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The design of chemical reactors has been largely considered primarily related to techno-economic evaluations.
However, the recent need for sustainable solutions and processes has promoted the inclusion of environmental
and safety parameters to identify the most suitable solution. In this sense, an innovative procedure has been
developed in this work to identify and design a reactive section in chemical processes. To this aim, different key
performance indicators have been defined and quantified for each domain considered within the analysis,
namely technological, economic, environmental, and safety domains. In addition, the safety aspects have been
quantified by integrating Semenov’s theory and Varma, Morbidelli and Wu’s theory. The validity and potenti-
ality of the proposed procedure have been tested and shown by applying it to a case study representative for the
scale-up of pharmaceutical processes: the industrial synthesis of a Vitamin A intermediate. A preliminary design
has been performed for different configurations based on apparent kinetics determined from experimental data
and ab initio coefficients available in the current literature. Among the analysed solutions, a single reactor with a
volume of 15.90 m® has been indicated as the most suitable for the process requirements regarding overall
sustainability. Hence, the developed procedure can be intended as a powerful tool for screening among available
configurations, enabling a more informed decision by simplifying and optimising the scale-up and the detailed

design.

1. Introduction

The accurate and robust design of reactors and the selection of
optimised operative conditions represent a paramount step for devel-
oping sustainable chemical processes (Serna et al., 2016). This proced-
ure requires the implementation of a multidisciplinary strategy to
saturate the available degree of freedom and combine market re-
quirements with physical-chemical constraints.

As an example, the geometrical configuration of a chemical reactor
represents one of the most influential aspects to be identified at an early
design phase (Froment et al., 2011). In addition, the number of units
composing the reactive section in an industrial plant can be a matter of
optimization. Typically, the design procedures available in the literature
account mostly for technical requirements (Awad et al., 2022; Iezzi
et al,, 2022) or a combination of technical and economic aspects
(Lagerman et al., 2022; Uddin et al., 2022). Conversely, the identifica-
tion of the optimised operative conditions can result from an overall
analysis of the industrial plant having as the main goal technical pur-
poses (Chen et al., 2023; Ebadi et al., 2022) or techno-economic
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objectives (Torcida et al., 2022) or economic and safety points of view
(Wu et al., 2023). In some cases, technical and safety aspects are strongly
interconnected because the system’s tendency to side (undesired) re-
actions is potentially detrimental to the selectivity toward the desired
products or safety performances (e.g., runaway reactions).

An extensive set of alternative methodologies for selecting the best
technical solution in the chemical industry is available in the current
literature. More recently, particular effort has been devoted to individ-
uating the most sustainable solution regarding economic, environmental
and social aspects (Tugnoli et al., 2008). Despite all, practical applica-
tions to chemical process equipment are still rare. For example, quan-
titative multicriterial protocols have been involved in selecting
separation technologies (Hutahaean et al., 2018), evaluating the best
design of different equipment components and supply chains (Hodgett,
2016), or comparing various alternatives for energy production (Zano-
betti et al., 2023). However, if considering reactor design, only a few
examples of successfully implemented multicriteria approaches can be
observed at the research stage, mostly related to selecting the optimal
construction material for a particular reactor application (Martinez-
Gomez & Narvaez C, 2016).
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Nomenclature

A Heat transfer surface area

B Dimensionless reaction enthalpy

Cc Concentration in the overall liquid phase at the cooling
temperature

Cain Inlet concentration of the main reactant A

Cgin Inlet concentration of the main product B

Cg out Outlet concentration of the main product B

E‘p Heat capacity per unit mass

CAPEX Capital expenditure

D Impeller diameter

Dy Reactor’s diameter

Da Damkohler number

DAB 1,4-diacetoxy-2-butene

E, Activation energy

flr) Mass action law

FAB 2-formyl-4-acetoxybutene

FOB Free on board

Hg Reactor’s height

H, Ratio of the two reactions enthalpy

AINJJ» Enthalpy of the j-th reactions per unit moles

k Kinetic constant

Kkoo Arrhenius pre-exponential factor

N Total number of CSTRs in series

n Reaction order

n Molar flow rate

N; Impeller speed

Nimp Numbers of impellers

ng Productivity

i ex Molar flow rate of the i-th compound exchanged between
phases

ri;gen Molar flow rate of the i-th compound generated per unit
volume

Npr Total number of categories considered for KPIs

Np Power number

OPEX Operational expenditure

P Effective power consumption

Pco Partial pressure of CO

Py, Partial pressure of H,

Pyngassed Power consumption of an ungassed system

Q Thermal power

Q Heat of reaction per unit moles

R Dimensionless reaction rate

Ry Universal gas constant

r Total number of chemical reactions

K% Dimensional reaction rate

Rin Ratio of the two dimensionless reaction rates evaluated at
the inlet condition

Re Mixer’s Reynolds number

RPD Relative power demand

T Reacting temperature

T, Critical temperature

Teo Cooling temperature

TS Critical value of the cooling temperature

T Stable reaction temperature

U Overall heat transfer coefficient

u Dimensionless concentration

Ug Dimensionless concentration of the main reactant A

Upin Dimensionless inlet concentration of the main reactant A

ug Dimensionless concentration of the main product B

Ugin Dimensionless inlet concentration of the main product B

Ucin Dimensionless inlet concentration of the subproduct C

v Reaction volume

v Volumetric flow rate

\ Volume of the aqueous phase

Veas Volume of the gaseous phase

Vr Reactor volume

Veowen: ~ Volumetric flow rate of solvent

w Impeller’s width

Greek symbols

R Aspect ratio

€ Ratio of the gas phase volume respect to the reactor ones

€ Aqueous phase hold-up

n Yield

C) Dimensionless temperature of the reacting system

u Overall liquid phase viscosity

v Stoichiometric coefficient

p Density

T Residence time

Y Selectivity

x Conversion

W Semenov’s number

® Weighting factor

One of the critical aspects limiting the implementation of a multi-
criteria approach for reactor design, including safety and environmental
factors, is represented by restrictions of the available models. Indeed, a
standardised and robust procedure still needs to be made available for
these two last-mentioned aspects. Regarding safety, conditions leading
to a runaway reaction shall be considered when exothermic reactions
are involved. Among the others, Semenov’s theory of thermal explosion
(ST) is worth mentioning. However, due to its assumptions, an approach
based only on the ST has limited applicability to real cases. Indeed, ST
can be mostly adopted to identify an inherently safe design of contin-
uous stirred tank reactors (CSTR) (Babrauskas, 2014). Moreover, in its
original derivation, ST can deal with only a single chemical reaction,
which does not correspond to most real cases. The Varma Morbidelli and
Wu theory of parametric sensitivity analysis (VMWT) can be considered
as a possible alternative, although elevated computational requirements
are typically associated with this approach (Varma et al., 1999). VMWT
can be implemented for local or global sensitivity analyses based on the
target’s nature (Rabitz et al., 1983). Nevertheless, the application of

VMWT is limited to simplified models, including a limited set of re-
actions and standardized mechanisms (e.g., reactions in series and/or in
parallel) or an ideal chemical reactor.

Under these premises, the present work is devoted to the develop-
ment and implementation of an innovative procedure for optimising the
design of a chemical reactor that accounts for technical, economic,
environmental, and safety requirements through a multicriteria selec-
tion procedure, which is based on the determination of internal nor-
malised key performance indicators (KPIs) and an overall performance
index. The single indicators are determined based on the numeric value
of the characteristic variables for each single field of interest. These
fundamental quantities are naturally obtained by applying the proced-
ure elucidated subsequently.

A case study representative of a scale-up of vitamin A production is
analysed to enlighten on the possible outcomes of the developed
approach.
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Fig. 1. Schematic representation of the considered key performance indicators.

2. Methodology

This work presents an innovative multicriteria procedure for the
design of chemical reactors. Having different degrees of freedom, the
design procedure can generate multiple alternatives. Hence, the best
configuration among the others must be identified. To this aim, KPIs can
simultaneously be adopted to evaluate different aspects (de Matos et al.,
2023). KPIs can be intended as quantitative parameters describing the
performances of a specific objective and domain, e.g., technological,
safety, economic, and environmental. Hence, the calculation of overall
KPIs can be used to rank the sustainability and convenience of possible
alternative solutions. For clarity, a schematic representation of the
implemented methodology is reported in Fig. 1. A brief highlight of the
procedure is reported below, whereas a more detailed description is
included in the following subsections.

The proposed method can be distinguished into four stages: deter-
mination of possible reactor configurations (Stage 1), recombination of
indicators for specific domains (Stage 2), normalisation of KPIs to
particular domains (Stage 3), and aggregation in an overall sustain-
ability index (Stage 4). In Stage 1, the design of multiple possible reactor
configurations is required. Although different levels of detail can be
considered at this stage, the use of ideal reactor models is recommended
to allow for the evaluation of a large set of alternative configurations.
Assuming a continuous production process, plug flow reactors (PFR) and
CSTR can be considered ideal configurations of chemical reactors. For
simplicity, a general description of the characterisation of single CSTR
and CSTRs in series is reported in detail. However, the design of a series
of CSTRs can be considered an approach since PFR can be assumed to
result from an infinite series of ideal CSTRs. The definition of boundary
conditions and the resulting geometrical features of the reaction system
determine the direct indicators (i.e., Stage 1 KPIs). A detailed

description of this step and the adopted models is presented in Section
2.1. The obtained data are then recombined by domains, normalised,
and aggregated in overall sustainability indexes to support the decision-
making processes, following the procedure described in Sections 2.2,
2.3, and 2.4.

2.1. Determination of possible reactor configurations

A reference for ideal reactors must be selected to determine a pre-
liminary configuration of the industrial process’s chemical section.
Considering the assumption of a continuous steady-state process, PFRs
and CSTRs can be regarded as. In this sense, it is worth recalling that a
PFR can also be intended as a series of infinite CSTRs. Under this
consideration, the current methodology presents a detailed discussion
on the optimisation of a series of CSTRs. For this purpose, a weighted
average approach was implemented to obtain a single value by a series
of N CSTRs, with a reactor weight coefficient wg; = 1/N. In the
following part, the physical meaning and the derivation of the single
variables will be elucidated. More specifically, the section named tech-
nological domain contains the procedure used to determine the overall
heat transfer coefficient for the design Ugesign and the driving force for
the heat exchange AT,,. Whereas, the safety domain section includes the
meaning and the procedure regarding the critical reaction temperature
T. and the critical value of the overall heat transfer coefficient U
together with the logical workflow used for the design based on the ST
and VMWT. Then, in the economic domain section, a simplified meth-
odology for determining CAPEX and OPEX will be described. Eventually,
in the environmental domain section, the procedure for the assessment
of the volumetric flow rate of the solvent Vi, and the power con-
sumption of the impeller motor P will be described.
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Fig. 2. Schematic representation of a series of CSTRs.

2.1.1. Technological domain

Starting with the design of a single CSTR, the ideal fluid dynamic
model combined with the assumption of a constant density phase and
steady-state operation leads to the dimensional mass and energy balance
equations reported in Egs. (1) and (2).
0= V(Citn—C) £ thior +1i; oV (¢))

igen

0=pCV(T1y = T) = UesignA(T = T.) + V'Y ( - Aﬁ,-) P 2
=1

To this aim, the quantification of the surface area to be considered for
heat exchange (A) is required. Based on the design stage, different ap-
proaches can be implemented for the estimation of this parameter.
Assuming a possible lack of detailed information related to the appli-
cation of this methodology in an early design stage, Eq. (3) can be
considered for the estimation of A, under the hypothesis that heat
transfer mostly occurs on the lateral surface wetted by the liquid. This
approach requires the inclusion of a preliminary analysis of the reactor
geometry (i.e., ag = Hg/Dg,Vg = Viiq + Vi) and operative conditions (i.
e., € = Vo /Vz and € = Vyq/ Vo).

B 42/3ﬂ1/3aR1/3 V§/3

l+e @

As for the overall heat transfer coefficient, since the specific geom-
etry of the mixing and cooling systems is not known yet, the numerical
value of this variable can’t be determined based on fluid-dynamic

features (Paul et al., 2004). Instead, it was considered a correlation
based on the volume of the comprehensive liquid phase. Specifically, the
empirical quadratic correlation reported in Eq. (4) is valid for steel re-
actors with a liquid volume phase between 2.5 and 25 m®.

Ueate [Wm K1 = —0.9011V; —7.363V,, + 1100.9 4

Here, it is worth noting that Eq. (2) and the rest of the procedure do
not consider Ucqc but Ugeign. Indeed, even if both have the same physical
meaning, their numerical values could be slightly different. The reason
for this difference must be found in the ST, which states that a reactor
operates safely if the curves of the heat removed and generated intersect
each other for a reaction temperature equal to the one decided at the
beginning of the procedure. Thus, the designer must verify this
constraint after constructing Semenov’s plot. If it is not confirmed, Ucqc
can’t be increased but at least lowered till convergence is reached,
obtaining Ugesig. In doing so, attention must be paid not to overcome the
critical value defined in the following. This refinement can be consid-
ered legitimate since it can be obtained by acting, for example, on the
impeller speed of the reactor.

Regarding the modelling strategy of a series of CSTRs, it is based on
the minimisation of the total residence time 7,y = V/ V needed to reach a
desired conversion. For this reason, Eq. (5) can be considered an
objective function to minimise by changing the intermediate conversion
Zm With m = 1A-N—1. This last-mentioned equation is based on the
mass balance of the main reactant A, considering the reference scheme
reported in Fig. 2.

—DI 1. Choose design and constitutive variables }

| 2. Calculate governing parameters |

| 3. Tentative design of a CSTR and cooling system |

| 4. Implement the Semenov’s theory |

TS =T No
| Yes

!

| 5. Determine VMWT dimensionless parameters I

Beaic < Berit at Da = Daggye

Yes

6a. Determine

| 6b. Build the B-Da diagram |
Werie with VMWT

A
| 7. Calculation of the KPIs |

Fig. 3. Logical workflow for the design of a CSTR and cooling system using Semenov’s theory and Varma, Morbidelli and Wu’s theory.
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2.1.2. Safety domain

At this stage, Semenov’s theory and a modified parametric sensitivity
were combined to identify the most critical parameters and KPIs, as
schematised in Fig. 3.

Step 1 of the procedure implemented in this work aims to select the
main input parameters. Among the others, the reaction temperature, the
volumetric flow rate, and the initial concentrations can be considered
governing parameters. Based on the assumed values, the main physi-
cochemical parameters are calculated at the desired operating condi-
tions (Step 2), and a tentative design configuration for reactor(s) and
cooling system(s) is produced at this stage using Equations (1), 2 and 4
(Step 3). Once the preliminary phase is concluded, Semenov’s theory is
implemented (Step 4) by producing a Semenov plot at first. Then, the
critical temperature (T,, Eq. (6)), the critical value of the overall heat
transfer coefficient (Uyy, Eq. (7)) and the critical temperature of the
cooling medium (Tg}t, Eq. (8)) are calculated. Starting from the classical
ST, a kinetic rule suitable for the main nth-order exothermic reaction
was introduced (Eq. (9)). Considering critical conditions and the clas-
sical value for the critical Semenov’s number y,;, = 1/e, (A/V),,;, was
obtained, at first. From this critical ratio, a design value (A/V) as

crit
design W
obtained, considering a safety factor of 0.2. The safety factor was
selected in agreement with the value commonly adopted for the design
of pressurized vessels and auxiliary equipment items (Ennis, 2006).

R,
P =T+ Ty =0 O]
al
Qgen
U.. — =0T, %)
T, —T)A
05" = Ui (T, = ") ®)

N " _ _Ea
Q,IVCA_mkkmexr){ R‘Jm} E,
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Further refinements were considered by implementing the VMWT to
the analysed reactive system (Step 5). In this work, the dimensionless
reactor outlet temperature and the dimensionless heat of the reaction
were considered as the measurable for the sensitivity analysis, as re-
ported in Eq. (10). To this aim, the VMWT was modified to include
multiple reactions and CSTRs within the numerical model adopted for
the analysis required to determine B,;. For brevity, the obtained
equations are reported in the Supplementary materials for the case of
two chemical reactions in series (i.e., A—»B—C) together with the
sensitivity equations.

S(:B) = gs(G;B) 10)

A refined critical Semenov’s number can also be calculated based on
the obtained B (Step 6a) using Eq. (11).

_ Da Bz‘rir
Werie = St

(1)

In this way, an optimised configuration can be obtained through an
additional iteration of the method, assuming a more robust (A/V) jegn-
On the one hand, the optimised configuration can achieve higher per-
formance making better use of the reaction volume. On the other hand,
the B value shall be carefully evaluated to monitor the proximity to the
critical one. Eventually, the performances of the resulting configurations
can be quantified in terms of a reactor operation diagram (Step 6b). To
build the reactor operation diagram, the critical values of B must be

Chemical Engineering Science 285 (2024) 119591

obtained as a function of the Da number. Additional information can be
gathered if the corresponding values of yield and selectivity are
assessed. The maximum yield and selectivity are determined for a B
value equal to the one above which runaway occurs. Eventually, in Step
7 KPIs are determined following the procedure reported in Section 2.1.

2.1.3. Economic domain

The evaluation of the KPI related to the economic domain is based on
the assessment of CAPEX and OPEX at an early design stage. Regarding
the CAPEX estimation of the CSTRs, a simplified method based on the
equipment characteristic size has been adopted. In particular, Eq. (12)
was employed for a FOB cost estimation (Woods, 2007).

053
L) 12

VR reference

FOB = FOB . erence (

On the other hand, the revenues and OPEX are typically associated
with the production rate, feed or utility flow rates (Sinnott & Towler,
2020). The fluctuations in their costs can significantly affect the
robustness of OPEX estimation. For these reasons, in the present work, a
simplified analysis was performed considering only productivity,
namely the main constituent of profitability. Strictly speaking, produc-
tivity is an economic index accounting for the positive feedback deriving
from the productivity level, thus it is compared to the inverse of the
indicator considered for the CAPEX. For the sake of clarity, the defini-
tion of productivity rip is reported in Equation (13), considering 7 as the
yield in the desired product.

fig =nVCain 13)

2.1.4. Environmental domain

Since the separation sections are typically the most demanding in
terms of energy and material in many manufacturing processes (Anastas
& Zimmerman, 2003), outlet purity was regarded as a possible indicator
of the environmental impact. More specifically, the higher will be the
stream flow rate to purify, and the higher will be the effect of the
operation on the environment. In chemical processes, the reactions are
often performed in undesirable solvents, typically chlorinated or aro-
matic hydrocarbons (Sheldon et al., 2002). The green technology facil-
itates the minimum use of non-hazardous media (Dai et al., 2013), hence
solutions that minimize the use of such liquids are preferred. To this aim,
the volumetric flow rate of organic solvent was also considered.

The other constituent of the environmental domain is related to the
power consumption of the reactor’s impeller motor. Indeed, in CSTRs
this term is one of the primary energy requirements and must be
considered. To perform this estimate, the ratio between the impeller and
reactor diameter must be chosen together with the impeller type and the
Reynolds number (Luong & Volesky, 1979). After that, the impeller
speed can be determined using Eq. (14), which is based on the definition
of the Reynolds number of mixers.

_ Re py,

a4
Piig D

1

Using a classical flow map that relates the power number as a
function of the Reynolds number for different types of turbines, it is
possible to obtain the power number Np. Now the power consumption
can be determined considering that, for sufficiently spaced turbines, Eq.
(15) can be used (Furukawa et al., 2019).

Pungm:cd = NimpNPp[[qN?Ds (1 5)

The above-reported relationship is valid for mixers that handle only
liquid phases. To determine the power consumption for a gas/liquid
system, an RPD value must be used. This variable relates the power
absorbed by the impeller in the presence of the gaseous phase to the
ungassed system. Eq. (16) reports the expression for the final determi-
nation of the effective power consumption in the case of a multiphase
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gas/liquid system.
P = RPD Pgussea (10

2.2. Assessment of combined indicators

The recombination of indexes accounting for the same domain is
performed at this stage. The adopted equations were determined
following a physical meaning, if possible, as well as to guarantee that the
larger the value, the better the performance. To be more specific, the
technological indicator is directly proportional to both the overall heat
transfer coefficient and the heat transport driving force. Indeed, the
higher the numerical value of the two last-mentioned variables, the
higher the suitability of the temperature management system. There-
fore, the provided definition of the technological indicator is intended as
a combination of elements accounting for the quality of design.
Regarding safety, the indicator is directly proportional to the critical
reaction temperature and inversely proportional to the critical value of
the heat transfer coefficient because higher T, and lower U, values mean
minor thermal hazards. In the economic indicator, the factor accounting
for the production level is divided by the CAPEX index, representing
positive and negative impacts on the economic aspects, respectively.
Eventually, from the environmental perspective, either the flow rate of
solvent or the energy consumption inversely contributes to the index
since in both cases large values imply lower compatibility of the pro-
posed process.

2.3. Normalization of KPIs

An internal normalization step is performed at this stage for the sake
of comparisons between different domains. Following the approach
discussed in the previous subsection, the higher the numerical value of
each normalized index, the higher the associated performance of the
current solution in the related domain.

2.4. Evaluation of overall sustainability indexes

For the evaluation of the overall sustainability index, two aggrega-
tion approaches were implemented to test the robustness of the selected
solution. More specifically, the sustainability indicators from the pro-
posed analysis were obtained using additive and geometrical aggrega-
tion methods with equal weighting factors for KPIs deriving from
different domains (wgprj = 1/Ngpr) (Gan et al., 2017). Indeed, equal
weighting is recommended when all the indicators are considered
equally important or when no statistical or empirical evidence supports
a different scheme (Nardo et al., 2005).

3. Case study

The proposed methodology was tested for the case of the industrial
synthesis of a vitamin A intermediate, i.e., retinyl acetate. Currently, the
most convenient route for its production is based on the BASF and
Hoffman-La Roche process via two different reaction pathways (Parker
et al.,, 2016). A new synthesis route, involving a water-soluble Rh
complex catalyst, has been proposed and experimentally tested on a
bench scale by Chansarkar et al. (Chansarkar et al., 2003). Data
collected by Chansarkar et al. (2003) were adopted to quantify the ki-
netic parameters reported in Eq. (16). The resulting kinetic parameters
were considered to design continuous equipment for the hydro-
formylation of 1,4-diacetoxy-2-butene (DAB) to 2-formyl-4-acetoxybu-
tene (FAB). For the sake of conciseness, a detailed description of the
additional assumptions posed and constituent parameters involved for
the hydroformylation is reported in the Supplementary materials.

Considering the operative conditions examined during the cited
experimental campaign (i.e., 338 K-358 K), the following analysis was
performed within the same interval to avoid extrapolations. Based on
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Fig. 4. Schematic representation of the liming reaction of the decomposi-
tion mechanism.

0 | ¥
D vDR/Zv

Dgr = Diiq

Fig. 5. Sketch of the proposed reactor geometry.

the operative conditions of interest, a decomposition mechanism was
produced and included in the analysis. To this aim, the key elementary
chemical reaction steps connecting the raw materials with possible
products were identified by employing the Reaction Mechanism
Generator suite (Gao et al., 2016). This database can be intended as a
possible route for the collection of required input data in the case of
missing or lacking kinetic parameters as well as for the generation of
theoretical-based, robust, and detailed kinetic mechanisms (Pio et al.,
2022). The potential use of kinetic mechanisms for the evaluation of
real-case industrial processes has been already demonstrated in the
current literature (Pio & Salzano, 2020) (De Liso et al., 2023). Based on
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Table 1
Main characteristics of the obtained reactor configurations.
#Solution N Teo T, Udesign Uvrie Ve 74 Vr Dr Cain
K K w w — m3 m3 m kmol
m2K m2K s m
1 1 348 371 678 495 0.685 51073 21.10 1.75 0.275
2 348 371 350 251 0.928 51073 15.60 1.58 0.086
3 348 371 150 106 0.990 5103 10.70 1.40 0.025
2 1 345 368 665 577 0.685 4103 21.95 1.90 0.465
2 345 368 335 293 0.928 41073 16.22 1.72 0.146
3 345 368 140 123 0.990 41073 11.14 1.52 0.033
3 1 348 371 901 658 0.685 21078 13.24 1.50 0.677
2 348 371 457 334 0.928 21072 9.78 1.36 0.213
3 348 371 141 141 0.990 21073 6.72 1.20 0.049
4 1 348 371 925 676 0.851 11073 12.41 1.47 0.730
2 348 371 306 224 0.990 1102 7.81 1.26 0.109
5 1 348 371 1013 741 0.851 5104 7.90 1.26 1.185
2 348 371 336 245 0.990 5104 4.98 1.08 0.176
6 1 347 370 635 469 0.990 7104 23.48 1.82 0.265
7 1 345 368 846 740 0.990 2510* 15.90 1.59 0.950
8 1 347 370 520 390 0.990 11073 25.32 1.86 0.151

the corresponding kinetic coefficients, the rate-determining steps were
selected following the procedure described in the literature (Pio et al.,
2019). The rate-determining step of the decomposition mechanism is
reported in Fig. 4, whereas the kinetic coefficients deriving from the
rate-rule method, as included within the RMG database (Gao et al.,
2016), are reported in Eq. (17).
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Considering a steady-state operation, the reactive volume can be
assumed equal to the organic liquid phase. Then, the overall liquid
volume can be calculated using the aqueous phase hold-up and the
global reactor volume can be determined considering the gaseous hold-
up (Jagani et al.,, 2010). This study assessed an aspect ratio of 5, a
gaseous hold-up of 0.2, and an impeller with a diameter equal to 1/3 of
the reactor diameter (Bao et al., 2015). Moreover, a pitched blade
impeller type with six blades and D/W = 8 has been selected together
with a Reynolds number equal to 200 000 (Paul et al., 2004) to ensure a
turbulent flow and an Np = 1.5. Finally, an RPD = 0.9 has been
assumed, considering a low gas flow dimensionless number, or rather a
low gas flow rate fed to the system. For the sake of clarity, Fig. 5 reports
a generic sketch of the proposed reactor geometry, which represents the
configurations obtained in this work.

3.1. Application of the methodology

For the sake of clarity, the kinetic parameters for the hydro-
formylation reaction of DAB derived from the experimental data and
assumptions described in the current literature (Chansarkar et al., 2003)
are reported in Eq. (18).

cat CHZ(T) ngB
Cco(r)
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It is worth mentioning that the reaction rate of hydroformylation
reported in Eq. (16) can be directly or inversely proportional to the
concentration of carbon monoxide depending on its partial pressure, as
reported by Chansarkar et al. (2007). Assuming the partial pressure of
carbon monoxide used to maximise the reaction rate (i.e., equal to 3.40
MPa), an inversely proportional relationship has been selected. It should
be noted that the Damkohler number and the outcomes of the design
procedure are independent of the choice of the reaction rate expression
since the overall reaction rate is considered.

Based on the conditions of interest for the analysed process, calcu-
lated and literature data, eight configurations were designed, and their

outcomes are reported in Table 1. The reaction temperature was
considered a common basis, with the overall conversion value equal to
358 K and 0.990, respectively. During the design procedure, the mini-
mum acceptable difference between the cooling and reaction tempera-
tures was 10 K. The defined KPIs were calculated from the obtained data
(Fig. 6), following the described methodology. For conciseness, the
detailed calculation procedure implemented to obtain the values re-
ported in Table 1 is reported in Supplementary Materials.

The technological and the safety domains are mainly dependent on
the thermal features of the systems, whereas the economic and the
environmental ones depend on the liquid volumetric flow rate and the
use or not of a series of CSTRs. Starting from the technological point of
view, Solution 7 shows the highest value of KPIr since it can most effi-
ciently dispose of the thermal energy generated by the exothermic re-
actions. On the other hand, from the safety perspective, Solution 1
reduces the thermal hazards linked to the operation regarding the crit-
ical values of reaction temperature and overall heat transfer coefficient.
Regarding the economic domain, instead, Solutions 5 and 3 have prac-
tically the same performances, even if the 5th alternative allows us to
reach a better compromise between CAPEX and productivity. Due to the
explicit dependence on reactor volume, CAPEX is strongly affected by
the total residence time, which in turn depends on the volumetric flow
rate and reactor type. In fact, because of the intrinsic nature of the
hydroformylation and decomposition reactions, a PFR would have been
the ideal choice but is not suitable for a liquid/liquid/gas application.
Using a single CSTR, instead of only using a low volumetric flow rate, is
possible to have restrained reactor volumes. While, with a series of
CSTRs, the influence of the residence time on each reaction volume is
reduced, and it is possible to increase the liquid stream flux. In this way,
higher productivity and higher economic indexes are also reached.
Conversely, a higher volumetric flow rate also means more elevated
amounts of the organic phase, hence higher environmental impacts. In
addition, in a series of CSTRs, higher power demand is also needed for
the mixing operation. Thus, the lowest KPI, is associated with these
solutions. Finally, although different values can be observed based on
the analysed aggregation method, the additive or geometrical aggrega-
tion methods indicate Solution 7 as the best configuration. Hence,
Semenov’s plot (Fig. 7) and the stability diagram (Fig. 8) are reported
only for this configuration.

Semenov’s plot demonstrates the stability operations of the analysed
solution, being the thermal power generated and thermal power
exchanged equally at the reaction temperature. Moreover, it can also be
observed that the Uy, and T, values are respectively larger and lower
than the critical ones, avoiding a metastable operation represented by
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Fig. 6. Key Performance Indicators obtained for the configurations analysed in this work.

the two mentioned tangency conditions. On the other hand, as it can be
noticed from the reactor operation diagram, the maximum achievable
selectivity tends to be 1 since the second reaction occurs in series and has
a slower rate at the investigated conditions than the main reaction.
Moreover, the CSTR cannot undergo runaway reactions as long as the
design specifications are satisfied since Da and B values for each reactor
are under the safe-runaway transition limit. Being the Da and B values
lower than the critical values, the yield calculated employing the VMWT

is lower than the reported value in the safe-runaway transition curve.
This is a consequence of the fact that the reactor is operating safely.
Indeed, since the B value is below the critical one, the reaction tem-
perature is under the value at which a runaway occurs. Consequently,
the reaction rates are affected, limiting conversion and yield for a fixed
Da value. Remarkably, a significant variation in the yield trend at the
safe-runaway transition curve can be observed. This variation can be
attributed to the proximity of Damkohler number to 0.1, corresponding
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Table 2
Comparison of the results obtainable with different methods.
Tin[K] Toue[K] Teo[K] 2~ -]
ST - 358 345 0.990
VMWT 345 346.5 345 0.970

to the onset of multiplicity. More specifically, when multiple steady
states are feasible, a stable and safe reactor shall operate at the lowest
possible reaction temperature. This has a detrimental effect on the re-
action rates and, therefore, the obtainable yield. In addition, Table 2
reported results obtained by the implementation of the presented
methodology following the Semenov theory or the Varma, Morbidelli,
and Wu’s theory, respectively.

Even if the different modelling assumptions affect the value of the
outlet temperature, mainly because the VMWT can take into

consideration the thermal energy of the inlet stream, from the obtained
yield is clear that all the methods produce practically the same output.
This represents further proof of the agreement between the two design
theories involved.

4. Conclusions

The design of innovative and sustainable processes and chemical
reactors represents a multidisciplinary task accounting for several
technological, safety, environmental, and economic aspects. To reach
this target, the present work developed and tested a multi-criteria
approach based on fundamental methodologies such as Semenov and
Varma, Morbidelli, and Wu’s theories. A critical analysis of the available
approaches was performed to identify the possible limitations and
constraints in applying the abovementioned theories. The gathered in-
formation was considered to produce an integrated methodology for
identifying and assessing key performance indicators relevant to
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chemical reactors.

The developed method was tested for a case study based on the
production of vitamin A. A kinetic mechanism was produced to mimic
the possible secondary reactions under the operative conditions. The
results obtained by the newly developed design method for the case
study were validated against data from the literature, allowing for the
scale-up from a batch to a continuous process from bench-scale experi-
mental and database information. Different reactor configurations were
considered in this analysis. Possible alternative arrangements were
designed and evaluated based on the resulting KPIs, optimizing the
overall sustainability of the analysed solutions. In conclusion, this work
generated and validated an algorithm for a sustainable design of
chemical reactors, allowing for preliminary investigations and evalua-
tion of possible alternative solutions.
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