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A B S T R A C T

This study develops a physics-informed digitalisation strategy to assess potential flexibility from different per
spectives in continuous manufacturing processes. As a case study, the co-extrusion process of sealing profiles for 
the automotive industry is chosen. This process operates continuously for 3–5 days to manufacture one sealing 
profile, consuming considerable energy, which is influenced by the process conditions set during the 
manufacturing line start-up. Increasing flexibility can contribute to a more sustainable and energy-efficient 
manufacturing industry. However, since process conditions directly affect the final quality and properties of 
the manufactured profile, any modifications must be preceded by a thorough analysis of their implications based 
on the sealing profile geometry, different line velocities and product quality tolerances. Computational Fluid 
Dynamics (CFD) techniques are used to model the co-extrusion process, while Finite Element Methods (FEM) are 
applied to model product quality and temperature dependencies. A Reduced Order Model (ROM) is developed for 
both FEM and CFD models, and the developed model enables the assessment of optimal process parameter ad
justments to accommodate line velocity changes at different product quality tolerances. The results prove that 
the variation of the line velocity can provide process flexibility to the industry (around ± 30 % in total electrical 
power for ± 20 % variation in the line velocity). Besides, a 20 % increase in line velocity results in a 5.5 % 
reduction in total CO2 emissions and a 5.2 % decrease in energy costs, suggesting that operating at higher line 
velocities is more energy efficient. The proposed strategy also analyses the potential flexibility depending on the 
product quality tolerance and the utility prices. The results show that increasing the allowable quality tolerance 
reduces the overall power consumption, with the largest potential in thermal power reduction. Beyond the 
analysis of one manufacturing line in operation, flexibility can be achieved by adequately scheduling several 
profiles with different electrical-to-thermal power ratios. In addition, a convenient redesign of profiles can also 
be used, as profiles with thinner walls and less rubber allow more flexibility, although they consume more 
electricity in the extruder.

1. Introduction

The increase in the share of renewable energy is essential to 
achieving climate neutrality by 2050, as stated in the EU Green Deal [1]. 
This transition leads to larger fluctuations in electricity generation and 
pricing, potentially posing risks to the security of supply in the electric 
grid. This issue can only be addressed by simultaneously acting on both 
the supply and demand sides. Focusing solely on the supply side – for 
example, by shutting down power plants or activating traditional 

reserves – could lead to social costs and hinder the achievement of the 
Green Deal’s primary objective.

The global industrial sector consumes more than half of the total 
delivered energy, and it is expected to remain the largest energy con
sumer of energy through 2040 [2]. As a result, it can play a crucial role 
in achieving energy transition goals, such as mitigating fluctuations in 
renewable energy generation and balancing demand and supply [3]. The 
conventional demand response approach in the industry – reducing load 
during peak hours – is no longer sufficient to achieve the required 
flexibility due to the growing share of variable renewable electricity in 
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the grid [4]. Larger flexibility in the production processes, alongside on- 
site energy supply and storage technologies, must be implemented [5]. 
Industries can enhance energy flexibility by adjusting specific energy- 
intensive processes without compromising product manufacturing, 
allowing production to external factors [4]. This flexibility enables in
dustries to shift electricity demand to periods of higher availability or 
lower overall demand [6]. Recent research [7] reveals that energy 
flexibility can significantly reduce total annual costs, operational carbon 
footprint, and decarbonization expenses (by 19–80 %, depending on 
electricity and carbon emission factors) while also decreasing reliance 
on fossil energy.

Nevertheless, achieving flexibility in continuous manufacturing 
processes remains a complex challenge for industries. Production 
operates in an uncertain environment with various constraints and in
terdependencies that must be identified and managed. Additionally, 
factors such as product quality, delivery schedules, and machine oper
ating parameters must be considered. External and internal disturbances 
can also disrupt planned production processes, requiring companies to 
react effectively to stay competitive and ensure defect-free products. 
Flexibility enhancement in manufacturing systems not only improves 
efficiency but also strengthens market resilience [5]. In this context, the 
digitalization of manufacturing processes is gaining increasing atten
tion, as it is believed to be a transformative force with the potential to 
reshape societal, economic, and environmental processes on a global 
scale [8]. As a result, decision support tools become essential to assist 
industries in making strategic and operational decisions [9,10].

1.1. State of the Art

To meet the growing demands of sustainable production [11] and 
ensure economic competitiveness [12], the automotive industry must 
lower the energy intensity of its manufacturing processes and reduce 
CO2 emissions [13]. To achieve these goals, industrial systems are 
increasingly evolving into cyber-physical systems [14,15]. This study 
focuses on developing a physics-informed digitalisation strategy aimed 
at enhancing the energy efficiency and flexibility of continuous 
manufacturing processes, such as the sealing system production in the 
automotive industry, with a particular focus on the co-extrusion of 
EPDM rubber. This process is notable for its significant consumption of 
both electrical and thermal energy, requiring improvements in energy 
efficiency. Moreover, energy flexibility in continuous manufacturing is 
impeded by inherently long characteristic times, resulting in a slow 
response to changes. Therefore, understanding and analysing energy 
consumption at every stage of the production process becomes crucial 
for optimizing manufacturing processes, increasing energy efficiency 
[16] and enabling energy flexibility alternatives [17]. Previous research 
[16] proves that implementing energy-efficiency measures and adopting 

smart energy management technology can reduce energy consumption 
by up to 50 % compared to operational improvements alone, which 
typically achieve a 10–20 % reduction.

Continuous processes must evolve to align with the current envi
ronmental and geopolitical energy landscape, necessitating further im
provements in energy efficiency to reduce CO2 emissions [10]. 
Additionally, enhancing energy flexibility is crucial to compensate for 
the variability in renewable energy production and to adjust to fluctu
ating prices and availability of fossil fuels [4,18]. Consequently, flexi
bility is becoming increasingly vital for manufacturing systems [3], yet 
its implementation in continuous processes, particularly those reliant on 
fossil fuels [7] remains a significant challenge. Addressing this need for 
flexibility, integrating numerical tools into process digital twins has 
been suggested as a beneficial strategy [16]. A robust numerical 
approach must tackle several key aspects, including developing accurate 
physics-based or physics-informed models for process design; creating 
real-time or process-time predictive models for optimal control; con
structing multiscale and multi-agent models that integrate separate 
models for machinery, processes, and buildings; and applying multi- 
objective optimization algorithms for balancing energy, cost and qual
ity requirements [19]. This work applies multi-objective optimization 
algorithms to physics-informed models to assess energy, cost and quality 
requirements.

Continuous manufacturing processes considered in this discussion 
are those where materials are continuously fed into the system, and 
products are continuously produced without interruption. These prod
ucts can be a bulk material, or fluid, or a continuous product (continuous 
production of discrete products is not considered). Examples include 
chemical processes like those in biorefineries [20], pharmaceutical 
manufacturing [21], food and beverage production [22], or paper and 
pulp manufacturing [23]. Traditionally, energy management in 
continuous processes involves prioritising the following [24]: imple
menting real-time monitoring systems, utilizing advanced automation 
and control technologies, integrating energy-efficient manufacturing 
paradigms such as lean manufacturing, adopting strategic policies and 
frameworks that align with industry standards, leveraging information 
and communication technologies (ICT), regularly assessing and 
upgrading equipment, and training employees on energy-conscious 
behaviours.

Among the different types of digital tools that can be developed [25], 
data-driven approaches have gained increasing attention [26]. Howev
er, while developing physics-based models is more resource-intensive, 
they offer significant advantages. They can generate large and noise- 
free datasets for any combination of input parameters [27,28] and are 
not constrained by output limitations, as seen in data-driven models. 
Additionally, physics-based models provide a deeper understanding of 
the process, enabling virtual simulation under varying conditions. The 

Nomenclature

Acronyms/abbreviations
ACC Model accuracy
CCD Central Composite Design
CFD Computational Fluid Dynamics
CPD Canonical Polyadic Decomposition
DoE Design of Experiments
EPDM Ethylene Propylene Diene Monomer
FE Finite Element
FEM Finite Element Method
IR Infrared
LHS Latin Hypercube Sampling
MAPE Mean Absolute Percentage Error
MW Microwave

ROM Reduced Order Model
GC Gas Convection

Symbols
α vulcanization degree
β foaming degree
ce electricity price (€/kWh)
cng natural gas price (€/kWh)
Ee electricity consumption (kWh)
Eth thermal energy consumption (kWh)
fe CO2 emission factor of electricity (kg CO2/kWh)
fng CO2 emission factor of natural gas (kg CO2/kWh)
Pe electrical power (kW)
Pth thermal power (kW)
Q product quality
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physics-informed digitalization strategy proposed in this research in
tegrates physics-based models of industrial processes with real data from 
the manufacturing process, enhancing accuracy and applicability.

1.2. The case study

Automotive sealing profiles are installed in vehicles to ensure water 
and sound insulation between different parts of the vehicle body. They 
are typically made of EPDM rubber or TPE, combined with metallic or 
glass fibre hoop reinforcements and are manufactured through co- 
extrusion processes. The co-extrusion process of EPDM rubber is per
formed along a continuous production line of about 120 m long with the 
following successive sub-processes (see Fig. 1): i) preforming of the 
metal carrier, ii) co-extrusion of EPDM rubber through a die-head, ii) 
simultaneously curing and foaming through several ovens (thermal 
treatments) using several oven technologies (infrared, microwave and 
gas convection ovens) to achieve the desired final properties, and iv) 
cooling and additional finishing steps.

In the manufacturing process, first, the different rubber components 
flow through the channels of the die-head, which are fed by three 
extruder screws. The reinforcement elements (e.g., a metal band or glass 
fibre hoops) are introduced in the die head at this stage, together with 
foaming agents, when necessary. As shown in Fig. 1, the next stage in
volves the curing and foaming processes, which start at the die-head 
exit, through an infrared (IR) oven, a microwave (MW) oven, and two 
gas convection (GC) ovens with a cooling bath in between. These ther
mal treatments activate the curing and foaming processes, so their 
synchronisation is critical to reaching the desired product quality. The 
main goal of the IR oven is to seal and cure the outer layer of the sealing 
profile, which exits the oven at around 120–140 ◦C. Afterwards, the 
profile enters the MW oven, which heats it from the inside and starts the 
foaming process. The sealing profile leaves this oven at around 
140–160 ◦C and enters a gas convection oven to continue the curing and 
foaming processes simultaneously. It then passes through a cooling bath 
to lower its temperature before entering a second gas convection oven to 
complete the curing and foaming, exiting the oven around 160–190 ◦C.

The manufacturing parameters of these lines, particularly those 
associated with the curing and foaming mechanisms, have a significant 
impact on the final shape and properties of the sealing profile, which are 
key factors in meeting product quality standards. The shape of the 
sealing profile is critical to ensure effective water and sound isolation, 
meaning any manufacturing deviations that affect the shape must be 
avoided. Still, these parameters are often adjusted using trial-and-error 
methods. For this reason, manufacturers usually operate their 

production lines with fixed parameters [29]. Nevertheless, increasing 
the flexibility of these processes is a primary objective for manufacturers 
as it would not only enhance product quality but also contribute to 
sustainability goals.

The rubber extrusion process operates continuously for extended 
periods (3–5 days), producing the same sealing profile at a constant 
velocity, with associated process parameters fixed for the rest of the 
equipment. Fig. 2 shows the electrical power consumed to produce a 
sealing profile over several days, which proves its stability over time. 
The mean value is 91.95 kW, with most electricity consumption moni
tored within ± 5 % and all electricity consumption within ± 10 %. 
Therefore, the manufacturing process of a sealing profile has constant 
process parameters and can be assumed to have a constant electricity 
consumption throughout the process, which lasts several days. For this 
reason, the manufacturing company has contracts with the utilities with 
fixed prices during the day and fixed CO2 emissions costs as well. The 
prices considered in this manuscript are their current ones, which are 
negotiated once per year with the utilities.

Meanwhile, the velocity can change when switching to a different 
sealing profile; an extensive procedure is needed to set the appropriate 
process parameters that ensure the required product quality. Therefore, 
there is currently no flexibility in energy consumption; the 
manufacturing lines cannot be paused for demand response or adjusted 

Fig. 1. The co-extrusion process.

Fig. 2. Electrical power of a manufacturing line during the production of a 
sealing profile.
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based on electricity prices. The physics-informed digitalisation strategy 
proposed in this work provides real-time insights into the energy con
sumption of the manufacturing lines operating at different velocities, 
along with the required process parameter values needed to achieve the 
desired product quality. This approach can be used as a decision support 
tool, enabling greater energy flexibility within the manufacturing 
process.

The quality of the sealing profile is mainly based on the curing level 
and dimension of the profile, the online determination in real-time being 
the best option. In this context, certain trends in online inspection are 
worth noting, such as the possibility of performing a visual inspection of 
the profile [30]. However, this method only captures the external profile 
and does not allow for measurements of internal thicknesses, which are 
the key performance indicators (KPIs) typically measured later in the 
laboratory. Another possibility arises from indirect mechanical mea
surements through the analysis of vibration responses [31]. However, 
the length of the production line, its continuous operation, and the 
coextrusion of metallic components limit the practical application of this 
approach for continuous in-line measurements. It is noteworthy that the 
development of intelligent sensors incorporating AI-assisted techniques, 
as well as data-driven and physics-based models with limited online 
sensing (e.g. vision or vibration), can enable accurate control of certain 
quality parameters [32]. Even more promisingly, these advancements 
could allow for proper quantification and management of uncertainty 
[33].

Developing useful digital tools in continuous processes, such as the 
automotive sealing manufacturing process, requires establishing reliable 
numerical models for the physical mechanisms occurring during the 
manufacturing of the profile. While the simulation of the extrusion 
profile sections is well-documented in the literature [34–36] and even 
available through commercial software, modelling the curing and 
foaming processes of rubber remains relatively novel [37]. Separately, 
rubber curing (vulcanisation) and foaming mechanisms have been 
studied experimentally [38–40] and numerically [41–43]. The most 
common approach for capturing the combined effects of curing and 
foaming is solving the thermal-kinematic coupling using Finite Element 
Methods (FEM) [44]. Most recent works introduce coupling strategies 
based on the commercial software Abaqus [45], including kinetic fields 
via user-defined subroutines [46,47]. However, these studies have 
mainly focused on tire modelling [48], with limited research on the 
continuous extrusion processes. In addition, existing models predomi
nantly emphasize material properties [46,48], overlooking or even 
dismissing the energy consumed during the process. As a result, there is 
a significant gap in the literature regarding the analysis of energy con
sumption and flexibility in the rubber industry.

1.3. Novelty and Objectives

Previous research [49] concluded that the deployment of integrated, 
user-friendly and efficient decision support tools still requires extensive 
research, both on the manufacturing process side to tackle different 
mathematical approaches and to develop more robust user-control 
planning tools [3]. This research aims to enhance industrial flexibility 
and energy efficiency by developing a physics-informed digitalization 
strategy for continuous manufacturing processes, addressing complex 
operational scenarios and critical challenges identified in previous 
research [19]. The co-extrusion manufacturing process in the rubber 
industry is presented as a case study, analysing potential flexibility from 
different perspectives (process, product quality, cost) to provide the 
manufacturer with a decision support tool for production planning and 
energy efficiency improvement, accounting for the flexibility of the line. 
The complexity of the developed numerical models involves the 
coupling between the kinetics, thermal, and mechanical fields required 
to model the key manufacturing process steps − extrusion, curing and 
foaming- with enough accuracy to realistically replicate the process 
performance [33]. A novel contribution of this work is the integration of 

the energy consumption of the processes into numerical physics-based 
models, considering both the electrical and thermal (natural gas) con
sumption. Additionally, a multi-objective optimization of the process 
parameters is implemented to minimise energy consumption while 
preserving product quality, enabling more effective production plan
ning. To this end, a set of optimization analyses is performed to deter
mine the operational parameters at varying manufacturing line 
velocities, ensuring that: i) product quality is maintained and ii) energy 
consumption is minimised, increasing the tolerance of product quality. 
The developed model allows the selection of the sealing profile to be 
manufactured, the line velocity, the utility (electricity and natural gas) 
prices, the CO2 emission factors, and the quality tolerance level, and 
provides as outputs, among others, the total power (thermal and elec
trical) required by the main processes, the energy consumed to manu
facture a specific amount of sealing profile (set by the user) and the 
associated CO2 emissions and energy costs. Results obtained from the 
model are analysed considering the potential flexibility depending on 
the product quality tolerance and the utility prices.

2. Methodology

The physics-informed digitalisation strategy involves the develop
ment of different modelling methodologies depending on the physics of 
the process. Computational Fluid Dynamics (CFD) techniques are used 
to model the processes dominated by fluid dynamics (co-extrusion 
process), while an analysis using Finite Element Methods (FEM) is 
applied to model shape-related profile details (product quality) and 
temperature dependencies (curing and foaming process). Due to the 
high computational cost of traditional techniques, Reduced Order 
Models (ROMs) are developed for both FEM and CFD models, signifi
cantly decreasing computation time and enabling real-time execution of 
the manufacturing line model. These ROMs are used in some optimisa
tion algorithms to provide optimal solutions (see Fig. 3).

The main inputs to the manufacturing line model are the geometry of 
the profile section, the line velocity and the product quality (referring to 
the tolerance in product quality, see Section 2.5) to assess potential 
flexibility. The main outputs are the power (thermal, Pth, and electrical, 
Pe) required, the energy (thermal, Eth, and electrical, Ee) consumed to 
manufacture a specific amount of sealing profile (set by the end-user), 
and the associated CO2 emissions (EmT) and energy costs (cT) (see 
Fig. 3). The CO2 emission factors, fng and fe, and the average costs of 
natural gas and electricity, cng and ce, provided by the automotive 
sealing industry [50] are used as default values (see Table 1), although 
these parameters can be customised by the end-user. 

cT = Eth⋅cng +Ee⋅ce (1) 

EmT = Eth⋅fng + Ee⋅fe (2) 

In the context of this work, the concept flexibility encompasses three 
different meanings: i) process flexibility, defined as the sensitivity to 
variations in the velocity, ii) product quality flexibility, defined as the 
tolerance level variations of product quality, and iii) cost flexibility, 
defined as the change in the power ratio compared to the change of 
utility cost ratio, which can be modulated by varying the velocity and/or 
product quality tolerance, and it also depends on the utility costs, as 
shown in Eq. (3), 

Flexibility =
Pe/Pth
ce
/
cng

(3) 

Two sealing profiles of the two main types of automotive profiles are 
modelled (see Fig. 4). The main difference between both profiles that 
influences energy consumption is the material thickness (profile A is 
thicker). Both profiles have three distinguished sections depending on 
the material: rubber (blue area), rubber with foaming agent (grey area) 
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and metal strip (green area).

2.1. Manufacturing line model

To model the co-extrusion process of the sealing profile, two main 
physics-based numerical models are developed: a CFD model for the co- 
extrusion process within the die-head, and an FEM for the curing and 
foaming processes. Once these models are validated, a Design of Ex
periments (DoE) is defined, and the required simulations are conducted 
to build up a Reduced Order Model (ROM) [51,52] of each key 

component: extruders, IR, MW, and GC ovens. This approach involves 
the creation of surrogate models using a tensor factorisation technique, 
implemented using the TWINKLE library [51]. This library is based on 
Canonical Polyadic Decomposition (CPD) of tensors, preserving the 
physics behind the phenomena and keeping the input variables in the 
final output result. Additionally, the library allows the reduction of non- 
structured and sparse data sets, as those generated by a series of nu
merical experiments when applying DoE approaches. Due to this capa
bility, the DoE strategy used is a Central Composite Design (CCD), with 
the limits of the domain to be explored, ensuring that the evaluation is 
performed without doing extrapolations; and a Latin Hypercube Sam
pling (LHS) to explore the inner domain. One of the main advantages of 
the explainability of the resultant models is that the solution can be 
represented (see Ref. [48] for more details of this representation), and 
therefore, some important aspects of these reductions, such as over
fitting, can be visually detected. The main result of the ROMs is the 
relationship between the power required vs. line velocity of the key 
components (IR, MW and GC ovens). These ROMs allow for assimilating 
monitored data from the line and are integrated into the manufacturing 
line model, which serves as a decision support tool for the manufacturer 
to assess flexibility from different perspectives (process, product quality 
and cost) and schedule production accordingly.

For the extruder, the CFD model (see Section 2.2) runs at different 
mass flow rates (which imply different line velocities), maintaining a 
constant pressure drop. The results of this DoE are used to build up a 
ROM of the extruder, which includes the screw torque and the screw 
speed at different line velocities.

For the curing and foaming process, the FEM results (see Section 2.3) 
are used to develop a ROM that relates the resulting profile conditions (i. 
e. contours of temperature and curing and foaming degrees within the 
sealing profile) that set the product quality with the input parameters 
(lamps’ power/microwave power/gas consumption, and line velocity). 
This ROM is used to perform a multi-objective optimization analysis 

Fig. 3. Physics-informed digitalisation strategy.

Table 1 
Reference values for utility prices and CO2 emission factors.

Utility Price (€/kWh) CO2 emission factor (kg CO2/kWh)

Electricity 0.110 0.331
Natural gas 0.080 0.252

Fig. 4. Geometry of the profiles A (left) and B (right).
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with inputs, the line velocity and the product quality, and output, the 
power consumption. This multi-objective analysis requires a specific 
methodology as described in Section 2.5.

The electricity consumed by the CG ovens (e.g., for the air fans and 
motors) and the electricity consumption of other manufacturing line 
components (e.g., cutting machine, drill press) are taken from the real 
monitored data of the manufacturing line provided by the manufacturer.

2.2. Co-extrusion CFD model

A CFD model of the extruder is developed in ANSYS-Fluent, 
considering the 3D geometry of the extruder screw (e.g., barrel diam
eter, screw pitch, channel depth, flight width) [53] and the main oper
ating parameters, outlet pressure and screw speed (rpm). It provides as 
global outputs, the mass flow rate (and associated linear velocity) and 
the screw torque, with which the power consumed by the extruder is 
estimated. Additionally, this model allows for analysing the distribution 
of shear stresses, velocity, pressures, and other parameters throughout 
the length of the screw (see Fig. 5).

2.3. Curing and foaming FEM

A previously developed model based on FEM [33] is used as a 
starting point for the simulation of the curing and foaming process in the 
co-extrusion manufacturing line. This model couples the thermal, me
chanical, and kinetic fields using a fully coupled thermal stress analysis 
combined with subroutines, which is implemented in the FE code 
ABAQUS. The thermal stress enables the integration of thermal and 
mechanical fields. Consideration of the kinematic field requires devel
oping specific subroutines to couple the thermal field by the definition of 
an expansion coefficient related to the foaming grade and to account for 
the dependence of the material properties with the vulcanization and 
foaming degrees to couple with the mechanical field. In this work, the 
calculation of energy consumption is integrated into the model, which is 
key for the multi-objective optimization analyses.

The manufactured sealing profile is a 3D geometry, but its section 
(2D geometry) is constant along the profile length, except for the 
changes produced due to the ovens, so the model can be approached as a 
2D simulation, assuming plane strain. However, in the foaming zone of 
the sealing (see grey area in Fig. 4), an initial pre-strain state is gener
ated that compromises the use of a 2D model. To address this, a 2.5D 
model is defined, where the longitudinal dimension is very short and 
boundary conditions equivalent to a plane strain state are defined. To 
account for varying conditions along the length of the sealing profile, all 
boundary conditions are defined as time-dependent [33].

The FE model includes the IR, MW, and GC ovens. The IR oven 
considers the view factors pre-calculated using ANSYS-Fluent and the 
lamps’ power. The MW oven takes into account the magnetron power, 
and the GC oven accounts for the temperatures of both the hot air and 
the sealing profile inside the oven (see Fig. 6). The models of the ovens 
consider the line velocity. The results of the FE model are temperature 
contours of the sealing profile, as well as the curing and foaming degrees 

at different locations of the profile section.
As described in a previous work by the authors [33], this process may 

involve certain uncertainties, which can be managed using the same 
ROM approach presented in this work. However, the focus here is on the 
energy consumption of complete batches of sealing profiles, which 
typically last 3–5 days. During this time, the manufacturing parameters 
generally remain constant, resulting in stable energy consumption (as 
shown in Fig. 2), aside from minor fluctuations caused by the machines’ 
PID control systems and material variability. These fluctuations are 
typically within ± 5 % of the average value, but the average consump
tion remains stable, allowing this analysis to be based on averaged 
values.

2.4. Validation procedure

First, the results obtained from the detailed FEM and CFD models are 
analysed and validated with the real performance of the main compo
nents provided by the manufacturer. The CFD model provides, as a 
result, the mechanical power obtained from the torque and the screw 
speed. The mechanical power is then converted into electrical power 
based on the specifications of the extruder electrical motor. This elec
trical power calculated from the CFD results is compared with the 
electrical power monitored in the manufacturing line.

The curing and foaming degrees cannot be directly measured and are 
dependent on the temperature, so the validation of the FEM results is 
made by validating the temperature that can be measured at any point of 
the line using an IR sensor. Thus, the estimated temperature of the 
profile exiting each oven (IR, MW and GC) is compared with the real 
temperature measured by the manufacturer under real operating 
conditions.

The accuracy (ACC) of these models is calculated using the mean 
absolute percentage error (MAPE), being i the main important variables 
selected to obtain the accuracy, such as total energy, total power, and 
energy per component, as shown in Eq. (4), 

ACC = 100% − MAPE = 100% −
100%

n
∑n

i

⃒
⃒
⃒
⃒
yimeasured − yipredicted

yimeasured

⃒
⃒
⃒
⃒ (4) 

2.5. Multi-objective optimization analysis

Several chemical reactions occur during the curing and foaming 
process to reach the adequate curing and foaming levels to ensure good 
product quality. When the line velocity is changed, the process param
eters should be adjusted to maintain the same product quality. 
Currently, at the production facilities, this variation is made manually, 
taking a considerable amount of time and experience. Using a physics- 
informed model to numerically adjust the process parameters would 
significantly make the operation faster and more accurate. The variation 
of the process parameters in an iterative way and subsequent simulation 
of the physics-informed (CFD/FEM) models requires a considerable 
amount of time for each process parameter variation. However, the 
physics-informed model can be compacted into a ROM that runs in real 

Fig. 5. CFD model of the extruder domain. Section view.
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time and can be used to perform optimization analyses quickly. The 
multi-objective optimization analysis, summarized in Fig. 3, provides 
the process parameters of the oven (lamps’ power, microwave power or 
air temperature set point in the burner) for a line velocity and a certain 
product quality. This analysis is performed independently for each of the 
four ovens: IR, MW and two GC ovens, following the same procedure for 
all. The only difference in the analysis concerning the ovens is the ROM 
used and the associated process parameters. It is important to note that 
each oven’s performance is modelled in consideration of the preceding 
ovens. Specifically, during the optimization analysis of the MW oven, 
both the IR and MW oven models are run, while for the GC oven, the IR, 
MW, and GC oven models are executed. This approach is necessary 
because the curing and foaming processes occurring in each oven affect 
the subsequent one.

The optimization takes as inputs the line velocity and the product 
quality expressed as a percentage of error for the ROM oven’s outputs 
(curing and foaming degrees). Additionally, a reference setup of the 
process parameters (including line velocity) that produces a good 
product quality is required. The optimization algorithm minimizes a cost 
function that includes multiple terms related to the energy minimization 
and the deviation in curing and foaming degree between the reference 
cases and the evaluated scenario, ensuring they remain within the 
specified tolerance: 

Costfunction = min(Power) + function(α,αref ,Q)+ function(β, βref ,Q)

(5) 

where, Power is the power consumption (thermal, Pth, or electrical, Pe) 
for the corresponding oven, α is the vulcanization degree, β is the 
foaming degree, and Q is the product quality (referring to the product 
quality tolerance).

The power minimization requires the conversion of the process pa
rameters into power. This conversion is direct for IR and MW ovens, 
while the GC oven requires the change from temperature setpoint into 
gas consumption. This relation was obtained experimentally by the 
manufacturer [50]. The results considering several product quality 
levels are analysed in Section 3.5.

3. Results and discussion

First, the results obtained in the detailed FEM and CFD models are 
analysed and validated in Section 3.1 and 3.2. The CFD model of the 
extruder is validated by comparing the calculated electrical power with 
the monitored data provided by the manufacturer [50]. The FE model of 
the curing and foaming is validated through temperature measurements, 
as real-time monitoring of the curing and foaming degrees during pro
duction is not feasible. Once these physics-based models are validated, 
corresponding ROMs are built to generate the manufacturing line model. 

This model is used to assess potential flexibility from three perspectives: 
process flexibility (Section 3.3), product quality flexibility (Section 3.4) 
and cost flexibility (Section 3.5). Finally, an example of the deployment 
of the proposed digitalization strategy at an industrial plant [50] is 
presented.

3.1. Extruder results

Fig. 7 shows the pressure (left) and velocity magnitude (right) con
tours throughout the extruder when operating at an outlet pressure of 
300 bar and a screw speed of 36 rpm, computed by the CFD model. The 
pressure distribution along the length of the extruder is found to be 
nearly linear. The velocity distribution varies depending on the geom
etry of each extruder section and the local position inside those sections. 
Additionally, the torque is computed from the fluid forces on the screw 
walls provided by the numerical solution. The stresses over the fluid 
domain calculated by the model are not shown here for space limita
tions, but can be used to modify and optimize the geometry and per
formance of the screw, or for scaling it up or down, among other 
applications.

To validate the extruder CFD model, the electrical power calculated 
is compared with the monitored extruder power provided by the 
manufacturer. The model accuracy (ACC) at nominal line velocity is 
97.41 %. Additionally, the accuracy in predicting the power variation 
with velocity has been compared against data from an equivalent 
extruder. For this latter extruder, the CFD model provides a variation of 
1.55 kW/(m/min), compared to measurement values ranging from 0.5 
to 0.9 kW/(m/min). This difference arises because the CFD model as
sumes ideal behaviour, which did not occur in the measurement due to 
several factors, such as the self-heating of the rubber (lowering the 
viscosity) or dead recirculation zones within the extruder. The mea
surement would have been higher in an ideal experimental case (e.g. 
perfect control of temperature in the extruder).

Once the model is validated, a DoE is run to obtain a ROM that relates 
the screw torque and screw speed (rpm) with the mass flow rates and 
drop pressure (see Fig. 8 left for a specific drop pressure). The torque is 
then multiplied by the screw speed to calculate the mechanical power 
consumption of the extruder at different mass flow rates, as shown in 
Fig. 8 right. This ROM is an input to the overall manufacturing line 
model, where the drop pressure is an input that depends on the die-head 
drop pressure calculated using CFD simulation in the design state of the 
profile, and the mass flow rate depends on the line velocity and the 
cross-section of the profile for each material.

3.2. Curing and foaming results

The FEM of the curing and foaming mechanisms provides results for 
the three fields solved: i) temperatures and heat flow for the thermal 

Fig. 6. Main features of the heat flux in the IR, MW, and GC ovens.
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Fig. 7. Pressure contour distribution (left) and velocity magnitude path line (right) throughout the extruder.

Fig. 8. Torque and screw speed (left) and mechanical power (right) of the extruder at different mass flow rates for a specific drop pressure.

Fig. 9. Temperature contour (left), vulcanization degree contour (middle) and foaming degree contour (right) for profile A (above) and profile B (below).
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field, ii) displacement and forces for the mechanical field and iii) 
vulcanization and foaming degrees for the kinetic field. Fig. 9 shows an 
example of the results of temperature, vulcanization degree and foaming 
degree over the deformed shape of the sealing profiles at the end of the 
second gas convection oven.

Fig. 10 shows the evolution of the vulcanization degree along the 
four thermal treatment stages of the extrusion process: i) IR oven, ii) MW 
oven, iii) first GC oven and iv) second GC oven. Although the vulcani
zation mechanisms in the profile start inside the IR oven, the achieved 
vulcanization level at its exit remains low and at a small area; this is the 
reason why it is barely noticeable in Fig. 10 left. A significant increase in 
vulcanization is achieved as the profile passes through the GC ovens, as 
noticed in the contours shown in Fig. 10 middle-right and right. Similar 
results are obtained for both sealing profiles. However, slight variations 
in the maximum vulcanization degree may occur due to differences in 
the selected process parameters. These parameters are adjusted through 
a trial-and-error approach, as real-time measurements of the vulcani
zation degree are highly challenging. Consequently, some variability in 
the peak values is expected.

The validation of the FEM is performed for the two sealing profiles. 
To this end, the manufacturer measured the temperature at the ovens’ 
exit under actual operation conditions on the manufacturing line (see 
column “IR sensor temperature” in Table 2). These values are compared 
with the temperature estimated by the FEM (see column “FEM 
temperature”).

Based on the comparison, the ACC, calculated using the nominal 
values (excluding the confidence interval included in Table 2), is 80.28 
% for profile A and 80.24 % for profile B. As shown in Table 2, when the 
confidence intervals are considered, all FEM results fall within the cor
responding ranges.

Further details of the validation of the vulcanisation and foaming 
degrees can be found in Ref. [33]. The validated FE model of the curing 
and foaming process is then used to build the ROM, which relates the 
power of the IR, MW and GC ovens with the line velocity. Similarly as for 
the extruder, this ROM is used to build the manufacturing line model.

3.3. Process flexibility

The manufacturing line model can be used to better understand the 
industrial process and analyse the sensitivity to variations of key input 
and process parameters. This section focuses on the influence of the line 
velocity, the process parameter most directly linked to process 

flexibility.
This analysis is performed for the two sealing profiles A and B, 

evaluating the required power and energy consumption per kilometre of 
sealing profile at different line velocities. Fig. 11 left shows that the 
electrical power of the extruders, IR and MW ovens and auxiliary 
equipment increases with the line velocity. For a ±20 % variation in the 
line velocity (from a nominal velocity of 16 m/min), the total electrical 
power varies from -30.4 % to +27.8 % in profile A (Fig. 11 above), the 
extruders’ power from -35.3 % to +35.2 %, the IR power from -34.2 % 
to +36.1 %, and the MW power from -43.2 % to +16.3 %. It is observed 
that the thermal power of GC ovens also increases with the line velocity, 
but to a much lower extent (from -11.7 % to +5.2 % for a velocity 
variation of ±20 %). Similar results are obtained for profile B (Fig. 11
below), with the total power varying from -28.7 % to +26.2 % and the 
thermal power from -9.7 % to +3.1 % for a velocity variation of ±20 % 
from the nominal one (18 m/min). Therefore, the variation in total 
electrical power is primarily driven by the extruders’ power, which in
creases linearly with the line velocity. It can also be concluded that the 
variation in the line velocity can potentially provide electrical flexibility 
to the industry while having a limited impact on the thermal power.

Fig. 12 shows the energy consumed to manufacture 1000 m of 
sealing profile A (above) and profile B (below). For ±20 % variation in 
the line velocity of profile A (from a nominal velocity of 16 m/min), the 
total electricity consumption varies from -13 % to +6.5 %, the extruders’ 
consumption from -19.1 % to +12.6 %, the IR consumption from -17.7 % 
to +13.3 %, and the MW consumption from -29 % to -3%. Overall, there 
is an increase in electricity consumption, but the electricity consumed by 
the main components does not vary to the same extent as the increase in 

Fig. 10. Vulcanization degree distribution of the sealing profile, profile A (above) and profile B (below), over the deformed shape for the four thermal steps of the 
extrusion process: i) IR oven (left), ii) microwave oven (middle left), iii) first gas oven (middle right) and iv) second gas oven (right).

Table 2 
FEM validation results.

Profile A Profile B
End of 
component

IR sensor 
temperature 
[◦C]

FEM 
temperature 
[◦C]

IR sensor 
temperature 
[◦C]

FEM 
temperature 
[◦C]

Extruder 
head

75 ± 10 75 108 ± 10 110

IR oven 95 ± 10 105 ± 10 135 ± 10 140 ± 15
MW oven 110 ± 10 120 ± 5 150 ± 10 132 ± 5
First GC 

oven
185 ± 10 170 ± 5 200 ± 10 190 ± 5

Second GC 
oven

190 ± 10 190 ± 5 205 ± 10 202 ± 5
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line velocity. This is because larger velocities require higher electrical 
power but less manufacturing time to produce a specific amount of 
sealing profile. Conversely, the gas consumption decreases with the line 
velocity increase, with a reduction of -12.6 % when the velocity in
creases by 20 % compared to the nominal velocity (see Fig. 12 right). 
Therefore, the operation of the GC ovens at high line velocities is more 
efficient. Similar trends are obtained in profile B (see Fig. 12 below), 
with an overall increase in the electricity consumption of 5.1 % and a 
reduction of the gas consumption of -14.1 % for a 20 % rise in the line 
velocity (from a nominal velocity of 18 m/min).

It is also observed that the electricity consumed by the extruders to 
manufacture profile A is lower than for profile B (green line), while the 
gas consumed to manufacture profile A is higher than for profile B. This 
is attributed to the larger thickness of profile A (see Fig. 4), which leads 
to a lower pressure drop in the extruders but more thermal energy de
mand in the GC oven for the curing and foaming processes. This dif
ference could also enable flexibility (e.g., it would be larger, as it 
consumes less).

The developed model also provides the results in terms of CO2 
emissions and energy costs incurred for manufacturing a specific 
amount of sealing profile (see Fig. 13). It is observed that the CO2 

emissions associated with gas consumption decrease with increasing line 
velocity (by -12.3 % for a 20 % velocity increase for profile A). In 
contrast, CO2 emissions from electricity consumption rise by 7.1 % for 
the same velocity increase. As a result, the total CO2 emissions show an 
overall reduction of -5.5 % with a 20 % increase in line velocity. Similar 
results are obtained in terms of energy costs (see Fig. 13 right), so high 
line velocities seem more efficient and a promising approach for emis
sion and cost reduction. However, the line velocity increase is limited by 
the heat transfer rate inside the GC oven since a minimum residence 
time is required to ensure adequate curing and foaming in the profile. In 
this context, further work is needed to thoroughly analyse the GC oven 
and improve its energy efficiency at higher operating velocities.

3.4. Product quality flexibility

The previous analysis is extended by including product quality as an 
additional input parameter in the optimization algorithms to provide 
flexibility. This analysis yields two key outcomes: i) the industrial pro
cess parameters on product quality, and ii) the influence of product 
quality on production rate, energy consumption and overall process 
efficiency. The analysis follows the methodology outlined in Section 2.5, 

Fig. 11. Electrical (left) and thermal power (right) of the co-extrusion manufacturing line at different line velocities for profile A (above) and profile B (below).
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where variations in product quality tolerances are introduced in the 
multi-objective optimization to identify the process parameters that 
minimise energy consumption while quality outputs are close to the 
defined tolerance limits.

Three tolerances (1 %, 5 % and 10 %) are analysed, as shown in 
Fig. 14, which shows optimal Pareto fronts of the multi-objective anal
ysis performed. The results show that increasing the allowable quality 
tolerance leads to a reduction in overall power consumption. Notably, 
thermal power shows the largest reduction potential (see orange line 
and shadow), while the electrical power used in the curing process that 
occurs in the IR and MW ovens (see blue line and shadow) offers 
comparatively less flexibility. The reason is that the curing and foaming 
of the profile mainly occur in the CG ovens, as shown in Section 2.2, and 
this process is the one that influences product quality the most. The 
remaining electrical power does not vary with the variation in product 
quality tolerance because the curing and foaming processes that set 
product quality do not occur in the extruders and auxiliary equipment. 
The power reduction with increasing quality tolerance is approximately 
linear. Furthermore, profile B shows a larger potential for power 
reduction by adjusting product quality (see Fig. 14 right), so this can also 
be considered for production planning depending on the utility prices. 

Further work is proposed to analyse the impact of increased tolerance on 
product quality and find the optimum tolerance level which ensures that 
customer requirements are met while minimizing energy consumption.

3.5. Cost flexibility

Finally, cost flexibility is assessed as the change in the power ratio 
compared to the change of the utility cost ratio. The power ratio 
(PIR+MW/Pth) can be modulated by varying the velocity and/or product 
quality tolerance, as shown in previous sections, while the utility cost 
ratio (ce/cng) is mainly imposed by the market.

Fig. 15 shows that while the cost ratio (ce/cng) varies ±50 %, the 
total cost varies around ±10 %. Similar trends are found for the different 
product quality tolerances. Still, product quality tolerance can provide 
flexibility depending on the utility cost ratio. The latter is remarkable for 
higher quality tolerance. When considering the differences between 
profiles A and B, profile B provides larger flexibility as the allowed 
power ratio is higher, but incurring in larger total costs.

Fig. 12. Electricity (left) and thermal energy (right) consumption of the co-extrusion manufacturing line per 1000 m sealing profile manufactured at different line 
velocities for profile A (above) and profile B (below).
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Fig. 13. CO2 emissions (left) and energy costs (right) of the co-extrusion process per 1000 m sealing profile manufactured at different line velocities for profile A 
(above) and profile B (below).

Fig. 14. Optimal Pareto fronts of the multi-objective analysis in terms of reduction in power consumption: Lines represent average values for the analysed velocity 
range for different tolerance levels, and shadows represent the values for the different velocities and quality tolerances for profile A (left) and profile B (right).
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3.6. Example of digitalization strategy deployment at an industrial plant

The analysis performed in this work, based on the proposed digita
lization strategy, has been implemented in an industrial plant of the 
sealing profile manufacturer that supplied the data in the form of a web- 
based decision support tool (see Fig. 16).

For each of the six manufacturing lines producing rubber sealing 
profiles, the user can select the desired profile to be manufactured. Upon 
selection, the slider automatically adjusts to display the nominal ve
locity for that profile, and the table updates to show the total electricity 
consumption, the breakdown by main components (extruders, IR, MW, 
GC ovens and auxiliary equipment), and the total gas consumption. The 
user can then adjust the velocity using the slider, with energy con
sumption results calculated in real time. Fig. 16 illustrates in blue the 
energy consumption range (electricity and gas) across the velocity 
range, while the current energy consumption is indicated by a red line. 
Similar results are provided for power consumption.

4. Further discussion and conclusion

This work presents a physics-informed digitalization strategy to 
evaluate potential flexibility from different perspectives (process, 
product quality and costs) in continuous manufacturing processes. The 
methodology is applied to a case study involving the co-extrusion pro
cess of sealing profiles for the automotive industry.

Two main physics-based numerical models are developed to simulate 
the manufacturing process: a CFD model for the co-extrusion process 
and an FEM for the curing and foaming mechanisms. After validating 
these models, a DoE is defined, and the necessary simulations are run to 
build a ROM of the manufacturing line. Subsequently, multi-objective 
optimization analyses are performed to determine the process parame
ters for the main components of the line, considering different line ve
locities and product quality tolerances.

The results show that the manufacturing line offers significant po
tential for process flexibility. For a ±20 % variation in the line velocity 
(from a nominal velocity of 16 m/min in Profile A), total electrical 
power varies between -30.4 % and +27.8 % in Profile A, while thermal 
power varies more moderately, between -11.7 % and +5.2 %. This 
variation would allow adapting to some extent the production schedule 
depending on the electricity grid, for example, increasing production 
rates during periods of low electricity demand or low electricity prices.

The analysis also suggests that operating at higher line velocities is 

more energy efficient. While electricity consumption changes less 
significantly than the velocity variation (ranging from -13 % to +6.5 % 
for a ±20 % velocity variation), gas consumption decreases with 
increased velocity, showing a 12.6 % reduction for a 20 % velocity in
crease. Additionally, higher line velocities lead to reduced CO2 emis
sions (-5.5 %) and energy costs (-5.2 %). This is mainly due to the lower 
thermal energy consumption of the GC ovens, which compensates for 
the increased electricity consumption from other process equipment.

Given the importance of gas consumption in the overall co-extrusion 
process, further work involves the development of a detailed CFD model 
of the GC oven to analyse in detail the heat transfer from the hot air to 
the sealing profile and to increase energy efficiency by minimising heat 
losses, which would reduce gas consumption.

The previous analysis is extended by including product quality as an 
additional input parameter in the optimization algorithms to provide 
flexibility. The results show that increasing the allowable quality 
tolerance reduces the overall power consumption, with the largest po
tential in thermal power reduction. Contingent on the tolerance level, 
the power reduction potential also depends on the sealing profile, so this 
can also be considered for flexibility potential and production planning.

Beyond assessing one manufacturing line of a specific profile in 
operation, flexibility can be achieved by adequately scheduling different 
types of profiles (thinner and thicker) with different electrical-to- 
thermal power ratios. In addition, a convenient redesign of profiles 
can also be used, as profiles with thinner walls and less rubber allow 
more flexibility, although they consume more electricity in the extruder.

Finally, cost flexibility is assessed as the change in the power ratio 
compared to the utility cost ratio variation. The results show that 
continuous manufacturing processes, such as the one analysed here, 
present narrow margins of improving the flexibility, mainly at the cost of 
quality tolerance (in this case); but these margins can be thoughtfully 
explored using fast numerical models, as the data-driven physics- 
informed models introduced.

In a continuous manufacturing process, energy efficiency can be 
improved by: i) minimizing and balancing material use in product 
design; ii) reducing pressure loss in the extruder with thicker thicknesses 
(up to 20 % improvement); iii) optimizing product quality tolerances 
(up to 5 % improvement); iv) operating at high line velocities. Energy 
flexibility can be enhanced by: i) reducing profile thicknesses in product 
design; ii) adjusting line velocity based on utility prices; iii) scheduling 
sealing profiles according to utility cost ratios.

Therefore, the developed physics-informed digitalization strategy 

Fig. 15. Optimal Pareto fronts of the multi-objective analysis in terms of cost of manufacturing per kilometre for different power ratios and utility cost ratios 
evaluated for the three quality tolerances for profile A (left) and profile B (right).
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proposes different options to provide flexibility from different perspec
tives, so it can be used as a decision support tool for production planning 
and energy efficiency assessment in continuous manufacturing 
processes.
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[37] Alcalá N, Castrillón M, Izquierdo S, Gracia LA. Rubber material-model 
characterization for coupled thermo-mechanical vulcanization foaming processes. 
Polymers (basel) 2022. https://doi.org/10.3390/polym14061101.
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