
Catalysis Communications 163 (2022) 106392

Available online 29 December 2021
1566-7367/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Short communication 

Process-oriented approach towards catalyst design and optimisation 

Mohammad Reza Abbasi a,*, Federico Galvanin a, Andrew John Blacker b, Eva Sorensen a, 
Yiping Shi c, Philip W. Dyer c, Asterios Gavriilidis a,* 

a Department of Chemical Engineering, University College London, Torrington Place, London WC1E 7JE, UK 
b Institute of Process Research and Development, School of Chemistry and School of Chemical and Process Engineering, University of Leeds, Leeds LS2 9JT, UK 
c Department of Chemistry, Durham University, South Road, Durham DH1 3LE, UK   

A R T I C L E  I N F O   

Keywords: 
Catalysis 
Optimisation 
Process synthesis 
Conceptual design 
Kinetics estimation 

A B S T R A C T   

Translation of catalysts developed in academia to industrial end-users remains a challenge due to a lack of 
knowledge about the impact of catalyst attributes on the whole process and vice versa. A systematic methodology 
is proposed that assesses these in terms of Key Performance Indicators (KPIs). As a case study, the dehydration of 
butanol to butenes and dibutyl ether is considered over H-ZSM5 and H-Beta catalysts. It is demonstrated that 
catalysts should be designed for complete conversion and high butene selectivity, as removal of unreacted 1- 
butanol requires a complex separation due to the thermo-physical properties of the product mixture.   

1. Introduction 

Catalysis is a fundamental but societally under-recognised technol-
ogy that impacts upon the present and future aspects of everyday life, 
especially in the food-water-health-energy nexus. Without effective 
catalysts, the sustainable manufacture of many pharmaceuticals, agro-
chemicals, commodity chemicals and polymers would not be possible 
[1]. Considerable resources are expended in the invention, develop-
ment, and application of catalysts, and it is essential to consider the 
efficiency with which this is done. The traditional catalyst design 
approach is often based on a discovery by serendipity. This usually starts 
in a research lab by identifying a valuable chemical transformation, then 
iteratively synthesising, modifying, and testing to improve the activity, 
selectivity, and scope of an application using simple model compounds, 
and finishes with the publication of the data. When industry identifies a 
product that it seeks to make, the project team draws on the literature 
and tries, in preference, to source rather than make the catalysts de 
novo. The problem is that comparatively few catalysts are commercially 
available and, whether homogenous, heterogeneous or biological, many 
are difficult or time-consuming to manufacture. Additionally, repro-
ducing research lab-scale data on an actual plant can be difficult even 
when a commercial catalyst is employed. Furthermore, the complexity 
of the chemical systems considered in the industry is often far more 
significant than in the research lab, with the latter often using pure, 
idealised feed streams, without consideration of potential issues posed 
by impurities that may act as poisons. Also, due to the scale and duration 

of production, the industrial process is far more demanding in terms of 
the productivity, consistency and lifetime required, which impact upon 
the projected product cost, quality, and the overall sustainability of the 
process. 

One of the most significant difficulties with this approach is the 
uncertainty with which the desired performance can be achieved at an 
industrial scale due to many route and/or process selection options 
being available during the early stages of development, particularly 
related to downstream separation. Furthermore, a small change in the 
catalyst can completely alter the design of the downstream separation 
operations [2]. For these reasons, catalyst development is 
resource-intensive, with a long and linear path giving only incremental 
improvements through screening, mechanistic, and process under-
standing. Even the catalyst with the “best” lab-scale performance (e.g., 
high activity and stability) might never find its way into industrial 
practice as the specific process details required for its implementation 
might not be commercially attractive or might necessitate employing 
solvents, reagents, and/or conditions that may be partially or fully 
incompatible [3]. Given the significant effort in lab-scale catalyst 
development, steering research and development resources towards 
more commercially viable options is vital and is the subject of this work. 
The global catalyst market was valued at USD 33.9 billion in 2019, and it 
is expected to grow at a compound annual growth rate of 4.4% from 
2020 to 2027 [4]. Even though thousands of academic papers are pub-
lished each year on catalyst development, industrial adaptation remains 
comparatively low, with commercial catalysts currently in use 
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numbering in the few hundreds only [5]. 
Catalysis research is a multi-layered problem. Modelling coupled 

with a systematic process design methodology can tackle the short-
comings in the traditional catalyst design approach. Experimentation 
alone is not sufficient but needs to be combined with kinetic and process 
modelling at various scales and stages with different degrees of 
complexity, which considers the whole process to discover or modify 
catalysts more efficiently. In this regard, combinatorial chemistry is a 
potential solution, creating likely catalyst candidates, which in combi-
nation with optimisation algorithms and data mining tools, can scan and 
narrow down catalyst candidates to those that best match the desired 
properties [6]. However, this does not guarantee that catalyst 

candidates will be efficient when taken to the industrial scale and used 
in a plant. Similarly, the application of kinetic and process modelling 
methods can aid catalyst development at all steps; however, the right 
level of model complexity is a crucial decision to be made, which de-
pends on factors such as resources and quality of available data [7]. 
Irrespective of the catalyst development tools employed, involving en-
gineers from the start, and considering the overall impact of a catalyst on 
the process, is the key to success [8,9]. 

By utilising the latest innovations in process systems engineering, the 
current work aims to tackle the deficiencies in catalyst development 
workflows outlined above by developing an in silico methodology based 
on the integration of catalyst and catalytic process design to quantify the 

Fig. 1. Systems-oriented catalyst design and optimisation methodology proposed, also indicating the focus of this work.  
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impact and optimise the use of a given catalyst on the overall process 
flowsheet. By turning catalyst design on its head, starting with the end- 
product and working backwards to the ideal catalyst, this approach will 
be an invaluable tool for catalyst development in academia and industry 
alike, helping to reduce the cost and timescales involved in catalyst 
design or selection, by focusing the efforts on commercially viable al-
ternatives from the outset. 

2. Methodology 

2.1. Catalyst candidate selection 

The holistic, systems-oriented methodology to catalyst design we 
propose is shown in Fig. 1. The first step is to investigate the design space 
of the available catalysts. After considering the reaction and catalyst 
constraints, such as catalyst/reaction mixture phases, reagent solubility 
and operating conditions, the catalyst candidates can be narrowed down 
through knowledge gained from the literature, prior expertise, compu-
tational modelling, initial experiments, and/or a combination of 
experimentation and data analytics. 

2.2. Kinetic modelling and model parameter estimation 

The reactor’s nature and mode of operation in the catalytic step will 
significantly impact a chemical process, and kinetic models are essential 
for its design. Consequently, developing in silico kinetic models for 
catalytic processes is a field receiving significant industrial and aca-
demic interest [10]. If a reliable set of reaction kinetic data is unavai-
lable, experiments can be carried out on the chosen catalysts with, or 
without, further modifications. In this context, Design of Experiment 
(DoE) methodologies can be employed to carefully select an appropriate 
target set of experiments, aiming to reduce the number of experiments 
required to explore the design space and gain the data needed for ki-
netics estimation. Choosing a suitable kinetic model depends upon the 
modelling and simulation requirements and the quality of available data 
required for model identification and parameter estimation activities. 
Often in a catalytic process development programme, only a limited set 
of experimental data is available during the initial catalyst selection, and 
design phase and the use of complex kinetic models is therefore not 
feasible. Compared to microkinetic or other complex reaction mecha-
nistic models, the power-law model, coupled with a suitable reformu-
lation of the Arrhenius equation, requires the fewest number of 
parameters to be estimated. Thus, particularly when only preliminary 
data are available, it can be used initially to estimate the reactor size and 
performance and thereby enable an overall plant model including 
downstream separation steps within a single process flowsheet to be 
developed and used for simulation and optimisation purposes. 

In the kinetic model parameter estimation step (see Fig. 1), the 
available experimental data can be used to estimate the kinetic param-
eters in process simulations. Several parameter estimation techniques 
are available such as Least Squares, Maximum Likelihood, and Bayesian 
estimation methods [11]. When solving a Maximum Likelihood 
parameter estimation, an optimisation algorithm attempts to determine 
values for the model parameters that maximise the mathematical 
model’s probability of predicting the measurement values obtained from 
the experiments [12]. After validating the kinetic model, the model 
predictions should be assessed by examining statistics on fitting per-
formance (chi-square statistics) and kinetic parameter estimation (t-test, 
f-test, and parameter correlation) to quantify the uncertainty in the ki-
netic parameters. The results of these evaluations are then used to 
determine the uncertainty in the responses of interest (such as KPIs) by 
Monte-Carlo simulation of sampled values within the normally distrib-
uted range of uncertain factors. 

2.3. Process synthesis, design and simulation 

Process synthesis and conceptual process design and simulation is 
the next step in the methodology. This is a crucial stage in chemical 
process development, intending to generate realistic flowsheet variants 
and their optimisation concerning specific objectives, such as eco-
nomics, environmental impacts and safety. Here, suitable reaction 
routes, relevant kinetic models and thermodynamic data are required to 
perform the necessary calculations. The catalyst attributes (e.g., activity 
and selectivity) affect the whole process, including, but not limited to, 
the choice and design of the downstream separation units, and hence the 
impact of these must be taken into account. Quantifying these effects, in 
turn, helps to identify the optimal catalyst characteristics and associated 
route(s) and process(es) that satisfy the specific objective(s) for the 
target molecule (e.g., minimise cost/waste) while abiding by imposed 
constraints (e.g., product/waste purity, safety restrictions). As infra-
structure and operating costs are usually the primary variables of in-
terest at an industrial scale, suitable equations must be implemented to 
allow unit operation sizing and cost estimation based on the process 
requirements. Process simulators are used at this stage of development 
to design the overall process(es), as they allow direct comparison of 
different process layout scenarios, unit operation sizing, and quantifi-
cation of uncertainty in performance indicators of interest resulting from 
the uncertainty in the kinetic parameters. 

2.4. Process optimisation 

Assessing the alternatives for each variable in a holistic view of the 
process, including the reactant and product specifications, catalyst at-
tributes, equipment configurations, operating conditions, equipment 
layout, and process synthesis decisions, leads to a broad process design 
space. Consequently, multiple decision criteria can be explored sys-
tematically using Global Sensitivity Analysis (GSA), and the best design 
in which desired objectives, such as cost and process sustainability, are 
minimised or maximised can be achieved using process optimisation 
[13,14]. 

The final step in the proposed methodology is to perform plant-wide 
optimisation based on the selected criteria. This step defines product 
purities and other required specifications as constraints, while catalyst 
attributes, unit specifications, and operating conditions throughout the 
process are defined as decision variables. Choosing a suitable optimi-
sation algorithm depends on the equation set describing the overall 
process. In most cases, the algorithm must solve a nonlinear equation set 
(possibly including integer variables) by varying decision variables to 
find the optimal objective function value (e.g., minimum cost). The re-
sults of this step provide the best process route, plus optimal catalyst, 
unit configurations, and operating conditions, which minimises or 
maximises the objective function, e.g., if the objective function is 
product cost, then the optimal route will be the route that has the lowest 
costs. The effects of the uncertainties in the kinetic parameter estima-
tions can be further studied by propagating them through the whole 
plant using GSA to estimate the impact of the uncertainty of kinetic 
parameters on the uncertainty of the overall process performance. 

Depending on the availability of catalyst candidates, the methodol-
ogy we propose can be applied for:  

• Optimising hypothetical catalysts by manipulating catalyst attributes 
(e.g., activity and selectivity) in conjunction with meaningful con-
straints to guide the development of new catalysts. 

• Comparing available catalysts under their optimal working condi-
tions to assess the impact of the catalyst choice on the performance of 
the overall process in terms of KPIs, such as Total Annualised Cost 
(TAC). 

A demonstration of our methodology applied to a comparison of 
available catalysts is presented in the next section. The software 
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gPROMS PROCESS [15] was used as the flowsheeting tool and Multi-
flash v6.1 [16] to predict the vapour-liquid equilibrium (VLE). 

3. Results and discussion 

Application of the process engineering methodology (Fig. 1) is 
demonstrated by a case study of dehydration of 1-butanol to butenes and 
dibutyl ether over H-ZSM5 and H-Beta catalysts. Bio-derived 1-butanol 
is a renewable feed receiving considerable attention as a sustainable 
fuel and chemical feedstock. It can be produced using the ABE (Acetone, 
Butanol, Ethanol) fermentation process, although this route is still 
currently commercially unattractive compared to its traditional pro-
duction from crude oil [17]. Dehydration of 1-butanol has been reported 
in the literature using different catalysts and reactor systems, and pri-
mary products are reported as mainly butene isomers, dibutyl ether and 
water [18–21]. The bio-derived butenes are of interest as a commodity 
intermediate and dibutyl ether as a bio-renewable solvent. As simple 
kinetic models for dehydration of 1-butanol are not currently available 
in the literature, some experimental data were obtained to enable 
building an initial kinetic model for the process simulation and opti-
misation studies (see SI, Section 1). The experiments were performed 
using 100 mg of H-ZSM5 (Si:Al = 23) or H-Beta (Si:Al = 25) at atmo-
spheric pressure in a flow reactor (ID = 1/4′′) heated with a tubular 
furnace at 200–300 ◦C with a flow rate spanning the range 0.025–0.2 
mL/min. 

There are several possible pathways to butenes starting from 1- 
butanol as the substrate [22]. These could be simultaneous formation 
of butenes and dibutyl ether, termed parallel reaction; consecutive reac-
tion involving the formation of dibutyl ether and water (by surface- 
associated hydrogen transfer) then fragmentation to give butenes and 
1-butanol; reversible reactions between 1-butanol, butenes and dibutyl 
ether, termed triangular reaction (see SI, Section 2). Reaction orders, pre- 
exponential factors, and activation energies for power-law kinetic 
models were estimated using the Maximum Likelihood estimation for 
each of these pathways. Although the reaction yields a mixture of butene 
isomers, 1-butene was used in the calculations, as the preliminary 
experimental results did not separate isomers and because this reduces 
the number of kinetic parameters to be estimated. As a result, butene is 
assumed to represent a mixture of butene isomers for which the exact 
distribution depends upon the reaction conditions and the catalyst in 
use. The maximum reaction temperature considered was 250 ◦C, as we 
found this experimentally to be the highest temperature where iso-
butene formation and coking did not take place. The comparison be-
tween the kinetic model predictions and measured data are given in 

Fig. 2 for both catalysts and the three considered reaction pathways. 
Fig. 2 shows that the parallel and consecutive reaction pathways are 

more accurate than the triangular pathway in predicting conversion for 
the given experimental conditions for both catalysts. The triangular 
pathway is the most generic form, as it includes both parallel and 
consecutive pathways. However, the predictions of conversion for H- 
ZSM5 and selectivities for H-Beta (mainly at 250 ◦C at various flow 
rates) lack accuracy. This is likely due to limitations of the model and/or 
lack of sufficient information from the data to make the parameter 
estimation more accurate. 

Using Global Sensitivity Analysis (GSA) in quantifying the un-
certainties provides descriptive statistics such as maximum, minimum, 
quartiles, coefficient of variation, and mean. The box plots in Fig. 3 show 
these statistics for catalyst attributes (conversion, selectivities) after 
accounting for uncertainties in estimated kinetic parameters (see SI, 
Section 2). The catalyst attribute ranges are essential for guiding the 
design of the downstream separation stages to accommodate possible 
process layouts. 

Fig. 2. Experimental data vs kinetic model predictions for the three reaction pathways considered for 1-butanol dehydration (triangular, consecutive, parallel) with 
± 10% error lines using (a) H-ZSM5 (b) H-Beta catalysts. Experimental data and conditions are given in SI. 
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Thermophysical property models were evaluated using the 
Dortmund-modified UNIFAC model [23]. This model was chosen as it 
could accurately predict the vapour-liquid equilibrium of binary mix-
tures of components and associated azeotropes compared to experi-
mental VLE data [24–27]. Four azeotropes exist for this mixture of 
butenes, butanol, dibutyl ether and water at atmospheric pressure. The 
molar compositions and boiling temperatures at the azeotropic points 
are predicted to be water(0.748)-1-butanol(0.252) at 92.6 ◦C, water 
(0.790)-dibutyl ether(0.210) at 93.52 ◦C, 1-butanol(0.866)-dibutyl 
ether(0.134) at 117.2 ◦C, and water(0.705)-dibutyl ether(0.174)-1- 
butanol(0.121) at 90.8 ◦C. All the azeotropes are heterogeneous except 
that of 1-butanol and dibutyl ether. 

After exploring the physical properties of the product mixture, a 
suitable production process needs to be designed. When it comes to this 
step, one needs to consider that changing or modifying a catalyst, the 
reactor size, or the operating conditions will change the product 
composition leaving the reactor, which affects the design of the down-
stream separation sequence design. Thus, a process flowsheet must be 
established to accommodate different process scenarios. For the case 
study, three main possibilities were considered, which include complete 
conversion of the feed (scenario A), medium conversion of the feed with 
no feed recycle (scenario B), and complete separation of the product 
mixture to recycle the unreacted feed (scenario C). The process flow 
diagram, including the assumed scenarios, is illustrated in Fig. 4. 

The first Scenario (A) simulated the process to achieve a high butanol 
conversion. This was done by increasing the reaction temperature or 
reactor size, affecting operational or capital costs, but then requiring 
only a simple separation sequence of a flash distillation (a single-stage 
separation unit) due to the high reactant conversion. The second Sce-
nario (B) was when the reaction was performed at lower conversion by 
reducing the reaction temperature, with the resulting butene, water and 
mixture of butanol and dibutyl ether being separated by a distillation 
sequence using first a single column followed by a two-column and a 
decanter design to make use of the heterogeneous azeotropic mixture 
property. A third scenario (Scenario C) was considered in which the 
separation of butanol and dibutyl ether was also included (scenario C), 
requiring an additional distillation column. In the process flow diagram, 
and for all scenarios, the reactor outlet mixture was partly liquefied and 
flash distilled to remove more than 95% of the butenes produced. A 
distillation column (V-002) removed the remaining dissolved butenes 
from the liquids in scenarios B and C. Depending on the reactant con-
version and product selectivity, the remaining liquids lied in the two- 

liquid phase region and could be further separated in a decanter (V- 
003) into a water-rich and an alcohol-rich stream, with dibutyl ethers 
mixed in the alcohol-rich stream. Due to the existence of a heteroge-
neous azeotrope, water and butanol must be separated via a two-column 
(V-004, V-005) arrangement with a decanter. For Scenario C, the 
butanol/dibutyl ether azeotrope was avoided by increasing the oper-
ating pressure of the final column (V-006) as this azeotrope is pressure- 
sensitive [24]. Several trade-offs exist, such as reactor size vs. temper-
ature, flash distillation operating conditions vs. butene recovery and 
purity, and distillation column utility requirements vs. distillation col-
umn number of stages and must be explored to achieve the desired 
objective (e.g., minimising cost, minimising waste, maximising safety). 

The three scenarios described previously and shown in Fig. 4, were 
simulated and the results in terms of economic KPIs are given in Table 1. 
Details of the required information used for economic evaluations are 
shown in the SI (Section 4). In Scenario A, the reactor volume was 
calculated based on having a 99% butanol conversion at 250 ◦C, as 
demonstrated experimentally. The comparisons of Scenario B and C in 
Table 1 were based on fixing the conversion at 83.4% for both catalysts 
by reducing the reaction temperature while keeping the reactor size the 
same as in Scenario A. This lower conversion resulted from lowering the 
reaction temperature by 20 ◦C from 250 ◦C for H-ZSM5 and was kept 
similar for H-Beta for comparison purposes. As the reactor volume also 
affects reactant conversions/product selectivities and capital costs, its 
effects were also investigated. The trade-off in reactor size vs. reaction 
temperature is given in the SI, Fig. S4. 

The results (see Table 1) show that scenario A is the best design in 
this case study, with the lowest capital and operating costs. This Sce-
nario also gives the highest production rate, and therefore, the lowest 
production cost per kilogram of product, thus giving the highest profit 
(around 1.8 times the profit of Scenario C) for H-ZSM5. This suggests 
that for this process, due to the nature of the properties of the product 
stream and complex and costly separation requirements (Scenarios B 
and C), maximising the conversion is the most economically viable op-
tion. The desired enhanced conversion could be achieved by performing 
the reaction at higher temperatures, using a different catalyst with 
higher activity (without compromising selectivity), or increasing reactor 
space-time. 

As is usually the case for chemical plants, the results also show that 
raw materials comprise the main portion of the operational costs. 
Consequently, reducing the fresh feed consumption through recycling 
the unreacted and separated 1-butanol will improve economics 

R-001

V-001

H-001

Butanol
H-002

H-003

V-003

V-004 V-005

Water

Organic

Aqueous

V-006

Dibutyl ether

V-002

Butenes

P-001

Butanol

Scenario A: full conversion

Scenario B: medium conversion, no dibutyl ether separation, no butanol recycle

Scenario C: medium conversion, full separation, with butanol recycle

Fig. 4. Process flow diagram of butanol dehydration with 1-butanol as feed and butenes as the main product, based on three process scenarios and the associated 
separation requirements for H-ZSM5 and H-Beta catalysts simulated using the parallel reaction pathway. 
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(Scenario C). Instead of implementing recycle streams, which would 
make the simulation challenging, we have subtracted the separated and 
recyclable streams from the raw material feed streams for the cost 
calculations. 

It should be noted that when using H-Beta as the catalyst, Scenarios B 
and C yield an overall negative profit. This means that H-ZSM5 is the 
better option at a conversion similar to H-Beta due to higher selectivity 
to butenes. However, H-Beta is a better option at the same reactor 
temperature and reactor size since it gives rise to higher conversion. It 
should be noted that the results which are shown in Table 1 also depend 
on the precision of the predicted kinetic parameters, as the uncertainty 
in the H-Beta’s predicted kinetic parameters is higher, which is apparent 

when butene and dibutyl ether selectivities are compared with those of 
H-ZSM5. 

The uncertainty in the estimated kinetic parameters (SI Section 2) 
can also be further propagated after the process design and optimisation 
stage to observe the effect on KPIs of interest. The data presented in 
Fig. 5 show the effect of variation in the estimated kinetic parameters on 
the economic KPIs for both catalysts for Scenario C. For this Scenario, 
when H-ZSM5 and H-Beta operate at the same conversion, H-ZSM is a 
better catalyst choice. Fig. 5 also shows how the higher uncertainties for 
H-Beta catalyst kinetic parameters result to lower accuracy in the pre-
dicted KPIs. Note that Table 1 shows the simulation results for the KPIs 
using the estimated kinetic parameters, while Fig. 5 shows the median of 

Table 1 
Summary of process operating conditions and associated economics for different process scenarios (see Fig. 4), and for two different catalysts, H-ZSM5 and H-Beta.   

H-ZSM5 H-Beta 

Scenario A Scenario B Scenario C Scenario A Scenario B Scenario C 

Operating conditionsa 

H-001 outlet temperature (◦C) 250 230 230 250 206 206 
H-002 outlet temperature (◦C) 15 11 11 11 11 11 
V-002 boil-up ratio (normalised) N/A 0.22 0.22 N/A 0.09 0.09 
V-002 number of stages N/A 3 3 N/A 3 3 
H-003 outlet temperature (◦C) N/A 91.8 80 N/A 80 80 
V-004 boil-up ratio (normalised) N/A 0.09 0.09 N/A 0.06 0.06 
V-004 number of stages N/A 5 5 N/A 5 5 
V-005 boil-up ratio (normalised) N/A 0.52 0.52 N/A 0.44 0.44 
V-005 number of stages N/A 10 10 N/A 10 10 
P-001 outlet pressure (atm) N/A N/A 5 N/A N/A 5 
V-006 number of stages N/A N/A 20 N/A N/A 20 
V-006 feed stage N/A N/A 10 N/A N/A 10 
V-006 boil-up ratio (normalised) N/A N/A 0.97 N/A N/A 0.97 
V-006 reflux ratio (normalised) N/A N/A 0.5 N/A N/A 0.5  

Capital costs (M$) 
H-001 0.087 0.025 0.025 0.087 0.025 0.023 
R-001 0.074 0.074 0.074 0.074 0.074 0.074 
H-002 0.027 0.032 0.032 0.027 0.032 0.033 
V-001 0.022 0.016 0.016 0.022 0.016 0.012 
V-002 N/A 0.019 0.019 N/A 0.019 0.017 
H-003 N/A 0.024 0.024 N/A 0.024 0.024 
V-003 N/A 0.023 0.023 N/A 0.023 0.063 
V-004 N/A 0.054 0.054 N/A 0.054 0.056 
V-005 N/A 0.23 0.23 N/A 0.23 0.22 
P-001 N/A N/A 0.004 N/A N/A 0.004 
V-006 N/A N/A 0.093 N/A N/A 0.1 
Total 0.21 0.49 0.59 0.21 0.49 0.63  

Operating costs (M$/yr) 
H-001 3.39 3.26 3.26 3.39 3.10 3.10 
R-001 1.32 1.02 1.02 1.3 0.77 0.77 
H-002 0.61 0.61 0.61 0.62 0.59 0.59 
V-002 N/A 0.35 0.35 N/A 0.38 0.38 
H-003 N/A 0.074 0.074 N/A 0.049 0.049 
V-004 N/A 0.092 0.092 N/A 0.073 0.073 
V-005 N/A 0.33 0.33 N/A 0.29 0.29 
P-001 N/A N/A 0.0003 N/A N/A 0.0003 
V-006 N/A N/A 0.12 N/A N/A 0.19 
Raw materials 83 83 70 83 83 70 
Total 88 88 76 88 88 75  

Economic Key Performance Indicators (M$/yr) 
Butene Revenue 118 90 90 119 66 66 
Water Revenue 0.026 0.052 0.052 0.026 0.075 0.075 
Dibutyl Ether Revenue N/A N/A 2.5 N/A N/A 3.6 
Total Revenue 119 90 93 119 66 70 
Total Annualised Cost 88 88 76 88 88 75 
Total Annualised Profit 31 2 17 31 − 22 − 6 
Butene production cost ($/tonne) 1100 1400 1200 1100 1712 1468  

a 13.2 t/h pure 1-butanol feed, at 1 atm, 25 ◦C. 99.9% purity of products. 
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the KPIs obtained from GSA studies, where the set of kinetic parameters 
used were stochastically generated. In addition, the GSA results were 
obtained under unoptimised unit operating conditions. 

4. Conclusion 

Process systems engineering tools can aid catalyst design and 
development by analysing the impact of the attributes of available or 
hypothetical catalysts on the overall process. An integrated methodol-
ogy was introduced that uses advanced modelling and optimisation 
approaches to first develop kinetic models from limited kinetic data, 
then describe the required reaction, separation, and unit operations in a 
flowsheeting tool, providing recommendations for catalyst attributes 
and operating conditions of process units. A vital aspect of the meth-
odology is the quantification of the uncertainties associated with the 
kinetic modelling and assessing their effect on the overall process per-
formance by Global Sensitivity Analysis (GSA) tools. The methodology 
was applied to the 1-butanol dehydration process, comparing two 
available catalysts for catalyst selection purposes by assessing their 
plant-wide impacts on process economics. The results show that in the 
optimum catalyst/process, 1-butanol conversion must be maximised (for 
example, by performing the reaction at high temperature) due to the 
complexity of the downstream separation sequence required for 
different reaction conditions. 
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