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ABSTRACT 
The biopharmaceutical sector has traditionally focused on cost-efficient process design and ca-
pacity planning to meet rising demand. Recently, sustainability pressures have increased, driving 
efforts to reduce the environmental footprint of manufacturing and supply chains; however, strict 
quality and sterilization requirements can limit the implementation of fully circular resource-use 
strategies. In this space, adopting an industrial-cluster systems view could unlock opportunities 
to improve sustainability of industrial clusters through coordinated material and energy exchange, 
supporting resource efficiency at cluster level and still meet sector-specific quality/sterilization 
requirements. In this work, we present life cycle assessment (LCA)-based comparative analyses 
to investigate the potential of industrial symbiosis within monoclonal antibody (mAb) manufactur-
ing, whereby LCA process models are based on comprehensive techno-economic analyses that 
quantify resource inputs and waste streams. The presented results discuss impact reduction path-
ways including integrating renewable wind-based electricity, low-grade waste heat use, heat re-
covery through incineration and mechanical recycling of single-use plastics. The compound re-
ductions of industrial symbiosis and energy source decarbonization are estimated, corresponding 
to 75% reductions in GWP potential, 70% in fossil resource scarcity and 60% in water use, thus 
highlighting the benefit of adopting a large-scale system view rather than siloed approaches. 
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INTRODUCTION 
With sustainability becoming a growing priority in 

the pharmaceutical sector, manufacturers are pressured 
to quantify and mitigate footprints where possible, whilst 
continuing to meet product demands at global scale. 
Pharmaceutical manufacturing is typically water- and en-
ergy-intensive and generate significant wastewater 
flows, particularly in the case of multi-use (MU) stainless 
steel technologies. Aiming for improved flexibility, scala-
bility and shorter set-up timelines, the sector is moving 
towards single-use (SU) based technologies, which in 
turn result in less water-related impacts, but significant 
increase of solid waste from the use and disposal of con-
sumables such as plastics bioreactor, storage, mixing 
bags, tubes and filters.  

Life cycle assessment (LCA) is an established sys-
tematic tool for comparative assessments and 

standardization of footprint quantification and related 
uncertainty, to identify more sustainable process de-
signs. LCA[1, 2] studies comparing the MU vs SU alterna-
tives have highlighted that footprints are largely pro-
cess/product-dependent, thus requiring a case-by-case 
analysis to support decision-making.  

LCA effectively helps pinpoint the critical resources 
consumed and waste flows that impact the environment 
through the quantification of direct and indirect emis-
sions. Additionally, it offers the capability of assessing 
through what-if analyses the impact of sourcing and 
waste treatment decisions, given its large database of 
options across geographical regions, production and 
treatment processes. From an industrial symbiosis point 
of view, this translates into a systematic way to compare 
resource exchange pathways across industrial sectors 
and facilities and compute overall footprints of the inte-
grated system.  

https://doi.org/10.69997/sct.106682
mailto:maria.papathanasiou11@imperial.ac.uk


 

Sarkis et al. / LAPSE:2026.0213 Syst Control Trans 5:94-99 (2026) 95  

Hence, in this work footprint reduction sourcing and 
treatment strategies are investigated, including (i) low-
grade heat use in manufacturing, (ii) plastics waste incin-
eration, (iii) incineration with energy recovery, (iv) me-
chanical recycling, with the aim of gaining an understand-
ing promising pathways towards reducing impacts in bi-
opharmaceutical manufacturing processes, specifically 
monoclonal antibody (mAb) production.  

Effectively, the pathway-specific data presented in 

this work can serve as inputs within optimization-based 
tools to be developed for the support systematic deci-
sion-making with respect to optimal resource exchange 
across sectors and cost-footprint trade-off analyses in 
industrial planning problems. 

METHODS 
The framework presented in this work represents an 

 
Figure 1: mAB process flowsheet illustrating equipment volumes, unit sequence and resource inputs.  
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extension of previously published work[3], where candi-
date mAb process designs are generated through super-
structure-based optimization and assessed via techno-
economic and LCA. Here, we present further footprint 
analyses considering alternative sourcing and waste 
treatment options within the LCA analysis tool. 

Process flowsheet 
We consider the purity-constrained process design 

for mAb production[3]. Techno-economic modelling in Su-
perPro Designer (Intelligen), enabled the simulation of the 
30-L scale platform. Figure 1 illustrates the process steps 
within the process sections including (i) inoculum prepa-
ration, (ii) cell culture, (iii) primary recovery, (iv) Protein A 
chromatography, (v) viral inactivation, (vi) IEX chroma-
tography, (vii) filling, (viii) buffer prep and hold, which 
supplies buffer-based purification/separation steps. Ad-
ditionally, sequential and parallel equipment units in par-
allel are highlighted. For reference, detailed process de-
scription and the resulting input/output materials for the 
LCA process models are provided in Sarkis et al. (2025)[3].  

Life cycle analysis models  
Environmental performance of the mAb process is 

assessed using LCA, in accordance with the ISO 
14040/14044 standards[4].  

Goal and scope 
The aim of the LCA is to determine the environmen-

tal footprint of producing mAb, hence the functional unit 
corresponds to 1 gram of mAb produced by a 30L pilot 
scale process. A cradle-to-gate LCA is performed, thus 
including raw material production and activities up until 
the mAb product is sold. As a result, the disposal of sin-
gle-use plastic equipment is considered as this is part of 
the activities within the production process. It is worth 
noting that plastics consumption is estimated based on 
the material composition of the single-use bags, thus not 
considering packaging.  

Life cycle inventories  
Materials and energy flows for the mAb production 

are obtained from the techno-economic models and form 
the foreground life cycle inventory (LCI) data, which is 
presented in Appendix C of Sarkis et al. (2025) [3]. and 
linked to the background LCI data, within EcoInvent 
v3.10, through Simapro[5]. The limited data availability for 
some resources used in the biopharmaceutical produc-
tion process required a set of assumptions, including the 
selection of proxies for certain chemical components, in-
cluding ethylene vinyl alcohol (EVOH), sodium hydro-
phospate and sodium dihydrophosphate. Additionally, 
stoichiometric modelling is integrated for TRIS-based 
solvents. Critically, plastics-based resources are inte-
grated in the LCA model using mass compositions of 
each consumable, which therefore results in the LCA 

model not accounting for the production process of the 
consumables and the related indirect environmental im-
pacts.  

End-of-life alternatives for the plastic waste com-
prise landfill, incineration, and mechanical recycling. 
Landfill and incineration are available in Ecoinvent for pol-
ypropylene and for mixed plastic waste, while two new 
processes have been created for the mechanical recy-
cling of Polyethylene and Nylon-6, considering the LCIs 
reported in Ruggeri et al.[6] and Tonsi et al.[7] respectively.  

Life-cycle impact assessment 
To illustrate the methodology in this work we focus 

on three midpoint indicators: global warming potential 
(GWP), fossil fuel scarcity, and water use. GWP and fossil 
fuel scarcity are estimated using the ReCiPe2016[8] life-
cycle impact assessment (LCIA) methodology, while the 
impact of water use is characterised in terms of water 
scarcity using the latest consensus-based LCIA method-
ology AWARE[9]. 

Uncertainty quantification 
Uncertainty in the LCA results related to the back-

ground LCI data is quantified through Monte Carlo sam-
pling. Specifically, uncertainty of LCI within Ecoinvent is 
defined based on a pedigree matrix, which gives a score 
between 1 and 5, with 1 representing the highest quality, 
to five criteria: completeness, reliability, temporal corre-
lation, geographic correlation, and technological correla-
tion. These scores are translated into log-normal distri-
butions of the LCIs.  

In this work, the uncertainty analysis was performed 
using the tool included into Simapro, which uses Monte 
Carlo method to sample considering 1000 runs for each 
scenario. The uncertainty was characterised for GWP and 
fossil resource scarcity, while it has not been quantified 
for the water use as it is artificially inflated by the sam-
pling method. Specifically, in background processes such 
as hydropower, where large amount of water enters and 
exit the system in equal amount the net water consump-
tion is zero. However, these flows are sampled inde-
pendently and may lead to large imbalances that are not 
physically meaningful.  

Scenario analysis 
In this work, the LCA models comparing different 

sourcing and waste treatment strategies are developed 
to investigate the potential for industrial symbiosis for bi-
opharmaceutical manufacturing. Figure 2 provides a rep-
resentation of the scenarios considered, which are de-
scribed below: 

a. Business as usual (BAU): plastics are pur-
chased from their respective markets, heat re-
quirement is met with industrial steam produc-
tion, electricity is provided by the UK national 
grid, waste plastics are incinerated. 
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Figure 2. Footprint mitigation and symbiotic routes 
considered: (a) business as usual, (b) Scenario 1, (c) 
Scenario 2, (d) Scenario 3, (e) Scenario 4. 

b. Scenario 1: electricity is generated through re-
newables, in this case an onshore wind energy 

c. Scenario 2: electricity is provided by onshore 
wind energy and heat is derived from low-grade 
waste heat sources. 

d. Scenario 3: waste plastics are incinerated in an 
energy from waste (EfW) plant, producing heat 
and electricity, either sold to other plants or re-
used within the mAb manufacturing process. 

e. Scenario 4: mechanical recycling of Ethylene 
and Nylon, producing lower grade plastics that 

can purchased by other industries.  

RESULTS AND DISCUSSION 
Figure 3 shows the environmental impacts associ-

ated with producing 1 g of mAb in a 30 L pilot-scale pro-
cess. Global warming potential (GWP), fossil resource 
scarcity, and water use are presented in Figures 3a, 3b, 
and 3c, respectively. Stacked bar charts highlight the 
main environmental hotspots, while net impacts are indi-
cated by white squares. Uncertainty bars for GWP and 
fossil resource scarcity represent the 5% and 95% per-
centiles obtained from Monte Carlo simulations. In the 
business-as-usual case (Figure 3a) the environmental 
hotspots for GWP correspond to plastics use (~50%), 
comprising EVA, Nylon and Polyethylene, the use of elec-
tricity and heat (~25%) and the end-of-life incineration of 
the plastics (~20%). Thus, switching to wind-based en-
ergy as captured in Scenario 1 only provides reductions 
up to (~10%) of the overall GWP footprint, whilst plastics-
related impacts remain significant. This is even more ev-
ident with respect to fossil fuel scarcity, where in the BAU 
case plastics-disposal is not a contributor to resource 
scarcity itself, whilst plastics use is even more critical 
(66%). Here, switching to wind-based energy reduces 
the impact by 11% (Figure 3b).  
 To fully decarbonize the energy requirements of the 
plant, Scenario 2 also introduces the switch to waste-
heat sources from other industries within the industrial 
cluster, thus effectively corresponding to a symbiotic ex-
change. In this scenario, the impact from heat generation 
is removed, resulting in GWP reductions of ~22% (Figure 
3a) and fossil resource scarcity of 23% (Figure 3b). Whilst 
energy requirements are tackled through the wind-en-
ergy and low-grade heat exchange proposed in Scenario 
2, waste plastics account for the remainder of GWP and 
the fossil fuel scarcity impacts. 

Hence, in Scenario 3 the option of recovering en-
ergy from the incineration process of plastics is investi-
gated. This corresponds to the case where the energy 
recovered could be used (i) internally to feed into the 
heating and electricity requirements of the process or (ii) 
sold to industrial partners as part of the symbiotic sys-
tem. As can be seen in Figure 3a, the resulting reduction 
is displayed in terms of credits gained (EfW – Heat, EfW 
– Electricity) and corresponds to nearly 15% of the overall 
GWP. It is worth mentioning that these credits are calcu-
lated based on current state of the UK grid. If grids be-
come greener, the share of renewables increase, the 
credits would decrease. Hence, this translates in a long-
term uncertainty in the benefits of Scenario 3, as these 
credits are highly dependent on the carbon intensity of 
the grid and will likely decrease with time. The case for 
fossil fuel scarcity is similar (Figure 3b), with overall im-
pact reduction (15%) achieved through credits gained for 
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avoided energy production, quantified through EfW – 
Heat and Electricity.  

BAU
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Scenario 3 
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Figure 3. (a) Global warming potential, (b) Fossil fuel 
scarcity, (c) water depletion for the production of 1 gmAb. 
Error bars represent the 5% and 95% percentile.  

Finally, Scenario 4 considers mechanical recycling 
of the consumables used. The process includes shred-
ding, water separation, washing, extrusion, and pellet 
production, and results in downcycled plastic material 
that does not meet the quality standards required for bi-
opharmaceutical manufacturing. Therefore, the recov-
ered plastic is assumed to be sold to other industries, 
generating credits for avoided virgin plastic production 
within the symbiotic system. 

Impacts associated with mechanical recycling—
mainly driven by electricity, heat, and water require-
ments—are shown in lavender in Figure 3. As shown in 
Figure 3a and 3b, the additional contributions to overall 
GWP and fossil resource scarcity are small compared to 
the electricity and heat impacts of the mAb production 
process. In contrast, credits from avoided plastic produc-
tion are substantial, leading to ~52% reductions in overall 
GWP and ~47% reductions in overall fossil resource scar-
city.  

In terms of water use, mechanical recycling requires 
a large amount of water, nearly doubling direct water de-
mand. However, after wastewater treatment, most of this 
water is released back to the environment. In the base 
case, indirect water demand associated with plastic pro-
duction accounts for ~40% of total water demand. As a 
result, credits from avoided plastic production led to an 
overall ~50% reduction in net water use within the sym-
biotic system. 

The results suggest that mechanical recycling is 
more promising than energy from waste in a symbiotic 
system. Additionally, combining mechanical recycling 
with wind electricity and waste heat utilization, could re-
sult in ~75% reduction in GWP and fossil fuel scarcity, and 
~60% reduction in water use compared to the base case. 
However, it is important to note that the feasibility and 
efficiency of mechanical recycling depend on if and how 
well plastic consumables can be separated into mono-
material streams. In this work we are considering a 20 
and 30% material loss for Polyethylene and Nylon[6, 7], but 
future work should aim at quantifying consumables-spe-
cific efficiency.  

Chemical recycling techniques, such as pyrolysis, 
gasification, plasma-based decomposition could pro-
duce virgin-like materials, thus reducing the reliance of 
the biopharmaceutical industry on fossil-based products, 
and process unsorted mixed plastic waste that could not 
be mechanically recycled[10]. Although promising, low TRL 
level and high dependency on feedstock composition re-
quire consumable-specific modelling to develop even a 
preliminary LCA model of chemical recycling alternative 
processes and will be addressed in future research effort 
(Figure 4).  

Overall, for the scenarios considered, this work 
demonstrates the benefits of adopting proactive strate-
gies for footprint mitigation, primarily through industrial 
symbiosis to improve integrated system sustainability ra-
ther than adopting a siloed approach. 

This motivates future research avenues in studying 
feasible resource exchanges through optimization-based 
system-system integration, with challenges emerging 
from potentially asynchronous operational cycles, re-
source transport and storage constraints. 
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Figure 4. Footprint mitigation route through chemical 
recycling. 

CONCLUSION 
Industrial symbiosis offers opportunities to improve 

sustainability of industrial clusters through collective ef-
forts and resource exchange. Through the systematic 
analysis presented in this study, its potential within bio-
pharmaceutical industry has been explored, with a focus 
on a case study from mAb manufacturing relying on sin-
gle-use and multi-use equipment. These result in emis-
sions from both plastics consumption and disposal and 
energy and water use. To mitigate these, life cycle as-
sessment models are presented to quantify footprint 
breakdown and uncertainty in footprint estimation and 
compare alternative supplier and waste treatment op-
tions representing industrial symbiosis solutions. The 
findings demonstrate how amongst the scenario consid-
ered, mechanical recycling is a promising option as it di-
rectly tackles the impact from waste plastics disposal, 
through instead the recovery of lower-grade plastics 
flows thus resulting in avoided emissions from low-grade 
plastics production elsewhere. Results further demon-
strate that a combination of plastics recycling, low-grade 
heat supply and renewable electricity greatly reduces 
overall impacts, suggesting that adopting industrial clus-
ter-wide system approach could greatly reduce foot-
prints through smart resource exchanges.  
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