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Extended abstract 

Over the last years sustainability has become by far the topic of major concern in the chemical industry 

domain. The energy challenge is the key point of the environmental friendly policies adopted by all the 

most developed and industrialized countries worldwide. For this purpose several research programs, such 

as Horizon 2020, have been funded by the European Union and other institutions for the EU member 

states. As regards this decarbonisation policy, the International Energy Agency defines renewables as the 

centre of the transition to a less carbon-intensive and more sustainable energy systems [15]. For all those 

reasons bio-processes have seen a considerably renewed interest during the last decades. However, in 

order to be competitive with the petrochemical industry and to replace part of it as soon as possible, the 

bio-processes need to be able soon to cover a substantial part of the market demand and to be able to 

adapt with respect to the market needs and the raw material properties. In fact, sustainable raw materials 

as well as renewable energy sources are characterized by their intrinsic variable nature, both in terms of 

availability and chemico-physical properties, across the year's seasons. 

Based on these premises, it appears evident that the main property required by a process that needs to be 

competitive in the context of the current chemical industry transition is flexibility. Flexibility is defined as 

the capability of a system to accommodate a set of uncertain parameters and it has been extensively 

discussed during the last decades of the 20th century [16, 17]. Flexibility represents a major aspect of the 

Process Systems Engineering domain in the field of design under uncertainty and suitable indexes for its 

quantification have been proposed in literature [16-20]. However, the integration of the optimal process 

design procedure with an a posteriori flexibility assessment is not enough for the energy transition issues to 

be handled. To achieve this goal the entire reshaping of the conventional optimal design procedure with a 

flexibility oriented approach is needed. 

For this reason, the purpose of this thesis is the reformulation of the optimal process design procedure with 

a flexibility oriented approach for each of its steps accounting also for the environmental impact analysis. A 

further ambition of these three years research work is to make a small but relevant step towards the 

unification of process design, scheduling, and control [21] that still represents the main goal of the PSE 

community by proposing a sequential methodology that allows to reconsider some decisions taken in the 

previous phases by means of logical loops based on flexibility related criteria. 

To achieve this goal, a suitable case study was set up. Given the particular context, a biorefinery separation 

process was selected. However, the procedure is focused but not limited to it. In fact, other process units 

are discussed as well and used as example applications for the proposed procedure. The main case study 

analyzed throughout this thesis is the product purification section of an Acetone-Butanol-Ethanol 

fermentation process. The effective recovery (both in terms of recovery ratio and purity) of Acetone and 

Butanol at least is strictly required for the profitability of the process and, thus, the downstream separation 

performance plays a critical role for the entire biorefinery. The feed stream to be purified is the process 

stream at the outlet of a preliminary dewatering operation downstream the fermenter. The dewatering 

operation is required to remove the major amount of water present in the fermentation broth in order to 

concentrate the obtained products of interest. In fact the ABE fermentation process, carried out with the 
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Clostridium Acetobutylicum bacterial strain, suffers from product inhibition causing low concentration at 

the outlet of the fermenter. The compounds present in the stream to be fed to the purification section are 

then Acetone, n-Butanol, Ethanol and the remaining amount of water. As uncertain parameters the butanol 

and water partial flowrates have been selected in order to represent perturbations of feed properties, 

amount of product to be treated and eventual underperformances of the dewatering section. The selected 

unit operation for the multicomponent mixture purification into its single species is the distillation since it is 

the most spread operation in chemical plants and the impact of flexibility on it could be of particular 

interest even for further applications. As later detailed, both distillation trains and process intensified 

alternatives (Dividing Wall Column) will be considered to design the separation process. 

The results obtained during the three years rely on several studies concerning the different phases and 

tools for the optimal process design procedure that were carried out during the last century. In particular, 

for the distillation feasibility assessment under perturbed operating conditions the tool that was used is 

Residue Curve Mapping based on the methodology introduced by Petlyuk [23]. For the flexibility related 

part both deterministic [16-17] and stochastic [18-19] indexes available in literature have been compared 

and exploited to conceive new tools and approaches. As concerns the process integration aspects, the 

theory behind the Dividing Wall Column is based on the early work of Petlyuk [24] while the design 

approach accounts for the main advances of recent studies in this domain [25]. Finally, the dynamics and 

control related aspects were addressed. In particular, the dynamic flexibility assessment was based on the 

dynamic flexibility index proposed by Dimitriadis and Pistikopoulos [20] and a new switchability index have 

been conceived on the basis of previous studies concerning the switchability analysis [26]. 

The outcome of the PhD thesis work organized according to the different steps of the process design 

procedure is presented in the following paragraphs. 

For the full understanding of the implications of the flexibility concept as well as of the flexibility analysis 

methodology a preliminary literature review to list the available studies and related indicators proposed in 

the past has been performed. Based on the main works [16-20] in this domain, the indicators and 

approaches were classified in two main categories, namely deterministic and stochastic flexibility. The first 

one assesses the maximum allowed deviation magnitude while the second one the probability that a given 

deviation will be withstood by the system without becoming unfeasible. Both these methodologies have 

been then applied to a simple distillation unit and a new tool representing the “additional costs vs. 

flexibility index” was conceived [1]. This tool allows to quantify the required system oversizing related to a 

more substantial deviation to be accommodated and will be used throughout the entire thesis. 

However, in case of bio-processes, such as the ABE/W mixture, some physical constraints related to the 

separation cannot be overcome with higher investments. That’s why, given that flexibility is a measure of a 

system feasibility, the discussion concerning the biorefinery case study has been performed starting from 

the feasibility step. For this purpose, the conventional approach based on residue curve maps for 

distillation feasibility assessment was reconsidered. In particular, the perturbations of the feed properties 

in the composition space can be reproduced by shifting the feed and product streams characteristic points 

accordingly. The methodology, that is usually presented for specifications in terms of purity, has been 

adapted to specifications in terms of recovery ratio as well by means of the mass balances. Moreover, the 

single column graphical approach was extended to distillation trains and to the equivalent Dividing Wall 

Column unit [2, 3]. Beside the proposed algorithm, that was mainly based on the previous theoretical 

background, also the representation of the new modifications by means of a graphical tool up to 4 

component mixtures (i.e. 3D composition space) was provided. 

Therefore, the problem of the optimal number of stages in multistage operations accounting for uncertain 

operating conditions was tackled. The operating costs in fact depend on operating conditions and are 

affected by upstream perturbations even for a given design. As a consequence, the optimal number of 
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stages given by the best compromise between CAPEX and OPEX might change whether disturbances are 

likely to occur. To account for uncertainty in the selection of the optimal number of stages, the definition of 

the OPEX was reformulated as the average value over the disturbance probability distribution function 

resulting in an increase of the optimal value. This approach was applied not only on distillation columns, 

that are the main unit discussed in this thesis, but also on other units such as multiple-effect evaporators in 

order to prove its general validity. Moreover, a higher number of stages results in a lower energy 

consumption for the same operating conditions. Therefore, the higher investment costs ensure at the same 

time higher flexibility and lower environmental impacts related to the duty consumption. This outcome was 

visualized by means of an “emissions vs. flexibility” graphic analogous to the costs related one. 

Once addressed the number of stages problem, the analysis has shifted towards the optimal distillation 

train configuration under uncertain operating conditions. The distillation train optimal design for the 

ABE/W mixture has been carried out accounting for Acetone and Butanol recovery ratio and purity. For this 

purpose three configurations are possible, namely indirect, direct (2 units) and midsplit (3 units). The direct 

configuration proved to be unfeasible with respect to the other two (whose costs are lower by an order of 

magnitude) due to the very low concentration of Acetone in the feed. The flexibility assessment was then 

performed on the two remaining alternatives and showed that the indirect configuration is always less 

expensive for any deviation magnitude. This is due to the fact that the n-Butanol, i.e. the most abundant 

component, is recovered in the first column preventing the disturbance to affect the following one. In 

particular, it is worth remarking that the simulation and the flexibility analysis outlined the same feasibility 

limit conditions that were found by means of the RCM based methodology validating once again its 

effectiveness. 

After that, the effects of process intensification on the operation flexibility were investigated. First of all, a 

Dividing Wall Column unit for the ABE/W mixture separation was design according to an innovative feasible 

path-based procedure whose purpose is to maximize the convergence of the simulations used for the unit 

parameters estimation [6]. Once the optimal design has been performed, the same flexibility analysis 

methodology was carried out with the DWC unit and compared to the indirect distillation train. The 

assessment shows that process intensified units keep their higher profitability in proximity of the nominal 

operating conditions but, for an increasing deviation magnitude, the related additional costs for a higher 

flexibility requirement increase fast. Inversely, it can be stated that process intensification reduces the 

flexibility of a unit for a given design with respect to the more expensive conventional solution. Even in this 

case the environmental impact assessment has been performed as for the previous examples. It can be 

then concluded that integrating the flexibility and environmental aspects in the design procedure when 

considering the process intensification alternative allows the decision maker to have a reliable estimation 

of the expected deviation ranges where it is actually more profitable and sustainable than the conventional 

one. This assessment was possible thanks to the tools developed during the previous phases of the thesis. 

All the design steps discussed so far referred to steady state operations. However, in order to validate the 

obtained design, the dynamics of the process needs to be analyzed and the control strategy should be 

selected. The flexibility assessment was then extended to the dynamic operation by including the semi-

infinite dimension of time in the uncertain space. The dynamic flexibility assessment of a distillation column 

was then carried out according to the corresponding indicator proposed in literature [7]. Furthermore, a 

new switchability index has been conceived [8] for a better analysis of the property of a system to switch 

between two operating conditions, in this particular case from the nominal to the perturbed one. This 

indicator is based on the steady state and dynamic indexes and its value ranges from 0 (no dynamic 

transition is feasible) to 1 (dynamics does not affect the system flexibility). To validate this indicator other 

case studies (such as a CSTR reactor) have been used as well. This innovative tool proved to be effective for 

the defined purpose. In particular, it allows the comparison between different control strategies (PID vs 

MPC), control structures and tuning methodologies. 
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Given the global overview of the PhD thesis work, the main innovations and achievements provided with 

respect to the previous state of the art in the available literature by these three research years can be listed 

according to each section of the manuscript as follows: 

• Feasibility: Generalization of the Residue Curve Maps conventional procedure for distillation to 

mass balance related specifications as well as to the distillation column trains and Dividing Wall 

Column unit; 

• Design: 

o Coupling between flexibility and economic assessment and conception of an “additional 

costs vs flexibility” decision-making plot; 

o Inclusion of the environmental impact assessment in the optimal design procedure under 

uncertain operating conditions; 

• Process intensification: 

o Definition of a new feasible path-based procedure for the design of the Dividing Wall 

Column distillation unit; 

o Comparison between process intensifying units and conventional configurations from a 

flexibility viewpoint; 

• Dynamics & control: Definition of a new switchability index suitable to assess the flexibility related 

performances of process design and control configurations accounting for the system dynamics. 

In general, combining all those aspects, the PhD thesis work achieves its main goal of reshaping the 

conventional process design procedure from the feasibility step to the dynamic validation one in a flexibility 

oriented perspective (cf Figure 1). Moreover, whenever missing, the required tools to carry out the outline 

methodology have been implemented and proved to be effective for their purpose. 

 

Figure 1 - Flexible Design Procedure 

It is finally worth remarking that, although the obtained procedure focuses on chemical processes, it is of 

general validity and, with some modifications and adjustments to proper steps can be applied to either 

different problems or systems on which flexibility plays a critical role. In this respect, the author addressed 

an extensive range of various studies in subsequent publications such as spirits distillation [11], 

heteroazeotropic distillation [13], optimal cleaning cycles scheduling [9], flexible Demand-Side 

Management [10, 14] and supply chains flexibility [12]. 

 



5 
 

REFERENCES 

PhD Thesis author publications (related to the thesis) 

[1] A. Di Pretoro, L. Montastruc, F. Manenti, X. Joulia, 2019. Flexibility Analysis of a Distillation Column: Indexes 

Comparison and Economic Assessment, Computers & Chemical Engineering, 124, 93-108. 

[2] A. Di Pretoro, L. Montastruc, F. Manenti, X. Joulia, 2020. Assessing Thermodynamic Flexibility Boundaries via 

Residue Curve Maps, 30th European Symposium on Computer Aided Process Engineering. Elsevier, pp. 1915–1920. 

[3] A. Di Pretoro, L. Montastruc, F. Manenti, X. Joulia, 2020. Exploiting Residue Curve Maps to Assess Thermodynamic 

Feasibility Boundaries under Uncertain Operating Conditions. Industrial & Engineering Chemistry Research 59, 16004–

16016. 

[4] A. Di Pretoro, L. Montastruc, F. Manenti, X. Joulia, 2019. Flexibility Assessment of a Distillation Train: Nominal vs 

Perturbated Conditions Optimal Design, 29th European Symposium on Computer Aided Chemical Engineering, 667-

672. 

[5] A. Di Pretoro, L., Montastruc, F., Manenti, X., Joulia, 2020. Flexibility assessment of a biorefinery distillation train: 

Optimal design under uncertain conditions. Computers & Chemical Engineering 138, 106831. 

[6] A. Di Pretoro, F. Ciranna, M. Fedeli, X. Joulia, L. Montastruc, F. Manenti, 2021. A Feasible Path-Based Approach for 

Dividing Wall Column Design Procedure. Computers & Chemical Engineering, 149, 107309. 

[7] A. Di Pretoro, L. Montastruc, X. Joulia, F. Manenti, 2019. Dynamic Flexibility Analysis of a Distillation Column, 

Chemical Engineering Transactions, 74, 703-708. 

[8] A. Di Pretoro, L., Montastruc, X., Joulia, F., Manenti, 2021. Accounting for Dynamics in Flexible Process Design: a 

Switchability Index. Computers & Chemical Engineering , 145, 107149. 

 

SUBSEQUENT APPLICATIONS 

[9] A. Di Pretoro, D’Iglio, F., Manenti, 2021. Optimal Cleaning Cycle Scheduling under Uncertain Conditions: A 

Flexibility Analysis on Heat Exchanger Fouling. Processes 9 (1), 93. 

[10] B. Bruns, A. Di Pretoro, M. Grunewald, J. Riese, 2021. Flexibility analysis for demand-side management in large-

scale chemical processes: An ethylene oxide production case study, Chemical Engineering Science, 243, 116779. 

[11] A. Di Pretoro, M. Meyer, M. Ségur, X. Joulia, 2021. Flexibility Assessment of Spirits Distillation Processes: Focus on 

the Armagnac Distillation, Computer Aided Process Engineering, Elsevier, 50, 407-12. 

[12] A. Di Pretoro, S. Negny, L. Montastruc, 2021. Flexibility Analysis in Supply Chain Management: Application to the 

Traveling Salesman Problem, Computer Aided Process Engineering, Elsevier, 50, 1721-26. 

[13] A. Di Pretoro, L. Montastruc, F. Manenti, X. Joulia, 2022. Enhancing Heteroazeotropic Distillation Thermodynamic 

Flexibility Boundaries by Means of Condenser Overcooling, Computers & Chemical Engineering, 157, 107627. 

[14] B. Bruns, A. Di Pretoro, M. Grunewald, J. Riese, 2022. Indirect Demand Response Potential of Large-Scale 

Chemical Processes, Industrial and Engineering Chemistry Research. https://doi.org/10.1021/acs.iecr.1c03925  

 

Other references 

[15] IEA Bioenergy Annual Report 2018 retrieved at https://www.ieabioenergy.com/wp-

content/uploads/2019/04/IEABioenergy-Annual-Report-2018.pdf  

[16] Swaney, R.E., Grossmann, I.E., 1985. An index for operational Flexibility in chemical process design. Part I: 

Formulation and theory. AIChE J. 31, 621630. https://doi.org/10.1002/aic.690310412  

https://doi.org/10.1021/acs.iecr.1c03925
https://www.ieabioenergy.com/wp-content/uploads/2019/04/IEABioenergy-Annual-Report-2018.pdf
https://www.ieabioenergy.com/wp-content/uploads/2019/04/IEABioenergy-Annual-Report-2018.pdf
https://doi.org/10.1002/aic.690310412


6 
 

[17] Saboo, A.K., Morari, M., Woodcock, D., 1985. Design of Resilient Processing Plants .8. a Resilience Index for Heat-

Exchanger Networks. Chem. Eng. Sci. 40, 15531565. https://doi.org/10.1016/0009-2509(85)80097-X  

[18] Pistikopoulos, E.N., Mazzuchi, T.A., 1990. A Novel Flexibility Analysis Approach for Processes with Stochastic 

Parameters. Comput. Chem. Eng. 14, 991-1000. https://doi.org/10.1016/0098-1354(90)87055-T  

[19] Lai, S.M., Hui, C.-W., 2008. Process Flexibility for Multivariable Systems. Ind. Eng. Chem. Res. 47, 4170-4183. 

https://doi.org/10.1021/ie070183z  

[20] Dimitriadis V. D., Pistikopoulos E. N., 1995, Flexibility Analysis of Dynamic Systems, Industrial & Engineering 

Chemistry Research, 34.12, 4451-62. 

[21] Burnak B., Diangelakis, N.A., Pistikopoulos E.N., 2019, Towards the Grand Unification of Process Design, 

Scheduling, and Control—Utopia or Reality?, Processes, 7, 461. https://doi.org/10.3390/pr7070461  

[22] Garcia, V., Päkkilä, J., Ojamo, H., Muurinen, E., Keiski, R., 2011.Challenges in biobutanol production: How to 

improve the efficiency ?; Renewable and Sustainable Energy Reviews, 15, 964-980.  

[23] Petlyuk, F.B., 2004. Distillation Theory and its Application to Optimal Design of Separation Units. Cambridge 

University Press 

[24] Petlyuk, F.B., 1965. Thermodynamically Optimal Method for Separating Multicomponent Mixtures. Int. Chem. 

Eng. 5, 555–561 

[25]  Kiss, A.A., 2013. Advanced Distillation Technologies: Design, Control and Applications, 1 edition. ed. Wiley, 

Chichester, West Sussex, United Kingdom 

[26] White, V., Perkins, J.D., Espie, D.M., 1996. Switchability analysis. Computers & Chemical Engineering 20, 469-474. 

https://doi.org/10.1016/0098-1354(95)00037-2  

https://doi.org/10.1016/0009-2509(85)80097-X
https://doi.org/10.1016/0098-1354(90)87055-T
https://doi.org/10.1021/ie070183z
https://doi.org/10.3390/pr7070461
https://doi.org/10.1016/0098-1354(95)00037-2

