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A B S T R A C T

The development and scale-up of innovative chemical processes require the simultaneous optimisation of per
formance, sustainability, and safety. However, safety is often marginally considered in early-stage design, 
leading to suboptimal scale-up. In this work, a phenomenology-driven methodology is proposed for inherent 
safety assessment by integrating mechanistic interaction mapping with targeted experimental validation. The 
approach combines identification of key monitoring and influencing parameters with production of interaction 
matrices and controlled thermal-stress data to detect critical process–material interactions at low technology 
readiness levels. The methodology was applied to novolac-based carbon membranes, focusing on replacing N- 
methyl-2-pyrrolidone (NMP) with γ-valerolactone (GVL). Cone calorimeter tests (7–50 kW/m2) were conducted 
to assess ignitability, flame behaviour, and exhaust emissions. The novolac/NMP system showed rapid ignition 
and sustained combustion, with peak heat release rates above 1000 kW/m2. In contrast, novolac/GVL exhibited 
reduced ignition propensity (~10–15%) and lower smoke and CO emissions (up to ~30%), as quantified through 
normalised safety-ranking indicators derived from cone calorimeter measurements (based on time-to-ignition, 
heat release rate, mass loss rate, and gas emission metrics), while maintaining similar thermal activation of 
the polymer. These results demonstrate that the proposed framework enables comparison of alternative for
mulations by jointly addressing performance and safety under thermal stress, supporting safer and more sus
tainable early-stage process design.

1. Introduction

The current need for sustainable processes and products has pro
moted the development and scale-up of alternative industrial routes and 
materials. The successful implementation of an innovative solution is a 
multi-step process requiring an interdisciplinary perspective. Scaling up 
an industrial process from laboratory scale involves the careful transi
tion from small-scale experimental setups to full production systems, 
while ensuring consistency, safety, and economic viability [1]. This 
process demands rigorous evaluation of equipment design, material 
handling, and reaction kinetics, which often behave differently once 
reactor size or layout is changed [2]. Engineers must account for 
changes in heat and mass transfer, process control, and potential risks 
that may not be evident in the laboratory [3]. To properly address this 
challenge, the use of validated models and correlations is essential. 

Additionally, regulatory compliance, cost optimisation, and market 
demand play critical roles in shaping decisions during scale-up, 
requiring close collaboration across technical and business experts [3]. 
Nevertheless, in most cases, the research activities in an early stage focus 
on the identification and optimisation of operative conditions and 
models required for the equipment design and cost estimation, with a 
limited role for the safety aspects. Once included in the analysis, the 
safety in early-stage design phases is typically devoted to the compari
son of production processes and supply chains of alternative products, 
based on the amount of hazardous materials employed by the expected 
list of equipment items [4]. This approach, however, overlooks the 
hazards that may arise from reactivity, as well as the formation of in
termediates and products from unwanted reactions. In this light, the 
inclusion of reactivity-related hazards in early-stage analyses is recom
mended to guide and support the selection of inherently safer 
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technological solutions. In this regard, several strategies can be imple
mented within the concept of “safe by design”, including process 
intensification or minimising storage of hazardous materials, substitu
tion with less hazardous substances, attenuation or moderation through 
the use of less hazardous conditions, and mitigation of consequences 
employing protective systems and barriers [5]. To assess the reactivity 
hazards of chemicals, a large variety of indicators based on the prop
erties of the substances have been proposed (e.g., Oxygen balance, re
action hazard index, thermal risk index, and NFPA rating). However, 
these approaches intrinsically suffer from a lack of information related 
to the operative conditions, interactions between components of mix
tures, and layout of the equipment items considered [6], which can be 
particularly relevant within the chemical and process industries. A clear 
example of this case is associated with processes dealing with 
exothermic reactions (e.g., partial oxidations), potentially prone to 
runaway reactions, which can result in overpressure as well as the for
mation of unstable, flammable and/or toxic species within the reactors. 
Several approaches and criteria have been developed and defined for the 
quantification of the risk of runaway reactions, accounting either for 
operative conditions potentially leading to hazardous scenarios or con
sequences of the occurrence of undesired reactions. As a way of example, 
stability-based criteria (e.g., Semenov-criterion, Lyapunov-stability, and 
Strozzi-Zaldivar criterion), geometry-based criteria (e.g., Adler and Enig 
criterion, Maxi criterion, adiabatic criterion), and sensitivity-based cri
terion (i.e., Morbidelli-Varma criterion) are worth mentioning, as 
described in the dedicated literature [7]. Although these approaches can 
be implemented for a proper design and optimisation of an industrial 
facility as well as early warnings of existing plants [8], the use of the 
Westerterp number is considered a key parameter when dealing with the 
scale-up from laboratory reactors to industrial scale technologies since it 
includes the overall heat transfer coefficient, heat transfer area, volume, 
density, and heat capacity at the initial conditions as well as the dosing 
time and the relative increase in volume [7,9]. Considering the param
eters involved, a preliminary design of the system is needed, including 
the cooling/heating systems. Therefore, the quantification of the West
erterp number can conveniently guide the transition from technological 
readiness levels TRL 4 (i.e., validation in a laboratory environment) to 
TRL 6 (i.e., validation in an industrial environment) or larger. However, 
the use of the Westerterp number and similar scale-up criteria requires 
detailed information on process configuration, operating conditions, 
and heat-transfer systems, which is often unavailable at low TRLs. The 
methodology proposed in this work complements these approaches by 
supporting the identification of inherently critical process-material in
teractions and safety-relevant phenomena before detailed process 
design becomes available.

To support the scientific research through the previous steps of the 
scale-up process, alternative approaches based on the theoretical and 
empirical knowledge of the possible interactions between components at 
relevant operative conditions are recommended. Among the others, the 
use of the interaction matrix [10] is worth considering. In this case, the 
possible intended and unintended reactions between materials and en
ergy sources involved in a chemical process are analysed. Considering 
the type of information required, this approach applies to any stage of 
the process life cycle, including laboratory-scale and full-scale industrial 
plants. In this sense, the creation of a checklist, guiding the analysis, is 
recommended to guarantee systematic and robust investigations. In the 
context of an interaction matrix, the inclusion of a broad number of 
chemicals and energy sources significantly increases the dimensionality 
of the resulting matrices, posing challenges to both efficiency and 
interpretability of the results. As a result, there is a tendency to pre- 
select components based on their classification as hazardous materials, 
thus narrowing the scope of evaluation. Indeed, such an approach may 
lack conservatism, particularly when dealing with polymers. Unlike 
their parent compounds, polymer degradation products may exhibit 
significant hazard either in terms of flammability or toxicity, suggesting 
dedicated studies on the subject [11,12]. To this aim, fire testing 

techniques can provide essential elements for the inclusion of materials 
within the safety analyses. A widely used method is the Limiting Oxygen 
Index (LOI), which determines the minimum concentration of oxygen 
needed to sustain a flame. Materials with higher LOI values are generally 
more resistant to ignition [13]. Similarly, UL-94 tests aim to classify the 
materials based on their response to exposure to a test flame under 
controlled conditions [14]. Cone calorimetry is particularly valuable, 
measuring key parameters such as heat release rate, mass loss rate, time 
to ignition, and smoke production [15]. Complementing this, ther
mogravimetric analysis (TGA) reveals decomposition patterns by heat
ing samples in controlled atmospheres. This technique, especially when 
combined with FTIR or mass spectrometry, helps identify the volatile 
compounds produced during thermal decomposition. For these reasons, 
the present work reports an innovative and comprehensive methodology 
based on the evaluation of chemical interactions to guide the develop
ment and scale-up of industrial processes. The capabilities and limita
tions of the proposed protocol are illustrated through its application to a 
case study examining the production process of novolac-based carbon 
membranes. Over the past few decades, this class of membranes has 
emerged as a particularly promising technology for hydrogen separation 
and purification, CO2 separation, and water separation in membrane 
reactors offering a more sustainable alternative to conventional methods 
such as cryogenic distillation [16–19].

Employing a safety-driven approach to support the scale-up of car
bon membrane manufacturing can therefore provide a valuable contri
bution to the energy transition, enabling the broader adoption of cleaner 
energy carriers such as hydrogen.

2. Methodology

To systematically identify and assess the most relevant aspects to 
include in the development of innovative technological solutions and 
processes, a stepwise workflow consisting of five steps identified under 
the acronym SCALE was proposed, as reported in Fig. 1. The approach is 
grounded in a rigorous identification and classification of system pa
rameters, enabling a structured evaluation of both performance and 
safety-relevant outcomes. The developed protocol was tested in a case 
study aiming at optimising the production of novolac-based carbon 
membranes (CMs). For the sake of clarity, specific information on the 
defined steps is provided in the subsequent sections, together with the 
practical elements associated with the selected case study, once 
relevant.

Step 1 – Selection of variables: An innovative solution can be 
identified as a potential target for further research and development 
stages, based on the optimisation of a given set of target parameters. 
Once the target processes/products are selected, the potentially relevant 
characteristics and variables shall be identified, avoiding redundant or 
overlapping descriptors to ensure clarity, independence, and compre
hensive coverage of system behaviour.

Application: As concerns the case study under development, the 
transition toward more sustainable and efficient chemical processing 
technologies has been intensified in recent years, driven by increasingly 
stringent environmental regulations and a growing demand for deca
rbonised energy systems. In this context, membrane-assisted reactors 
(MRs) have emerged as a pivotal innovation, offering an integrated 
platform in which chemical reactions and selective separations can 
occur simultaneously within a single unit or in separated units. This 
coupling not only enhances conversion efficiency by continuously 
removing products or inhibiting species but also minimises downstream 
purification needs, ultimately contributing to lower energy consumption 
and reduced process intensification costs [20]. The quality of CMs is 
assessed through the selectivity and permeance to a given species, which 
have been considered as target parameters in this study. The production 
of CMs involves a multi-step process that starts with the selection/ 
synthesis of polymeric precursors, which are processed into a specific 
morphology (e.g., hollow fibres or flat sheets) before undergoing 

B.A. De Liso et al.                                                                                                                                                                                                                              Chemical Engineering Journal 545 (2026) 179153 

2 



thermal treatment [21,22]. Among the various precursors available, 
Novolac resins, which belong to the family of phenolic polymers, are 
widely used due to their aromatic structure which leads to high thermal 
stability and carbon yield. This case study refers to the Novolac based 
membranes, but can be extended to all CMs.

Step 2 – Classification of monitoring parameters: Monitoring pa
rameters can be defined as measurable attributes directly reflecting 
intrinsic quality, encompassing structural organisation, dimensional 
features, surface morphology, chemical composition, and mechanical 
integrity. Each monitoring parameter can be selected based on repro
ducibility, sensitivity to process variations, and capacity to capture 
meaningful changes in the system state.

Application: In this step, the focus is on selecting measurable moni
toring parameters that reflect the final membrane quality. Given the 
strong dependence of the final membrane performance on the structural 
and chemical transformations occurring during thermal treatment, a 
rigorous evaluation of the quality of the product requires identifying 
which physical characteristics are most indicative of its final function
ality. In this context, a set of measurable monitoring parameters 
capturing pore structure, morphological uniformity, surface features, 
and chemical composition can be used to quantitatively describe the 
final state.

Step 3 – Assignment of influencing parameters: A preliminary 
description of a possible production process is needed at this stage to 
identify influencing parameters among operational conditions, process 
variables, and layout employing a mechanistically justified causal effect 
on the monitoring parameters. In other words, a significant variation in 
at least one monitoring parameter can be attributable to a property of 
the investigated systems to be defined as an influencing parameter.

Application: In Step 3, key process and material variables affecting 
the monitoring parameters from Step 2 are identified. For CMs, these 
parameters are closely linked to the thermal treatment of Novolac-based 
precursors. These thermosetting materials exhibit excellent thermal 
stability, making them ideal for pyrolysis, a critical step in membrane 
production [23]. The process begins with the polymer precursor being 
dissolved in an appropriate solvent, forming a solution whose rheology 
can be tuned to facilitate casting or spinning. This solution is then 
shaped into the desired form, such as tubular, hollow fibres, or flat 
sheets, often supported on an appropriate substrate, before undergoing 
carbonisation at elevated temperatures (450 ◦C - 1000 ◦C) under an inert 
atmosphere. This thermal treatment leads to the formation of a micro
porous (< 2 nm) and ultra-microporous (< 0.6 nm) carbon network, 
characterised by a narrow pore size distribution that is essential for 
precise hydrogen separation [24,25]. The pyrolysis conditions, 

including temperature, heating rate, and atmosphere conditions, must 
be tightly controlled to optimise the performance of membranes. Any 
deviation in these parameters can significantly impact the final product, 
compromising its separation properties and structural integrity [26,27]. 
In this framework, the polymer type is treated as a fixed independent 
variable, providing a constant chemical baseline. The influencing pa
rameters, therefore, correspond exclusively to the controllable elements 
of the fabrication and thermal-treatment process. Among these, the 
solvent system, defined by its polarity, coordination ability, and vola
tility, acts as the primary lever shaping precursor organisation [28]. 
Solution rheology, casting conditions, additive selection, and the full 
thermal-treatment schedule (heating rate, dwell time and final tem
perature) further modulate the structural evolution of the material 
[29,30]. Additionally, support selection plays a critical role in ensuring 
mechanical stability and limiting defect formation during processing. 
Together, these variables delineate the process space governing the 
monitoring parameters introduced in Step 2.

Step 4 – Listing interactions: For each monitoring–influencing pair, 
the dominant physical or chemical process was determined, considering 
transport limitations, structural evolution, stress development, thermal 
responses, and decomposition pathways. Interaction strengths (Strong / 
Medium / Weak) were assigned based on relative magnitude and 
dominance of the observed trends, theoretical plausibility, literature and 
experimental evidence. Given the absence of a universally accepted 
quantitative framework for interaction ranking in carbon membrane 
processing, and the inherent variability of fabrication routes and oper
ating conditions reported in the literature, the REC approach is inten
tionally formulated as a semi-quantitative methodology. This choice 
enables a consistent comparison of interactions across different process 
configurations while maintaining sufficient flexibility to account for 
system-specific mechanistic and experimental evidence. Mechanistic 
relevance (R) considers how directly parameter A influences parameter 
B, with scores ranging from 0 for indirect or mechanical effects, 1 for 
plausible effects, and 2 for direct and clearly established influence. For 
each interaction, mechanistic relevance is first assessed based on the 
existence of a physically or chemically justified coupling between pa
rameters. Magnitude or expected effect (M) reflects the expected impact 
of parameter A on the functional outcome of interest, scored as 0 for 
negligible, 1 for moderate, and 2 for significant effects. It is determined 
by evaluating the sensitivity of the monitored variable to variations in 
the influencing parameter, using experimental trends or literature- 
reported ranges when available. Consistency or confidence (C) is 
assigned based on the agreement between mechanistic expectations, 
literature evidence, and experimental observations from the present 

Fig. 1. Workflow for the systematic assessment of process–material interactions based on the proposed SCALE approach, including monitoring and influencing 
parameter definition, mechanistic interaction mapping and safety evaluation.
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study. More specifically, it captures the reliability of the observed or 
anticipated interaction, based on experimental data, literature evidence, 
or mechanistic proxies, scored as 0 if only theoretical, 1 if supported by 
literature or proxies, and 2 if confirmed by multiple sources or clear 
experimental observations. The sum of these three scores (ranging from 
0 to 6) was then mapped to qualitative interaction strengths: Strong for 
scores of 5–6, Medium for 3–4, and Weak for 0–2. This sequential pro
cedure ensures that each criterion is evaluated independently and re
duces ambiguity in the scoring process. Additional information about 
the sub-criteria and the rating score procedure adopted can be found in 
the supplementary material. Controlled heat-flux testing (as detailed in 
the following section) offered additional experimental context, partic
ularly for those interactions associated with potential thermal insta
bility, rapid mass loss, or exothermic events. In this way, the framework 
effectively integrates mechanistic reasoning, expected functional 
impact, and reproducibility, establishing a robust method for quanti
fying parameter interactions in a generalizable and reproducible 
manner. A summary of this evaluation framework, including definitions 

and scoring criteria for Mechanistic relevance (R), Expected effect (E), 
and Consistency (C), is presented in Table 1.

Following the established workflow, the Monitoring ↔ Monitoring 
and Influencing ↔ Monitoring matrices can be constructed and popu
lated with interaction strengths derived from theoretical considerations, 
material descriptors, and internal consistency checks. Redundancies 
must be eliminated at this stage, and each interaction shall be retained 
only when supported by a clearly identifiable physical or chemical 
mechanism. The concurrent analysis of monitoring and influencing pa
rameters naturally enabled the identification of the critical stage of the 
process, defined as the condition in which the material becomes most 
sensitive to thermal exposure and compositional changes. This stage was 
recognised by the convergence of multiple strong interactions, particu
larly those associated with mass-loss propensity, thermal decomposition 
behaviour, and the evolution of volatile species, thus providing the 
logical focal point for subsequent safety-related considerations. Building 
on this outcome, a dedicated safety evaluation was incorporated as the 
final element of the methodology.

Step 5 – Elaboration of safety ranking: Safety-relevant interactions 
were isolated by screening for parameter combinations indicative of 
potential hazards under external heat flux, such as accelerated devola
tilisation, early-stage decomposition, and rapid changes in heat-release 
behaviour. A targeted experimental campaign was executed to sub
stantiate the safety-relevant interaction nodes emerging from the 
interaction matrices and to provide quantitative evidence of material 
response under controlled thermal loading. The experimental strategy 
employed a bench-scale cone calorimeter (Fig. 2) as a reproducible, 
well-characterised radiant-heating environment capable of producing 
the external heat fluxes representative of the critical stage previously 
identified by the workflow. Tests were therefore designed to probe the 
thermal and devolatilisation behaviour of the material and to map the 
transient phenomena that inform interaction strength assignments (e.g., 
early volatilisation, multi-step mass-loss, surface heterogeneity, and 
anomalous heat-release events).

In this work, the experimental tests were carried out at imposed 
radiant heat fluxes in the range 7, 25, and 50 kW/m2, under controlled 
ventilation and sample mounting conditions consistent with the 

Table 1 
Definitions and scoring scheme for the assessment of interaction strengths in the 
evaluation matrices.

Criterion Definition Scoring

R – Mechanistic 
relevance

The degree to which parameter 
A directly influences parameter 
B

0 = indirect/mechanical 
effect 
1 = plausible effect 
2 = direct and clear 
influence

E –Expected effect 
/ Magnitude

Expected impact of parameter 
A on functional outcome

0 = negligible 
1 = moderate 
2 = significant

C – Consistency / 
Confidence

Reliability and reproducibility 
of the effect

0 = theoretical only / no 
data 
1 = supported by proxy or 
literature 
2 = proved by multiple 
sources or clear 
experimental data

Fig. 2. Schematic representation of the experimental system adopted in this work.
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standard procedure [31]. Each specimen was placed in a stainless-steel 
sample holder; a K-type thermocouple was embedded into the holder 
immediately beneath the sample plane to record in-depth temperature 
profiles with high temporal resolution. All the experimental cone calo
rimeter tests were conducted three times for each set of conditions, the 
reported profiles are the average values of the measurements collected 
under the same conditions. In addition, the reliability and reproduc
ibility of the results obtained by the implemented experimental protocol 
have been extensively validated and evaluated in previous in
vestigations, available in the current literature [32]. Surface thermal 
behaviour was monitored by a Hikmicro infrared camera (spectral range 
7–14 μm; NETD <35 mK; 25 Hz frame rate). The thermal camera was 
mounted laterally, outside the principal radiant cone, at a distance and 
angle selected to (i) avoid direct exposure to the heater and optical 
saturation, (ii) obtain an unobstructed full-field view of the exposed 
surface, and (iii) minimise reflections from metallic surfaces. Camera 
emissivity settings were calibrated against the embedded thermocouple 
before each test to enable quantitative surface-temperature mapping. 
Where applicable, gravimetric mass-loss traces and calorimetric outputs 
(heat release rate, HRR) were recorded continuously by the cone calo
rimeter's data acquisition system. Smoke production was quantified by 
the built-in laser photometric system, and gas outputs were sampled for 
downstream analysis when required. The combined instrument suite 
delivered the following time-resolved diagnostics: (i) heat release rate 
(HRR) as a proxy for energetic response, (ii) mass-loss rate (MLR) and 
cumulative mass loss for volatilisation and residue formation, (iii) time- 
to-ignition (TTI) or onset of sustained thermal decomposition, (iv) in- 
depth temperature profiles from the embedded thermocouple (TC), 
and (v) spatial surface temperature fields (Tsurf) and hotspot dynamics 
from infrared thermography. In addition, (vi) the flow rates of CO and 
CO₂ (COP and CO2P) in the exhaust gases were continuously measured, 
providing a quantitative assessment of the fraction of the main volatil
ized material converted into gaseous products. Further information on 
the cone calorimeter apparatus and the adopted experimental procedure 
can be found elsewhere [33–35].

Based on the collected diagnostics, three principal aspects were 
considered for the safety ranking: Ignitability, Flame behaviour, and 
Exhaust gases. For each aspect, indicators were evaluated from both a 
mass-based perspective, which reflects the energetic and material con
sumption behaviour, and a thermal-based perspective, which captures 
the temperature evolution and heating dynamics within the sample and 
surrounding environment. 

• For the Ignitability, the onset of sustained decomposition was char
acterised by the time-to-ignition measured in the cone calorimeter, 
as well as the temperature difference at the liquid–vapor interface 

recorded by the infrared camera and the liquid temperature by the 
thermocouple measurement (ΔT = Tsurf - TC), providing comple
mentary mass and thermal-based insights. Additionally, the tem
perature values were considered at the moment of ignition. Extended 
infrared thermography outputs, including representative thermal 
images, are provided in the supplementary material.

• The Flame behaviour was evaluated using both mass and thermal- 
based indicators. From the mass perspective, the peak mass-loss 
rate (pMLR) and the average value of the effective heat of combus
tion (EHC) were considered, capturing the rapidity and energy of 
material consumption. From the thermal perspective, the maximum 
heating rate measured by the embedded thermocouple (dT/dtmax) 
reflected the speed at which the sample undergoes thermal decom
position, offering insight into the potential for sudden or accelerated 
combustion events.

• Exhaust Gases were also assessed using a dual perspective. Mass- 
based indicators included the CO yield (yCO) and the specific 
extinction area (SEA) directly obtained by the cone calorimeter. SEA 
quantifies the amount of optically active smoke generated per unit 
mass of material consumed. High SEA values indicate intense devo
latilisation and fragmentation processes, leading to the rapid for
mation of large quantities of hot exhaust gases. From a physical 
standpoint, this behaviour is associated with enhanced plume 
development and convective transport, increasing the thermal and 
visibility-related load carried by the exhaust flow, thus having a 
detrimental effect on evacuation. On the other hand, thermal-based 
indicators were derived from the maximum temperature observed in 
the exhaust gas plume via infrared thermography (Tmax), repre
senting the thermal intensity of the emissions and the rate of energy 
release into the surrounding environment.

For each parameter, values obtained at the different radiant heat 
fluxes (7, 25, and 50 kW/m2) were first normalised with respect to the 
most severe condition observed within the dataset for the same metric. 
This step ensured that all indicators were expressed on a common, 
dimensionless scale ranging from 0 to 1, where higher values consis
tently correspond to a more pronounced manifestation of the underlying 
physical phenomenon. Importantly, the normalisation was performed 
across solvents, thereby preserving the comparative nature of the anal
ysis and preventing artificial inflation or suppression of differences 
arising from flux-dependent scaling effects. In the absence of established 
threshold values or benchmarks for the process conditions and metrics 
considered here, the analysis was intentionally formulated as an inter
nal, relative comparison, aimed at highlighting differences in response 
pathways within the investigated system rather than defining absolute 
safety limits. Nevertheless, the proposed approach can also be employed 

Fig. 3. Schematic representation of the developed safety ranking approach.

B.A. De Liso et al.                                                                                                                                                                                                                              Chemical Engineering Journal 545 (2026) 179153 

5 



for screening scopes if specific threshold values are available and 
acceptance criteria are posed. The influence of the external heat flux was 
then incorporated by treating the individual flux conditions as parallel 
observations of the same material response, rather than as independent 
safety scenarios. For each solvent and for each safety aspect, the nor
malised parameter values obtained at different heat fluxes were there
fore combined through an arithmetic averaging procedure. This 
approach reflects the intent of the methodology: to characterise the 
overall tendency of a given formulation to exhibit critical behaviours 
under a range of representative thermal loads, rather than to bias the 
ranking toward a single extreme condition. At a conceptual level, the 
resulting safety indicator for a given aspect can be expressed in the 
following generic form: 

S =
1
N

∑N

i=1

(
Xi

Xref

)

(1) 

where X denotes the value of a given safety-relevant parameter 
measured (S) at the i-th heat flux, Xref is the reference value used for 
normalisation (corresponding to the most severe case observed for that 
parameter), and N is the number of imposed heat fluxes. For the sake of 
clarity, Fig. 3 depicts a schematic representation of the methodology 
applied in Step 5.

3. Results and discussion

To rationalise the multiscale and multi-parameter nature of mem
brane fabrication and performance, the considered parameters were 
organised into a hierarchical structure, schematically illustrated in 
Fig. 4. The concentric layout is used to emphasise the functional role of 
the different variables considered and their relative proximity to the 
final membrane performance objectives. At the core of the scheme lie 
the target properties of permeance and selectivity, which represent the 
ultimate functional objectives of the membrane from the perspective of 
performance. The intermediate layer groups the monitoring parameters, 
namely the physically measurable structural, chemical, and mechanical 
characteristics that directly govern gas transport through the carbon 
network. These attributes reflect the effective membrane quality 
resulting from the fabrication and conversion process. The outer layer 
collects the influencing parameters, which operate at the formulation 
and processing level and indirectly affect performance by steering the 
evolution of the monitoring parameters. The presented organisation 
clarifies the relationships between process variables, membrane attri
butes, and target performance, and provides a visual rationale for the 
interaction matrices discussed in the following section. The hierarchical 
structure reported in Fig. 4 is based on a semi-quantitative aggregation 

of interaction strengths derived from the REC scoring framework, which 
enables the identification of influencing parameters as net drivers, 
monitoring parameters as intermediate state variables with the highest 
interaction density, and target parameters as final measurable outputs.

3.1. Matrix of interactions

Based on the proposed methodology and the considerations reported 
for the analysed case study, to formalise the relationships among attri
butes, Table 2 introduces an interaction matrix of the principal influ
encing parameters. This matrix outlines the relative interaction strength 
and underlying mechanisms between each pair of parameters, providing 
a structured framework to interpret how their collective interplay 
shapes the final membrane quality.

The monitoring parameters included in the interaction matrix were 
selected because they collectively capture the structural, chemical, and 
mechanical features that most strongly dictate gas transport in carbon 
membranes. Their interplay defines both the ease with which molecules 
traverse the carbon network and the sharpness with which the mem
brane discriminates among species of different size or affinity. Pore size, 
porosity fraction, and pore tortuosity constitute the primary descriptors 
of the internal architecture. Pore size governs molecular restriction, 
porosity fraction modulates the accessible free volume, and tortuosity 
shapes the effective diffusion pathways [36]. Their interactions there
fore dominate the development of permeance and selectivity, as small 
alterations in these elements propagate directly into the membrane's 
transport behaviour [37]. For the sake of clarity, permeance represents 
the normalised transport capability of the membrane, quantifying the 
flux of a given species per unit driving force, whereas selectivity ex
presses the membrane's intrinsic ability to preferentially transport one 
species over another as a result of differences in diffusivity and sorptive 
interactions within the microporous carbon network; concise definitions 
and governing expressions are provided in the current literature 
[38,39]. Thickness, surface smoothness, and chemical composition 
introduce additional layers of structural refinement. Thickness de
termines the diffusion length, surface smoothness influences the uni
formity of transport-active regions, and chemical composition affects 
the balance between adsorption and diffusion within the evolving car
bon framework [40,41]. Through these mechanisms, each parameter 
subtly redefines how transport and discrimination unfold at the micro
scale. Mechanical integrity provides the overarching constraint that 
preserves the intended transport mechanism. By preventing crack for
mation and bypass pathways, it ensures that permeance and selectivity 
emerge from the designed microporous architecture rather than from 
defect-driven artefacts [42]. Taken together, the matrix highlights how 
membrane performance arises from the coordinated evolution of these 

Fig. 4. Hierarchical scheme linking target performance metrics, monitoring parameters, and influencing process variables in carbon membrane production.
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attributes, each one shaping and being shaped by the others throughout 
the transformation from polymer precursor to functional carbon mate
rial. This interconnected behaviour also reflects the extent to which the 
final membrane structure remains sensitive to the underlying conditions 
that steer its development, a point that becomes increasingly evident 
when examining the variables that actively drive these transformations. 
Recognising how these attributes co-evolve highlights the importance of 
distinguishing the parameters used to assess the final membrane quality 
from the process variables that steer their development. Table 3 for
malises this distinction, contrasting the monitoring parameters with the 
influencing ones.

The interaction scheme presented in Table 3 illustrates how each 
influencing variable contributes to the development of the monitoring 
parameters that ultimately define CMs quality. Rather than acting 
independently, these variables shape the membrane through a sequence 
of tightly interconnected mechanisms, from polymer dissolution to film 
formation and carbonisation, so that modifications introduced at early 
stages propagate across the entire set of structural and transport- 
relevant attributes.

Within this framework, the solvent system plays a particularly 
formative role, as it dictates the initial polymer–solvent interactions, 
chain mobility, and the thermodynamic pathway leading to pore gen
eration. A solvent such as N-methyl-2-pyrrolidone (NMP), representa
tive of class A in the matrix, offers strong solvation and produces highly 
homogeneous precursor solutions; this determines the scale and regu
larity of phase separation, with direct consequences for pore size, 
porosity fraction, surface smoothness, and the eventual diffusion path
ways [43]. Greener solvents such as γ-valerolactone (GVL), corre
sponding to class B, reorganise these mechanisms differently: their 
solvation strength, volatility, and miscibility with nonsolvent phases 
shift the kinetics of structure formation and give rise to distinctive pore 

architectures. The membrane performances of novolac-based carbon 
membranes prepared using GVL have been previously investigated by 
the authors and demonstrated to be suitable for the intended application 
[44]. For the sake of completeness, a summary of the main permeance 
and selectivity results from that study is exclusively provided in the 
supplementary material to better focus on the safety and sustainability 
implications associated with solvent substitution. These differences, 
already encoded in the matrix, highlight that solvent substitution is 
never merely compositional but structural, influencing the entire tra
jectory through which permeance and selectivity emerge. Other influ
encing parameters intervene at complementary stages. Solution 
rheology governs the mobility of polymer chains and the rate at which 
concentration gradients relax, affecting both pore connectivity and 
tortuosity. Casting conditions modulate the formation of the wet film, 
controlling thickness, surface texture, and the spatial distribution of 
nascent carbon domains [45,46]. Support selection determines how 
stresses, adhesion, and drainage behaviour shape the lower interface of 
the forming membrane, thereby influencing defect formation and local 
structural uniformity [47]. During later stages, the thermal-treatment 
schedule defines the extent of shrinkage, densification, and rearrange
ment of carbon domains, while additives introduce controlled local 
perturbations that may stabilise or intentionally modify the evolving 
network [48,49]. These interactions collectively explain why no single 
monitoring parameter can be understood in isolation: each reflects the 
cumulative effects of a multistep process, where several influencing 
variables may converge on the same structural outcome. When read 
through this logic, the matrix reveals a natural hierarchy among the 
influencing parameters, with the solvent system effectively setting the 
initial thermodynamic and molecular landscape to which all subsequent 
processing steps must adapt. In practice, many downstream effects, 
whether rheological, morphological, or interfacial, are conditioned by 

Table 2 
Interaction matrix of principal monitoring parameters for carbon membrane products. Each cell denotes the interaction 
strength (Strong/Medium/Weak) between physically measurable characteristics and the underlying mechanism, with explicit 
reference to their influence on permeance and selectivity. To avoid duplicates, grey boxes were included.

Pore 
Size

Porosity Fraction Pore Tortuosity Thickness
Surface 

Smoothness
Chemical 

Composition
Mechanical 

Integrity

Pore Size —
Medium; void-

volume 

(↑permeance)

Strong; path-

dimension 
(↑permeance, 

↑selectivity via size 

exclusion)

Medium; 

penetration-
depth 

(modulates 

permeance)

Medium; pore-
exposure (minor 

effect selectivity)

Medium; 

chemistry-
modulated 

porosity (affects 

selectivity)

Strong; defect-

sensitivity 

(leakage, reduces 
selectivity)

Porosity Fraction — —
Strong; void-

network 

(↑permeance)

Medium; 

porosity-
gradient 

(modulates 

permeance)

Medium; surface-
porosity (minor 

effect selectivity)

Weak; 
composition-

gradient 

(modulates 
selectivity 

slightly)

Strong; 

structural-
porosity (leakage 

paths, reduces 

selectivity)

Pore Tortuosity — — —

Strong; flow-
path-length 

(modulates 

permeance)

Medium; open-
pore-exposure 

(surface 

interaction)

Medium; 
transport-exposure 

(affects 

selectivity)

Strong; crack-

propagation 
(bypass risk)

Thickness — — — —

Medium; planar-

uniformity 
(minor effect on 

flux uniformity)

Weak; 
composition-

gradient (minor 

effect on 
selectivity)

Strong; load-

bearing (prevents 
structural failure 

affecting flux)

Surface 

Smoothness
— — — — —

Medium; 
exposure-area 

(affects 

selectivity)

Strong; crack-

initiation (creates 
bypass paths)

Chemical 
Composition

— — — — — —

Medium; 

network-cohesion 
(flux stability and 

selectivity)

Mechanical 
Integrity

— — — — — — —
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this initial environment, such that variations introduced later in the 
process tend to refine, rather than redefine, the structural trajectory 
established at the dissolution and phase-inversion stages. Seen in this 
broader context, the solvent system remains a central element since it 
determines the very starting point from which all subsequent structure- 
forming events unfold. Its thermochemical behaviour also has safety 
implications. While widely used solvents such as NMP have well- 
established thermal-decomposition profiles, greener candidates such 

as GVL, although promising from a sustainability perspective, lack a 
comparable body of safety data. Differences in volatility, decomposition 
onset, and by-product formation may alter not only membrane 
morphology but also the conditions experienced during thermal treat
ment. The following section focuses precisely on this aspect, using 
controlled thermal-stress testing to clarify how alternative solvents 
behave during processing and to assess whether their structural ad
vantages can be pursued without compromising operational safety.

Table 3 
Interaction matrix that relates monitoring parameters (rows) to influencing parameters (columns), providing a concise over
view of the main mechanistic pathways through which controllable process variables shape the resulting material properties.

Monitoring \

Influencing

Solvent A

(high-affinity, 
polar aprotic)

Solvent B 

(moderate-affinity, 
less polar, greener)

Viscosity
Thermal 

Treatment

Support 

Selection
Additives

Casting 

Conditions

Pore Size

Strong; high 

solubility                      

(regular pore 
formation)

Medium; moderate 

solubility  

(heterogeneous 
pores)

Medium; 

diffusion-

limited pore 
evolution

Strong; pore 
expansion/shri

nkage

Medium; pore 

development

Medium; 

stabilizes walls, 

slight effect on 
size

Medium; 

initial pore 

orientation 
(shear/stretch)

Porosity

Fraction

Strong; favors 

open network

Medium; less 

uniform network

Medium; pore 
connectivity 

(high 

viscosity)

Strong; 
densification 

or collapse 

(higher T)

Medium; 

modulates void 
fraction

Medium; 
enhances or 

blocks porosity 

locally

Medium; 

modulates void 
fraction

Pore 

Tortuosity

Medium; linear 

pore paths

Medium; more 

convoluted paths

Strong; longer 

flow paths 

(viscous 
solutions)

Medium; 
stress-induced 

tortuosity 

Weak; path 

orientation

Weak; minor 
influence on 

tortuosity

Medium; pore 

alignment

Thickness

Medium; 

solution 

penetration 
depth

Medium; less 

uniform thickness

Strong; film 

thickness

Medium; 

shrinkage

Weak; minor 

effect

Weak; minor 
effect on 

uniformity

Strong; 

baseline 

thickness 
(speed)

Surface 

Smoothness

Strong; 
smoother 

surfaces 

Medium; rougher 
surfaces (moderate 

solubility)

Medium; 

micro-
roughness 

(high 

viscosity)

Medium; 

micro-
roughness 

(thermal 

contraction)

Weak; minor 

effect

Medium; 

roughen surface 

(additive 
deposition)

Strong; texture 
(casting and 

demolding)

Chemical 

Composition

Medium; 

solvent-

polymer 
network

Medium; slight 

composition 

variation (different 
solvation)

Weak; 
viscosity 

indirect

Medium; side 

reactions

Medium;
substrate 

interactions

Strong; direct 
chemical 

modification

Medium; 

interactions 

with 
mold/support

Mechanical 

Integrity

Medium; 
network 

strength 

Medium; local 

weaknesses 

(heterogeneous 
morphology)

Strong; fewer 
defects (high 

viscosity)

Strong; stress 

relaxation, 
prevents 

cracking 

(T control)

Medium; 

substrate rigidity 

Medium; 
reinforce or 

weaken

Medium; 

casting defects 

(stress 
concentrators)

Fig. 5. Heat release rate profile (left) and temperature profile (right) over time of novolac samples at 7, 25 and 50 kW/m2.
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3.2. Safety-based ranking

Cone calorimetry was employed as the main diagnostic tool, as it 
provides quantitative insight into the combustion dynamics of poly
meric materials, including ignition time, heat release rate (HRR), and 
thermal stability. The investigation was first conducted on pristine 
novolac resin, which served as the baseline reference, and subsequently 
extended to novolac-based solutions with GVL and NMP. The following 
section discusses the response of these materials under controlled cone 
calorimeter conditions, highlighting both the intrinsic fire performance 
of novolac and the effect of solvent-derived modifications. Fig. 5 reports 
the corresponding heat release rate (left) and the temperature profile 
recorded close to the bottom of the specimen (right), which together 
provide a comprehensive view of the combustion dynamics and internal 
heat transfer.

Once 25 kW/m2 is provided to the sample, the HRR evolution of 
novolac displays a clear two-step pattern. Shortly after ignition, a sharp 
maximum of approximately 150 kW/m2 is observed, reflecting the 
intense release and combustion of degradation volatiles generated in the 
early stages of decomposition. After a short decline, a second broader 
maximum of about 140 kW/m2 emerges, sustained by the progressive 
involvement of the bulk material. The absence of a stable plateau be
tween the two maxima suggests that these processes are partially 
overlapping, with heat feedback from the flame accelerating the 
decomposition front inside the sample. Such a two-step combustion 
profile is characteristic of phenolic novolac, where an initial devolati
lization phase is followed by the breakdown of more condensed aro
matic domains, as consistently reported in the literature [50]. 
Conversely, the single HRR peak observed at 50 kW/m2 indicates that 
the increased thermal input accelerates the propagation of the decom
position front through the sample, resulting in a substantial overlap of 
the degradation stages that remain distinguishable at 25 kW/m2. The 
temperature profiles measured near the sample base exhibit distinct 
behaviour depending on the applied heat flux. At 7 kW/m2, the tem
perature rapidly reaches a plateau around 120 ◦C, which persists for 
approximately 1000 s. Under these conditions, the novolac sample does 
not ignite, even with the use of the external spark igniter, as confirmed 
by the negligible HRR values. This indicates that, although initial 
heating and devolatilization occur, self-sustained combustion does not 
take place, consistent with the negligible HRR observed. The plateau 
likely corresponds to slow evaporation of early-stage volatile degrada
tion products, without substantial chemical bond scission within the 
phenolic network. At 25 kW/m2, the temperature rises more rapidly, 
reaching a plateau of approximately 300 ◦C, coinciding with the 
development of the second HRR peak. At this heat flux, novolac un
dergoes autoignition, i.e., flaming combustion is established without 
activation of the spark igniter, indicating that the material attains a 
thermal condition sufficient to trigger the decomposition of the more 
stable aromatic domains within the novolac resin. Physically, this 
plateau reflects local softening typical of amorphous thermosetting 
polymers under heating, which facilitates the inward propagation of the 
decomposition front. Chemically, the elevated temperature promotes 
cleavage of bonds within the phenolic network and enhances the release 
of combustible gaseous products. The combined analysis of HRR and 
temperature profiles reveals a two-stage degradation process. The first 
stage involves the rapid release of volatiles, which is partially activated 
even at low fluxes but does not sustain combustion. The second stage, 
observable at higher fluxes, corresponds to advanced decomposition of 
the bulk material, characterised by the breakdown of condensed aro
matic structures and the associated increase in HRR. Notably, the time 
required to reach each plateau is similar across fluxes, indicating that 
the kinetics of initial heating are comparable, while the extent of ther
mal activation governs the onset of significant combustion. Overall, the 
interplay between HRR evolution and temperature plateaus allows us to 
reconstruct the thermochemical behaviour of novolac resin: an early 
devolatilization phase at lower temperatures and heat fluxes, followed 

by an advanced decomposition phase at elevated temperatures. The fire 
response of the dipping solutions, identified as the most critical step of 
the membrane preparation process due to the presence of flammable 
solvents and the subsequent thermal treatment, reveals distinct behav
iours depending on the solvent employed. Fig. 6 presents the heat 
release rate (HRR) profiles of novolac–NMP mixtures under different 
external heat fluxes. Table 4 reports the main thermal parameters ob
tained from the experimental tests: peak heat release rate (pHRR), mean 
heat release rate (HRR mean), peak mass loss rate (pMLR), mass loss rate 
at the steady state (MLR), peak CO production rate (pCOP), peak CO₂ 
production rate (pCO2P), mean CO production rate (COP), mean CO₂ 
production rate (CO₂P), mean effective heat of combustion (EHC mean), 
and time to ignition (TTI). Parameters denoted with p refer to the 
maximum values reached during combustion, while the mean values are 
reported under quasi-steady conditions, whenever such a regime could 
be identified.

For the novolac/NMP solution, the HRR evolution under external 
irradiation displays a pronounced single-step profile, with a sharp in
crease leading to peak values of approximately 1020 kW/m2 at 50 kW/ 
m2 flux. At intermediate fluxes (25 kW/m2), the maximum HRR is 
reduced by nearly half, while at the lowest flux (7 kW/m2) only a modest 
release of energy is observed. At 7 kW/m2, flaming combustion is 
established only after activation of the external spark igniter, whereas at 
25 and 50 kW/m2 the system undergoes autoignition under external 
irradiation. The short time to ignition can be attributed to the high 
volatility and low thermal stability of NMP, which promotes rapid vapor 
release upon heating and triggers combustion almost immediately after 
exposure to external irradiation. As a result, the degradation of the 
phenolic resin is no longer expressed through the two-step sequence 
typical of pure novolac, but is instead masked by a solvent-driven vol
atilisation front. The combustion becomes strongly exothermic in the 
initial stage, with little evidence of a progressive involvement of the bulk 
material. Mechanistically, this indicates that NMP destabilises the 
thermal resistance of the system, coupling rapid solvent evaporation 
with early bond cleavage in the novolac network, which explains the 
abrupt and uncontrolled HRR spikes observed. Furthermore, the HRR 
exhibits a relatively prolonged plateau (extended steady-state combus
tion stage), indicating sustained energy release over time. During the 
gas-phase combustion, potentially toxic species such as NOx may be 
formed, highlighting an important consideration for process safety.

In comparison, the novolac/GVL solution (Fig. 7 and Table 5) ex
hibits a markedly different combustion pattern. For all the investigated 
heat fluxes (7–25–50 kW/m2), flaming combustion is achieved only 

Fig. 6. Heat release rate profiles of novolac-NMP samples at different heat 
fluxes (7,25, and 50 kW/m2).
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upon activation of the external spark igniter, indicating the absence of 
autoignition under the tested conditions. At 50 kW/m2, the HRR curve 
shows a sharp initial maximum of about 1149 kW/m2, followed by a 
rapid decline, indicating a solvent-dominated combustion stage. At 
lower fluxes (25 and 7 kW/m2), the HRR maxima decrease substantially 
(111 and 431 kW/m2, respectively), and the overall burning duration is 
considerably shorter than in the NMP-based solution. The slightly higher 
HRR peaks compared to NMP can be attributed to the oxygenated nature 

of GVL, which facilitates more complete oxidation of the solvent vapors 
and enhances CO and CO₂ production. This also leads to a faster heat 
feedback to the resin surface, accelerating the initial decomposition of 
the aromatic domains in novolac. Overall, the novolac/GVL solution 
exhibits a combustion profile characterised by shorter duration and 
sharper peaks. The absence of a prolonged plateau, unlike in NMP, re
flects a more transient energy release: the rapid volatilisation of GVL 
quickly triggers the initial decomposition of the polymer, but the lower 
volatility compared to NMP prevents a sustained combustion phase. 
Consequently, the resin burns rapidly at first, but the reaction does not 
continue for an extended period. Mechanistically, this suggests that 
while the decomposition of condensed aromatic domains is initiated 
efficiently, the energy release is concentrated in the early stage. 
Importantly, the absence of highly toxic gas-phase species during GVL 
combustion further indicates that the solvent promotes efficient thermal 
decomposition of the novolac matrix. The absence of highly toxic gas- 
phase species makes GVL a safer solvent in terms of process hazards.

Taken together, the comparative analysis shows that solvent choice 
fundamentally alters the thermal–chemical degradation pathway of the 
dipping solutions. While HRR values for GVL are slightly higher, 
reflecting its oxygenated nature, NMP maintains an extended steady- 
state HRR stage, but with the additional risk of generating toxic com
pounds. Therefore, from a process safety perspective, GVL presents a 
lower chemical hazard despite comparable energy release, whereas 
NMP requires careful handling to mitigate the formation of harmful 
gaseous species during combustion.

The collected data allow us to move beyond a purely descriptive 
comparison of combustion profiles and extract safety-relevant insights 
applicable to processing conditions. Table 6 reports the obtained in
dicators in order to assess the ignitability, the flame behaviour and 
exhaust gases of the two formulations under examination, from both 
mass- and thermal-based perspectives. The corresponding data resolved 
by individual external heat flux (7, 25 and 50 kW/m2) are reported in 
dedicated tables in the Supplementary Material.

For the novolac–NMP formulation, ignition-related indicators 
remain systematically elevated over the entire heat-flux range, reflect
ing a strong propensity toward rapid activation once a critical thermal 
threshold is reached. This behaviour is attributable to the short ignition 
times and weak thermal inertia observed experimentally, and it in
dicates that the dominant hazard pathway for NMP-based solutions is 
associated with early-stage solvent-driven volatilisation, largely insen
sitive to the external heat flux once ignition is achieved. In contrast, the 
novolac–GVL system exhibits a more flux-dependent ignition response, 
with intermediate heat fluxes producing comparatively lower ignition- 
related scores. This trend suggests a greater thermal buffering capacity 
and a delayed transition toward sustained combustion, in line with the 
higher boiling point and lower volatility of GVL. As a result, ignition in 
GVL-based solutions appears to be governed by a thermally mediated 
activation pathway, rather than by immediate solvent evaporation. 
Differences between the two systems become more pronounced when 
flame-intensity indicators are examined. While both formulations reach 
high peak values at elevated heat fluxes, the NMP-based solution 
consistently shows higher scores associated with sustained mass-loss and 
extended heat-release plateaus, indicating prolonged energy delivery to 

Table 4 
Main thermal parameters obtained from cone calorimeter tests of novolac/NMP 
formulation at different heat fluxes (7, 25, and 50 kW/m2). The reported values 
refer to quasi-steady conditions, while parameters denoted with p refer to the 
maximum values.

Ignited Autoignited Autoignited
7 kW/m2 25 kW/m2 50 kW/m2

pHRR [kW/m2] 352.2 612.1 1088
HRR [kW/m2] 336.5 582.1 1020
pMLR [g/s] 0.128 0.2 0.362
MLR [g/s] 0.118 – –
pCOP [g/s] 0.003 0.008 0.02
pCO2P [g/s] 0.237 0.431 0.788
COP [g/s] 0.001 0.001 0.002
CO2P [g/s] 0.227 0.413 0.753
EHC [MJ/g] 28.9 29.3 28.5
TTI [s] 180 40 1

Fig. 7. Heat release rate profiles of novolac-GVL samples at different heat 
fluxes (7–25-50 kW/m2).

Table 5 
Main thermal parameters obtained from cone calorimeter tests of novolac/GVL 
formulation at different heat fluxes (7–25-50 kW/m2). The reported values refer 
to quasi-steady conditions, while parameters denoted with p refer to the 
maximum values.

Ignited Autoignited Autoignited
7 kW/m2 25 kW/m2 50 kW/m2

pHRR [kW/m2] 431.0 674.0 1149
HRR [kW/m2] 411.0 648.0 1111
pMLR [g/s] 0.232 0.320 0.473
MLR [g/s] 0.165 – 0.479
pCOP [g/s] 0.003 0.005 0.016
pCO2P [g/s] 0.339 0.545 0.999
COP [g/s] 0.003 0.004 0.016
CO2P [g/s] 0.327 0.526 0.955
EHC [MJ/g] 20.90 21.9 20.18
TTI [s] 180 60 1

Table 6 
Comparison of NMP and GVL formulations in terms of ignitability, flame 
behaviour, and exhaust gases characteristics.

Solvent A = Novolac/NMP Solvent B = Novolac/GVL

Mass 
Perspective

Thermal 
Perspective

Mass 
Perspective

Thermal 
Perspective

Ignitability 1.00 1.00 0.89 0.86
Flame behaviour 0.82 0.98 0.86 0.91
Exhaust Gas 0.98 1.00 0.69 0.86
Overall 0.96 0.85
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the system. This sustained regime implies a hazard pathway dominated 
by continuous fuel supply, which may amplify thermal feedback during 
processing. Conversely, the GVL-based formulation is characterised by 
sharper but shorter-lived intensity indicators, with a significantly 
reduced duration of the active combustion stage (e.g., time interval 
between ignition and extinction), which decreases from values 
exceeding ~900 s for NMP-based systems to ~600 s for GVL-based 
systems under comparable heat flux conditions (7 kW/m2). Such 
behaviour points to a pulse-like combustion pathway, where rapid sol
vent involvement does not translate into long-lasting thermal stress on 
the material. The evolution of gaseous products further reinforces this 
trend. For NMP, hot gases are generated continuously and in large 
quantities, extending the energetic impact on the surrounding envi
ronment. GVL moderates both the timing and intensity of gas release, 
leading to a more controlled development of hot plumes. Overall, the 
aggregated indicators highlight that the GVL-based formulation exhibits 
a lower global severity compared to NMP. This improvement arises from 
a combination of factors: delayed ignition due to higher boiling point 
and lower volatility, sharper but shorter flame peaks that limit sustained 
heat release, and a moderated generation of hot gaseous products. 
Collectively, these effects reduce the thermal feedback to the material 
and limit the propagation of solvent-driven volatilisation, providing a 
more controlled thermal response under external irradiation.

4. Conclusion

This work presents a rigorous and systematic methodology for the 
early-stage assessment of inherent safety and performance in the 
development of innovative chemical processes, integrating mechanistic 
reasoning, experimental validation, and structured interaction mapping. 
The proposed SCALE workflow enables the identification of critical 
monitoring parameters and their influencing variables, providing a clear 
framework to understand how process conditions shape final material 
properties. Applied to the production of carbon membranes, the 
approach revealed the hierarchical interplay between structural, 
chemical, and mechanical characteristics, and demonstrated how sol
vent choice and processing conditions collectively guide pore formation, 
surface morphology, and overall membrane quality. Thermal-stress 
testing of novolac-based dipping solutions highlighted the significant 
impact of solvent properties on ignition behaviour, flame intensity, and 
exhaust-gas generation. In particular, replacing NMP with GVL led to 
moderated ignition propensity, with ignitability indicators reduced from 
1.00 to 0.89 (mass-based) and from 1.00 to 0.86 (thermal-based), 
shorter and less sustained flame events, and a reduction in smoke and 
exhaust-gas severity, with exhaust-gas indicators decreasing from 0.98 
to 0.69 (mass-based) and from 1.00 to 0.86 (thermal-based). Despite 
comparable peak heat release rates at high heat flux (pHRR ≈ 1088 kW/ 
m2 for NMP and ≈ 1149 kW/m2 for GVL at 50 kW/m2), GVL exhibited a 
more transient combustion behaviour, limiting prolonged thermal 
exposure. Overall, the integrated safety ranking confirms that the GVL- 
based formulation achieves a lower global hazard level, with an overall 
safety indicator reduced from 0.96 (NMP) to 0.85 (GVL), while main
taining process effectiveness. The integration of systematic interaction 
mapping with targeted experimental evaluation therefore provides a 
powerful tool to guide the development of safer and more sustainable 
processes, offering insights that are broadly applicable to other polymer- 
based systems and thermal-treatment operations.
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