
processes: a case study of citric acid production. Eng Life Sci 
2020, 20:90-103, https://doi.org/10.1002/elsc.201800198

28. Krömer JO, Ferreira RG, Petrides D, Kohlheb N: Economic 
process evaluation and environmental life-cycle assessment of 
bio-aromatics production. Front Bioeng Biotechnol 2020, 8:403, 
https://doi.org/10.3389/fbioe.2020.00403

29.
•

Ögmundarson Ó, Sukumara S, Laurent A, Fantke P: 
Environmental hotspots of lactic acid production systems. GCB 
Bioenergy 2020, 12:19-38, https://doi.org/10.1111/gcbb.12652. 

This study demonstrates that applying LCA is useful for identifying en
vironmental impact hotspots at an earlier stage of technological devel
opment across biochemical production systems.

30. Etit D, Ögmundarson Ó, Zhang J, Krogh Jensen M, Sukumara S: 
Early-stage economic and environmental impact assessment 
for optimized bioprocess development: monoterpenoid indole 
alkaloids. Bioresour Technol 2024, 391:130005, https://doi.org/10. 
1016/j.biortech.2023.130005

31.
••

Oraby A, Briem A-K, Bippus L, Rupp S, Zibek S: Life cycle 
assessment as a driver for process optimisation of cellobiose 
lipids fermentation and purification. Int J Life Cycle Assess 2024, 
29:1652-1671, https://doi.org/10.1007/s11367-024-02301-1. 

By using LCA, this study shows that an environmental impact reduction 
potential can be achieved by optimizing fermentation process para
meters compared to purification process steps for cellobiose lipid pro
duction. This highlights the importance of using LCA as a driver for 
process optimization to identify process steps.

32. Bippus L, Briem A-K, Beck A, Zibek S, Albrecht S: Life cycle 
assessment for early-stage process optimization of microbial 
biosurfactant production using kinetic models-a case study on 
mannosylerythritol lipids (MEL). Front Bioeng Biotechnol 2024, 
12:1347452, https://doi.org/10.3389/fbioe.2024.1347452

33. Tiso T, Ihling N, Kubicki S, Biselli A, Schonhoff A, Bator I, Thies S, 
Karmainski T, Kruth S, Willenbrink A-L, et al.: Integration of 
genetic and process engineering for optimized rhamnolipid 
production using Pseudomonas putida. Front Bioeng Biotechnol 
2020, 8:976, https://doi.org/10.3389/fbioe.2020.00976

34. Becker M, Lütz S, Rosenthal K: Environmental assessment of 
enzyme production and purification. Molecules 2021, 26, https:// 
doi.org/10.3390/molecules26030573

35.
•

Nachtergaele P, Kocak O, Roman Escobar Y, Motte J, Gabriels D, 
Mottet L, Dewulf J: Does enzymatic catalysis lead to more 
sustainable chemicals production? A life cycle sustainability 
assessment of isopropyl palmitate. Green Chem 2024, 
26:11662-11672, https://doi.org/10.1039/D4GC04514A. 

This study presents a Life Cycle Sustainability Assessment of switching 
from chemical to enzymatic catalysis for isopropyl palmitate production, 
finding reduced environmental impacts but increased costs and social 
risks while highlighting areas for optimization and the potential for 
profitability.

36. Delgove MAF, Laurent A-B, Woodley JM, Wildeman SMA de, 
Bernaerts KV, van der Meer Y: A prospective life cycle 
assessment (LCA) of monomer synthesis: comparison of 
biocatalytic and oxidative chemistry. ChemSusChem 2019, 
12:1349-1360, https://doi.org/10.1002/cssc.201900007

37. Becker M, Ziemińska-Stolarska A, Markowska D, Lütz S, 
Rosenthal K: Comparative life cycle assessment of chemical 
and biocatalytic 2’3’-cyclic GMP-AMP synthesis. 
ChemSusChem 2023, 16:e202201629, https://doi.org/10.1002/ 
cssc.202201629

38.
•

Abel AJ, Adams JD, Clark DS: A comparative life cycle  
analysis of electromicrobial production systems. Energy  
Environ Sci 2022, 15:3062-3085, https://doi.org/10.1039/ 
D2EE00569G. 

This study develops a comprehensive framework to evaluate EMP 
systems, revealing that H₂-fed systems offer the best productivity and 
global warming potential, with less land use than traditional biopro
cesses, and identify key hotspots for future optimization.

39. Adams JD, Clark DS: Techno-economic assessment of 
electromicrobial production of n-butanol from air-captured 
CO2. Environ Sci Technol 2024, 58:7302-7313, https://doi.org/10. 
1021/acs.est.3c08748

40. Sandmann M, Smetana S, Heinz V, Rohn S: Comparative life 
cycle assessment of a mesh ultra-thin layer photobioreactor 
and a tubular glass photobioreactor for the production of 
bioactive algae extracts. Bioresour Technol 2021, 340:125657, 
https://doi.org/10.1016/j.biortech.2021.125657

41. Jahanian A, Ramirez J, O’Hara I: Advancing precision 
fermentation: minimizing power demand of industrial scale 
bioreactors through mechanistic modelling. Comput Chem Eng 
2024, 188:108755, https://doi.org/10.1016/j.compchemeng.2024. 
108755

42. Tiso T, Winter B, Wei R, Hee J, de Witt J, Wierckx N, Quicker P, 
Bornscheuer UT, Bardow A, Nogales J, Blank LM: The metabolic 
potential of plastics as biotechnological carbon sources — 
review and targets for the future. Metab Eng 2022, 71:77-98, 
https://doi.org/10.1016/j.ymben.2021.12.006

43. Zheng X, Wang J, Huang J, Xu X, Tang J, Hou P, Han W, Li H: 
Environmental impact assessment of a combined bioprocess 
for hydrogen production from food waste. Waste Manag 2024, 
173:152-159, https://doi.org/10.1016/j.wasman.2023.11.009

44. Siedentop R, Rosenthal K: Industrially relevant enzyme 
cascades for drug synthesis and their ecological assessment. 
Int J Mol Sci 2022, 23, https://doi.org/10.3390/ijms23073605

45. Meramo S, González-Delgado ÁD, Sukumara S, Fajardo WS, León- 
Pulido J: Sustainable design approach for modeling 
bioprocesses from laboratory toward commercialization: 
optimizing chitosan production. Polymers 2021, 14, https://doi. 
org/10.3390/polym14010025

46. Boshagh F, van Niel E, Lee C-J: Techno-economic and life-cycle 
analyses of dark fermentative hydrogen production integrated 
with anaerobic digestion from coffee-manufacturing 
wastewater under thermophilic and mesophilic conditions. 
Bioresour Technol 2025, 416:131737, https://doi.org/10.1016/j. 
biortech.2024.131737

47. Benavides PT, Balchandani S, Gracida-Alvarez UR: Environmental 
analysis of biotechnologies for biofuels, bioplastics, and 
bioproducts: a greenhouse gas (GHG) emissions review. 
Biotechnol Environ 2024, 1, https://doi.org/10.1186/s44314-024- 
00010-5

48. Kleinekorte J, Kleppich J, Fleitmann L, Beckert V, Blodau L, 
Bardow A: APPROPRIATE Life Cycle Assessment: A PRO cess- 
specific, PRedictive Impact AssessmenT method for Emerging 
chemical processes. ACS Sustain Chem Eng 2023, 
11:9303-9319, https://doi.org/10.1021/acssuschemeng.2c07682

Window of sustainable bioprocess operation Demling, Rosenthal and Grünberger 7

www.sciencedirect.com Current Opinion in Biotechnology 2025, 93:103292

https://doi.org/10.1039/D4SU00535J
https://doi.org/10.1039/D4SU00535J
https://doi.org/10.1016/j.cesx.2020.100083
https://doi.org/10.1016/j.resconrec.2024.107687
https://doi.org/10.1016/j.jclepro.2024.142978
https://doi.org/10.1016/j.jclepro.2024.142978
https://doi.org/10.1002/elsc.201800198
https://doi.org/10.3389/fbioe.2020.00403
https://doi.org/10.1111/gcbb.12652
https://doi.org/10.1016/j.biortech.2023.130005
https://doi.org/10.1016/j.biortech.2023.130005
https://doi.org/10.1007/s11367-024-02301-1
https://doi.org/10.3389/fbioe.2024.1347452
https://doi.org/10.3389/fbioe.2020.00976
https://doi.org/10.3390/molecules26030573
https://doi.org/10.3390/molecules26030573
https://doi.org/10.1039/D4GC04514A
https://doi.org/10.1002/cssc.201900007
https://doi.org/10.1002/cssc.202201629
https://doi.org/10.1002/cssc.202201629
https://doi.org/10.1039/D2EE00569G
https://doi.org/10.1039/D2EE00569G
https://doi.org/10.1021/acs.est.3c08748
https://doi.org/10.1021/acs.est.3c08748
https://doi.org/10.1016/j.biortech.2021.125657
https://doi.org/10.1016/j.compchemeng.2024.108755
https://doi.org/10.1016/j.compchemeng.2024.108755
https://doi.org/10.1016/j.ymben.2021.12.006
https://doi.org/10.1016/j.wasman.2023.11.009
https://doi.org/10.3390/ijms23073605
https://doi.org/10.3390/polym14010025
https://doi.org/10.3390/polym14010025
https://doi.org/10.1016/j.biortech.2024.131737
https://doi.org/10.1016/j.biortech.2024.131737
https://doi.org/10.1186/s44314-024-00010-5
https://doi.org/10.1186/s44314-024-00010-5
https://doi.org/10.1021/acssuschemeng.2c07682


49. Gillani ST, Belaud J-P, Sablayrolles C, Vignoles M, Le Lann J-M: 
Review of life cycle assessment in agro-chemical processes. Chem 
Prod Process Model 2010, 5, https://doi.org/10.2202/1934-2659.1496

50. Alexander B, Barton G, Petrie J, Romagnoli J: Process synthesis 
and optimisation tools for environmental design: methodology 
and structure. Comput Chem Eng 2000, 24:1195-1200, https:// 
doi.org/10.1016/S0098-1354(00)00356-2

51. Jacquemin L, Pontalier P-Y, Sablayrolles C: Life cycle 
assessment (LCA) applied to the process industry: a review. Int 
J Life Cycle Assess 2012, 17:1028-1041, https://doi.org/10.1007/ 
s11367-012-0432-9

52. Lima-Ramos J, Tufvesson P, Woodley JM: Application of 
environmental and economic metrics to guide the development 
of biocatalytic processes. Green Process Synth 2014, 3:195-213, 
https://doi.org/10.1515/gps-2013-0094

53. Tufvesson P, Lima-Ramos J, Nordblad M, Woodley JM: Guidelines 
and cost analysis for catalyst production in biocatalytic 
processes. Org Process Res Dev 2011, 15:266-274, https://doi. 
org/10.1021/op1002165

54. Sheldon RA: The E factor 25 years on: the rise of green 
chemistry and sustainability. Green Chem 2017, 19:18-43, 
https://doi.org/10.1039/C6GC02157C

8 Energy Biotechnology 

www.sciencedirect.com Current Opinion in Biotechnology 2025, 93:103292

https://doi.org/10.2202/1934-2659.1496
https://doi.org/10.1016/S0098-1354(00)00356-2
https://doi.org/10.1016/S0098-1354(00)00356-2
https://doi.org/10.1007/s11367-012-0432-9
https://doi.org/10.1007/s11367-012-0432-9
https://doi.org/10.1515/gps-2013-0094
https://doi.org/10.1021/op1002165
https://doi.org/10.1021/op1002165
https://doi.org/10.1039/C6GC02157C

	Window of sustainable bioprocess operation: towards merging environmental sustainability assessment and process operation at...
	Introduction
	Prerequisites for environmental sustainability assessment and existing tools
	State-of-the-art of early-stage sustainability assessments in bioprocess development
	Integration of environmental sustainability assessment into bioprocess development
	Application of the SBO window in an exemplary case study
	Perspective
	CRediT authorship contribution statement
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




