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ABSTRACT

Recent advances in computer-aided retrosynthesis (CAR), flow chemistry, and continuous manu-
facturing collectively offer new opportunities to enable environmentally sustainable development
and manufacturing practices across the pharmaceutical development and manufacturing value
chain. However, the implementation of these methods and technologies remains scattered and
fragmented, preventing full realization of their potential to address one of the most urgent needs
in the pharmaceutical and related sectors. This work introduces a holistic digital framework for the
design and optimization of an end-to-end manufacturing process for paracetamol (acetamino-
phen). The framework integrates Green-by-Design synthetic and purification routes of the active
pharmaceutical ingredient (API) aims to deliver cost efficiency and robust quality, safety, and en-
vironmental sustainability assurance. The approach integrates Al-driven CAR with plant wide mod-
elling, Techno-Economic Analysis (TEA), and prospective cradle-to-gate prospective Life Cycle
Assessment (LCA) to evaluate designs options and greener, chemically feasible, and more selec-
tive synthetic pathways. An end-to-end mathematical model is implemented in gPROMS Formu-
lated Products® to optimize operating and design parameters and generate inventory data for
TEA/LCA. The framework also embeds Quality by Digital Design (QbDD) to identify CPPs and CMAs
that influence CQAs, enabling definition of a robust design space. Finally, a multicriteria decision-
aiding approach is implemented to determine the best trade-offs among yield, productivity, re-
source efficiency, cost, and environmental performance, providing a transferable Safe-and-Sus-
tainable-by-Design (SSbD) methodology for developing greener and more resilient pharmaceuti-
cal manufacturing systems.

Keywords: Computer-Aided Retrosynthesis, Life Cycle Analysis, Technoeconomic Analysis, Modelling and
Simulations, Safe-and-Sustainable-by-Design, Quality by Digital Design

INTRODUCTION

Pharmaceutical manufacturing is among the most
solvent- and utility-intensive industries and is frequently
characterized by very high waste-to-product ratios. The
development and manufacturing of pharmaceutical prod-
ucts is a long complex and fragmented journey, charac-
terized by early-stage discovery and clinical trials, fol-
lowed by process development, scale-up and optimiza-
tion, regulatory validation, and commercial manufactur-
ing. Reducing the environmental footprint of pharmaceu-
tical manufacturing require the development of changes

https://doi.org/10.69997/sct.180063

that cut across synthesis, separations, and solvent re-
covery. Early LCA work on APl manufacture highlighted
that solvents could dominate material usage and that sol-
vent production and waste management can drive a large
share of life-cycle emissions, making solvent choice/re-
cycle central to greener manufacturing [1-4]. More recent
investigations confirm that, across pharmaceutical LCAs,
energy consumption and synthetic and purification pro-
cesses are frequently the key contributors to the overall
environmental impacts, while noting persistent limitations
in inventory transparency and system boundary con-
sistency [5, 6].

Advances in computer-aided retrosynthesis (CAR) have
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Figure 1. Overview of the proposed SSbD workflow integrating CAR, process modelling, QbDD, TEA and LCA.

enabled rapid generation of feasible and Green-by-De-
sign synthetic routes and systematic route comparison,
moving beyond expert-based and trial-and-error based
synthetic route design [5-6]. On the manufacturing side,
continuous flow and telescoped processing have demon-
strated clear potential to improve safety and footprint by
enabling tighter control, improved heat/mass transfer,
and avoidance of isolating unstable intermediates; for
paracetamol specifically, multistep continuous-flow syn-
thesis and automated optimization studies illustrate both
feasibility and the value of algorithmic design-space ex-
ploration [7]. Renewables-oriented thinking is also gain-
ing traction in pharmaceutical manufacturing, with recent
work explicitly proposing and evaluating renewable
routes using green chemistry analysis [8]. However, cur-
rent practice still largely treats synthetic route design,
process development, and sustainability/techno-eco-
nomics (LCA/TEA) as separate activities, limiting the abil-
ity to steer route selection using end-to-end sustainabil-
ity and robustness metrics early in development.

The emergence of digital frameworks such as Quality by
Digital Design (QbDD) is transforming the pharmaceutical
manufacturing landscape, placing model-based and
data-driven methods at unprecedented levels of im-
portance and integration. [16]

This work aims to address the critical gaps highlighted
above by developing and validating an integrated SSbD
digital framework that couples: (i) CAR-assisted Green-
by-Design synthetic route generation and ranking, (ii)
end-to-end synthesis and purification process modelling,
and (iii) integrated prospective TEA and cradle-to-gate
LCA, while embedding QbDD concepts to ensure built-in
quality and safety assurance. The proposed approach
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aims to connect design space definition with sustainabil-
ity performance. By linking CAR decisions to process sim-
ulation outputs and inventory generation, the framework
enables multi-objective optimization over yield, resource
efficiency, cost, and environmental impacts, supporting
early, data- driven selection of greener and more robust
paracetamol manufacturing solutions. Paracetamol (ac-
etaminophen), a high-volume essential medicine, is se-
lected to validate the proposed framework. Its substan-
tial environmental footprint linked to large-scale produc-
tion makes it a suitable case study for demonstrating the
value of the holistic methodology.

METHODOLOGY

The proposed end-to-end SSbD workflow is cap-
tured by the flow diagram shown in figure 1. Paracetamol,
the top-selling over-the-counter pharmaceutical with a
global market volume of nearly 275 tonnes and a value of
USD 876.48 million in 2024, is used to demonstrate the
proposed framework. The proposed end-to-end manu-
facturing interstates process of Paracetamol involves ar-
omatic functionalization and acetamidation chemistry,
with well-known trade-offs between selectivity, solvent
usage, and purification effort. Multiple synthesis con-
cepts are therefore feasible, making paracetamol partic-
ularly suitable for route screening and comparative sus-
tainability analysis. Candidate synthesis routes are struc-
tured into four route families as shown in Table 1:

(i) Route A: CAR (SYNTHIA) baseline / conventional-like
route (used as an internal benchmark)
(i) Route B: CAR (SYNTHIA) SSbD-preferred route
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Figure 2 End-to-end flow diagram of paracetamol manufacture

(screened for lower expected separation burden and
improved operability)

(iii) Route C: Renewable phenol-based route [10]

(iv) Route D: Bio-waste-derived concept (B-pinene-
based continuous route) [13]

Table 1: Selected synthesis routes for paracetamol

Routes # Steps Yield Solvents

A 2 88% Acetic
anhydride

B 2 92% Acetic acid

C 3 85% Ammonium
acetate

D 4 90% Methanol

These routes form the basis for CAR-based screen-
ing and subsequent process modelling within a common
superstructure. CAR is used as the entry point of the
workflow to generate feasible retrosynthetic pathways
for paracetamol using SYNTHIA®, with pathway exports
supporting transparent route documentation [8, 9]. In
contrast to conventional retrosynthesis, route evaluation
is extended beyond chemical feasibility to include sus-
tainability-relevant attributes. Each candidate route is
assigned a composite screening score based on normal-
ized indicators representing step count, feedstock origin,
reagent/solvent hazard proxies, telescoping potential, a
selectivity-related impurity risk proxy, and compatibility
with continuous processing. The highest-ranked routes
are retained for detailed process modelling, ensuring di-
rect propagation of early-stage design decisions into
downstream simulation, TEA and LCA.

The selected total paracetamol synthetic routes are
integrated to an end-to-end manufacturing superstruc-
ture developed in gPROMS Formulated Products® as
shown in figure 2. The superstructure comprises raw ma-
terial, solvent, catalyst feed streams, reaction, quenching
and conditioning, APl isolation, crystallization, solid-liquid
separation, drying, formulation and solvent recovery
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where feasible. Route-specific differences are repre-
sented through variations in reaction sequence, solvent
systems, operating conditions, and separation difficulty.
Reaction selectivity is captured using impurity load prox-
ies, which directly affect yield losses and solvent demand
in purification. This abstraction enables quality-sustaina-
bility coupling while remaining suitable for early-stage
design studies. The model generates consistent mass
and energy balances for all unit operations, producing in-
ventory-quality data for the prospective TEA and LCA.

Quality by Digital Design

To deliver built-in quality assurance for safety, a
QbDD approach is embedded within the modelling frame-
work to systematically identify relationships between
CPPs, CMAs, and CQAs for paracetamol manufacture.
CQAs considered at the API stage include product purity,
levels of impurities, and residual solvent content. Candi-
date CPPs and CMAs include reaction temperatures, res-
idence times, solvent choice, crystallization conditions,
and solvent recycling ratios. Sensitivity analyses are used
to quantify their influence on CQAs, yield, and resource
consumption. Variations that degrade quality typically in-
crease solvent usage and energy demand, thereby link-
ing quality robustness directly to sustainability perfor-
mance.

Integrated Techno-Economic Analysis and
Life Cycle Assessment

Prospective TEA and LCA are addressed based on
the inventory data extracted from the gPROMS simula-
tions. The TEA captures the capital and operating ex-
penditures, with particular emphasis on solvent con-
sumption, recovery efficiency, and energy demand.

A cradle-to-gate life cycle assessment (LCA) is per-
formed to quantify the environmental impacts of each
manufacturing alternative associated with shortlisted to-
tal synthetic routes. The proposed LCA is consistent with
the 1SO 14040/44 standards, covering four key steps:
goal and scope definition, inventory analysis, impact
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assessment, and interpretation. Environmental impacts
were assessed across multiple categories, including
global warming potential, energy use, and waste genera-
tion.

Goal and Scope

Perform the LCA for all case model simulations with
the functional unit of 1 kg paracetamol products.

Life cycle inventory

Based on the process simulation outputs, detailed
inventory data were gathered for each route. This data
encompasses material usage, energy consumption,
waste generation, and emissions at each processing
stage.

Impact assessment

The impact assessment is based on the method
ReCiPe 2016 available in SimaPro with the Ecoinvent 3
environmental footprint database. The ReCiPe 2016 cap-
tures three endpoint categories (human health, ecosys-
tems, and resources) and seventeen midpoint catego-
ries. These different categories provide a comprehensive
basis to compare the different design options.

Interpretation of results

Finally, the results obtained from the previous steps
are interpreted and the environmental hotspots are iden-
tified.

The overall LCA was structured with a cradle-to-
gate system boundary for APl manufacture. The bound-
ary includes raw material production (reagents, solvents
and auxiliaries), on-site utilities (electricity/steam and
cooling), and treatment of process waste streams asso-
ciated with synthesis, purification, and solvent recov-
eryAPl  production: The environmental impacts

Gao et al. / LAPSE:2026.0301

associated with the synthesis of the API, including raw
material extraction, energy use, solvent recovery and
waste generation during API production.

Multicriteria Decision-Making

A multicriteria decision aiding approach is imple-
mented to identify the best compromises between envi-
ronmental impacts, economic performance, yield, and ro-
bustness of CQAs. Integrating this approach to SSbD de-
livers a recommended paracetamol synthesis route to-
gether with a robust operating and design space that sat-
isfies quality constraints while minimizing economic and
environmental burdens.

RESULTS AND DISCUSSION

CAR route screening and selection

CAR was applied using SYNTHIA® Retrosynthesis to
generate feasible synthetic paracetamol pathways along
with transparent route documentation. Route A repre-
sents a SYNTHIA-generated baseline pathway selected
primarily based on the feasibility criteria (short step count
and readily available starting materials), while Route B
represents a SYNTHIA-generated SSbD-preferred path-
way selected using additional screening for lower ex-
pected separation burden (telescoping potential and re-
duced impurity risk proxy) and improved operability. Ad-
ditionally, these routes are benchmarked against two
published synthetic routes namely: Route C (renewables-
based routes) [10] and Route D (bio-waste B-pinene con-
cept) [13]. These four routes were each translated into
an integrated synthesis—purification superstructure for
consistent simulation, inventory generation, and
TEA/LCA based comparison.

= Route A (CAR baseline): SYNTHIA® retrosynthesis
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Table 2: KPIs for different routes

Route Fresh solvent use (kg/kg Energy use (MJ/kg GWP (kg CO2- Production cost
API) API) eqg/kg API) (Dollars/kg API)

Route A 25 120 18 3

Route B 15 85 11 2.55

Route C 18 95 13 2.85

Route D 14 80 10 2.7

route (2 steps) selected as a
feasibility/benchmark-like pathway; expected
higher purification burden and solvent demand
due to conservative isolations.

= Route B (CAR SSbD): SYNTHIA® retrosynthesis
route (3 steps) down-selected through
sustainability-based screening (telescoping
potential and reduced impurity-risk proxy);
expected reduced separation burden and lower
solvent/energy intensity as shown in Figure 3.

End-to-end process-based performance

The integrated process model provides consistent
comparison of synthesis + purification under a common
functional unit (kg API). In the current dataset, overall
yields range from 85-92%, indicating that route choice
affects not only productivity but also purification recov-
ery efficiency:

= Route A (CAR baseline): 88%

* Route B (CAR SSbD): 92%

= Route C (renewables literature): 85%
= Route D (B-pinene literature): 90%

The higher yield exhibited by Route B indicates that
either the route exhibits enhanced selectivity or /and re-
duced losses during isolation. Conversely, Route C (re-
newables-based) shows relatively lower yield which may
be due to the nature of renewable feed stocks. While
yield strongly correlated to the process economics, it
should not be treated as an isolated objective in SSbD, as
a route with marginally lower yield can still be preferred
if it substantially reduces solvent intensity and utilities,
because solvent/utility hotspots often dominate cradle-
to-gate impacts and cost. Hence, the SSbD decision re-
quires multi-criteria decision aiding to address the con-
flicting or competing nature of these objectives. Other
KPls including solvent intensity, energy intensity, envi-
ronmental intensity and economic intensity are as shown
in Table 2.

Solvent intensity

Solvent intensity is an emergent property of selec-
tivity/impurity formation, crystallization efficiency, and
Gao et al. /| LAPSE:2026.0301

recycle strategy. Routes that reduce impurity load reduce
the number/volume of wash and recrystallization steps
and therefore reduce both solvent purchase and solvent
recovery duty. As a direct indicator of separation burden
and a major driver for both OpEx and environmental im-
pacts (solvent production + waste handling + recovery
duties). The four routes show strong differentiation as
outline below:

= Route A: 25 kg solvent/kg API

= Route B: 15 kg solvent/kg API (40% reduction vs A)
= Route C: 18 kg solvent/kg API (28% reduction vs A)
= Route D: 14 kg solvent/kg API (44% reduction vs A)

These reductions provide critical insight: the best-
performing routes (B and D) are those that are expected
to require less intensive recrystallization/washing and/or
have more effective recycle structures. For CAR, this is
where Route B demonstrates tangible value, CAR selec-
tion can target reaction sequences and solvent sets that
reduce downstream separation intensity.

Energy intensity

Energy intensity (MJ/kg API) integrates heat-
ing/cooling duties for reaction temperature control, crys-
tallization cooling, solvent recovery, and drying. The four
routes in the dataset show as below:

= Route A: 120 MJ/kg API

= Route B: 85 MJ/kg API (29% reduction vs A)
= Route C: 95 MJ/kg API (21% reduction vs A)
= Route D: 80 MJ/kg API (33% reduction vs A)

The close alignment between solvent reductions
and energy reductions is expected because solvent re-
covery and drying duties often scale with solvent
throughput. Hence, reducing solvent makeup yields a
compounding benefit: lower fresh solvent demand re-
duces recovery loads, which reduces utility demands and
associated emissions. In SSbD optimization, solvent in-
tensity is not only a material KPI; it is also a strong proxy
for energy intensity and therefore for climate impacts.
This justifies (i) using solvent-related screens already at
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the CAR stage and (ii) prioritizing route selections com-
patible with solvent recycle/recovery strategies.

Environmental intensity

With the predicted inventories as inputs, the hotspot
breakdown can be analysed by converting gPROMS out-
puts (fresh reactants/solvents, steam/electricity/cooling,
waste flows) into LCI flows and multiplying by character-
ization factors (ReCiPe 2016) to obtain the contribution
scores. This decomposition is particularly important for
CAR-derived Route B: if Route B reduces GWP primarily
via utilities, it suggests the improvement arises from re-
duced recovery duty; if it reduces GWP primarily via ma-
terials, it suggests the route reduces fresh solvent/rea-
gent demand. For climate change impacts, the draft cra-
dle-to-gate GWP comparison shows a clear route de-
pendence as below:

= Route A: 18 kg CO,-eq/kg API
*= Route B: 11 kg CO,-eq/kg API (~39% reduction vs

A)

= Route C: 13 kg CO,-eq/kg API (~28% reduction vs
A)

= Route D: 10 kg CO,-eq/kg API (~44% reduction vs
A

To move beyond ranking and support actionable
SSbD decisions, hotspot interpretation is essential. An-
other effective reporting structure decomposes total
GWP into materials, utilities, and waste treatment contri-
butions as shown in Figure 4: The baseline CAR Route A

exhibits the highest total GWP, driven primarily by the
materials contribution, consistent with higher fresh input
requirements (notably solvent and reagent supply
chains) and the propagation of separation intensity into
upstream burdens. In contrast, the CAR Route B (SSbD-
preferred) achieves a lower total GWP, with reductions
observed in both materials and utilities components, in-
dicating that improvements are not solely attributable to
energy efficiency but also to reduced fresh material de-
mand (e.g., solvent makeup) and associated recovery
duties.

Among the literature comparators, Route D (bio-
waste derived concept) shows the lowest total GWP in
this breakdown, reflecting reduced contributions from
both materials and utilities relative to the baseline. Route
C (renewables-based concept) displays intermediate
performance, suggesting that feedstock substitution
alone may not guarantee minimum impacts unless cou-
pled with process designs that reduce solvent through-
put and utility demand. Overall, the environmental inten-
sity indicates that end-to-end impacts are governed by
coupled effects of solvent/material intensity and utility
demand, supporting the SSbD rationale for combining
CAR route selection with process modelling and inte-
grated TEA/LCA.

Techno-economic comparison

Techno-economic analysis (TEA) was applied to
quantify the manufacturing cost implications of route se-
lection under a consistent cradle-to-gate system bound-
ary (APl synthesis + purification) and a common

Gao et al. /| LAPSE:2026.0301

Syst Control Trans 5:791-800 (2026) 796



1.00 4

o o o
o s o
= =31 [es]
A i /|

0.92 1
Route D (Y=90%)

o o
co wo
co o

1 L

Relative production cost ($/kg API)

0.86 A Route B (Y=92%)

. Route C (Y=85%)

Route|A (Y=88%)

10 11 12 13 14

GWP (kg CO;-eq [ kg API)

Figure 5. Comparison of the different scenarios in the KPI space.

15 16 17 18

functional unit (cost per kg paracetamol API). To avoid
over-interpretation at conceptual stage, results are re-
ported on a relative cost basis normalised to Route A
(CAR baseline) (= 1.00). The comparative TEA indicates
that route selection yields meaningful cost differences,
with the ranking:

= Route A (CAR baseline): 1.00

= Route B (CAR SSbD): 0.85

= Route C (literature renewable): 0.95
= Route D (literature bio-waste): 0.90

The dominant cost drivers are consistent with the
process-level KPIs reported in previous sections. Specif-
ically, solvent management (fresh solvent purchase, sol-
vent recovery, and solvent losses to waste streams) and
utilities (steam/electricity for heating, cooling, and dry-
ing) are the primary contributors to operating expendi-
ture (OpEx), while recovery and drying capacity influence
capital expenditure (CaPEx) proxies. In this context,
Route A exhibits the highest relative cost due to its ele-
vated fresh solvent makeup and energy intensity, which
increase both (i) recurring material and utility costs and
(i) equipment sizing requirements for solvent recovery
and drying.

In contrast, the CAR Route B shows the lowest cost
in the current assessment, consistent with (i) reduced
solvent intensity (40% lower than Route A) and (ii) re-
duced energy demand (=29% lower than Route A), which
together decrease solvent purchasing, recovery duty,
and drying load. Importantly, Route B also shows the

Gao et al. / LAPSE:2026.0301
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highest yield), improving effective throughput per unit
feed and lowering cost per kg API. These results support
the SSbD premise that CAR-guided route selection can
deliver economically favourable alternatives when the
screening explicitly targets reduced separation burden
and improved end-to-end efficiency.

The two literature comparators provide additional
context for route selection. Route D (bio-waste derived)
is economically competitive (0.90) while exhibiting the
lowest GWP, indicating that sustainability-oriented route
concepts can remain cost-viable when solvent and utility
demands are constrained. Route C (renewables-based)
shows intermediate cost performance (0.95), suggesting
that feedstock substitution alone may not ensure mini-
mum manufacturing cost unless accompanied by down-
stream separation designs that minimise solvent
throughput and recovery duty.

Multi-criteria decision aiding

Figure 5 shows the conflicting nature of the mul-
ticriteria decision problem associated with the proposed
SSbD using 2 critical KPIs: the relative production cost
and cradle-to-gate GWP, with each point annotated by
overall yield.

In this assessment, Route A occupies the unfavour-
able region with the highest cost (normalized to 1.00) and
highest climate impact (18 kg CO2-eq/kg API) and is
therefore dominated by multiple alternatives. In contrast,
Route B is positioned in a strongly favourable region,
combining the lowest relative cost (0.85) with a substan-
tially reduced GWP (11 kg CO2-eq/kg API) and the highest
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yield (92%). The location of Route B indicates that CAR-
informed route selection can produce pathways that im-
prove both economic and environmental performance
simultaneously, consistent with the SSbD hypothesis that
reductions in separation intensity (solvent and recovery
duty) deliver compounding benefits across TEA and LCA.

Among the published reference synthetic routes,
Route D exhibits the lowest GWP (10 kg CO2-eq/kg API)
while maintaining competitive cost (0.90) and high yield
(90%), placing it close to the lower-left region of the
MCDA space. Route C remains intermediate in both cost
and environmental performance. Importantly, Figure 6 in-
dicates a non-trivial trade-off between Route B and
Route D: Route B offers the lowest cost and highest yield,
whereas Route D offers the lowest climate impact. This
provides a clear SSbD decision interpretation: selection
depends on the weighting of economic vs environmental
objectives and on robustness considerations. In practice,
such a MCDA representation is preferable to single-met-
ric ranking because it transparently communicates which
improvements are achievable without sacrifice and
where genuine trade-offs remain.

While Figure 5 provides a two-objective SSbD deci-
sion surface (cost vs climate impact), route selection for
pharmaceutical manufacture typically requires consider-
ation of multiple performance dimensions simultane-
ously, including yield, solvent intensity, and utility de-
mand. Figure 6 therefore provides a normalized, multi-
metric summary across five key indicators (Yield, Sol-
vent, Energy, GWP, and Cost), with values normalized
such that 1 indicates best performance among the com-
pared routes. This representation supports rapid identifi-
cation of “balanced” candidates and clarifies whether a
route’s apparent advantage is narrow (e.g., only cost) or
systemic (across multiple indicators).

The radar plot indicates that Route A performs worst
(near-zero normalized scores) in solvent intensity, en-
ergy demand, GWP, and cost, confirming that it serves
primarily as a baseline reference rather than an optimal
SSbD choice. Route B exhibits consistently high normal-
ized scores across all indicators, reflecting a compara-
tively balanced pathway that is simultaneously high-yield
and low in both operating burden (solvent/energy) and
system-level metrics (cost/GWP). Route D shows partic-
ularly strong normalized performance in solvent and en-
ergy intensity and in GWP, with somewhat weaker (but
still competitive) cost performance relative to Route B.
Route C shows intermediate performance and highlights
that renewable feedstock concepts may require addi-
tional process intensification or separation optimization
to reach best-in-class end-to-end metrics.

From a QbDD perspective, Figure 6 can be inter-
preted as evidence that routes with reduced separation
intensity (lower solvent and energy) are inherently fa-
vourable not only for LCA and TEA but also for quality
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robustness. In practice, reduced purification demand
generally increases robustness margins because fewer
or less severe isolation steps reduce sensitivity to up-
stream variability (e.g., selectivity fluctuations propagat-
ing into impurity burden). Within the proposed SSbD
framework, this motivates a coupled optimization strat-
egy in which CPPs/CMAs (e.g., reagent stoichiometry,
temperature, crystallization endpoint, recycle ratio) are
tuned to satisfy CQA constraints while simultaneously
minimizing solvent and energy penalties. Therefore,
multi-metric results such as Figure 6 provide a compact
screening tool to identify routes that are likely to admit a
robust design space under QbDD constraints, rather than
merely optimizing nominal performance. A preliminary
QbDD screening for Route B indicates a constrained op-
erating window in which near-stoichiometric acetic acid
usage and high 4-aminophenol purity jointly maximize
yield, highlighting the coupling between input material
quality (CMA) and stoichiometric control (CPP) in deter-
mining CQA performance as shown in Figure 7.

CONCLUSIONS

This work presented an integrated SSbD framework
for paracetamol manufacturing that couples CAR with
model-based end-to-end process design, TEA, and pro-
spective LCA, while embedding Quality by Digital Design
(QbDD) principles to support robust decision-making.
The case study compared four alternative route candi-
dates: two CAR/SYNTHIA®-derived routes (Route A as a
baseline, conventional-like pathway and Route B as an
SSbD-preferred alternative) and two literature compara-
tors (renewables-based and bio-waste derived con-
cepts).

Illustrative normalized performance (1 = best)
Yield

Route A
Route B
—— Route C
—— Route D

GWP Energy

Figure 6. Normalized multi-criteria performance
comparison (1 = best) for yield, solvent intensity, energy
intensity, GWP, and relative production cost.
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Across the evaluated KPIs, route choice was shown
to strongly influence end-to-end performance through
coupled effects on separation intensity, solvent makeup,
and utility demand. The results indicate that Route A is
dominated by the alternative candidates, while Route B
(CAR SSbD route) and Route D (bio-waste literature
route) occupy the preferred region of the cost-impact
trade-off space. Hotspot analysis further indicates that
reductions in environmental burden are primarily
achieved by lowering materials-related contributions
(notably solvent/reagent supply chains) and utilities-re-
lated contributions (solvent recovery and drying duties),
reinforcing the importance of solvent management as a
central SSbD lever. Multi-criteria comparison provided a
transparent basis for decision-making by revealing
where improvements can be achieved simultaneously
and where genuine trade-offs remain between cost, cli-
mate impact, and yield.

It is important to note that the mapping between re-
action-level impurity proxies and downstream separation
intensity in the present framework represents a compar-
ative screening abstraction rather than a strictly linear
mechanistic relationship. In pharmaceutical crystalliza-
tion systems, minor variations in specific impurity con-
centrations can significantly alter nucleation kinetics,
crystal habit, polymorphic outcome, and filterability. Con-
sequently, the current modelling approach should be in-
terpreted as an early-stage digital screening tool in-
tended to prioritize candidate routes. Experimental vali-
dation, including crystallization studies and solid-state
characterization, remains essential to confirm separation
behaviour and product quality attributes prior to scale-
up.

Overall, the study demonstrates that integrating
CAR route generation with process simulation and pro-
spective TEA/LCA enables earlier, more quantitative
screening of “Greener-by-Design” options than conven-
tional sequential development workflows. Future work

Gao et al. / LAPSE:2026.0301

will explore more placeholders with SYNTHIA-exported
route descriptors and gPROMS-derived inventories and
will extend the framework by explicitly quantifying ro-
bustness under uncertainty (CPP/CMA variability) to link
QbDD design space definition with sustainability and
economic outcomes.
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