
Sustainable process synthesis, design, and
analysis: Challenges and opportunities

Item Type Article

Authors Martin, M.; Gani, R.; Mujtaba, Iqbal M.

Citation Martin M, Gani R and Mujtaba IM (2022) Sustainable process
synthesis, design, and analysis: Challenges and opportunities.
Sustainable Production and Consumption. 30: 686-705.

Rights ©2022 The Author(s). Published by Elsevier Ltd on behalf of
Institution of Chemical Engineers. This is an open access article
under the CC BY-NC-ND license ( http://creativecommons.org/
licenses/by-nc-nd/4.0/ ).

Download date 19/05/2023 19:10:17

Link to Item http://hdl.handle.net/10454/18885

http://hdl.handle.net/10454/18885


1 
 

Sustainable process synthesis, design, and analysis: Challenges and opportunities 1 

Mariano Martin1*, Rafiqul Gani2,3, Iqbal Mujtaba4* 2 

1Department of Chemical Engineering. University of Salamanca. Plz. Caídos 1-5, 37008, 

Salamanca. Spain 
2Department of Chemical and Biomolecular Engineering, Korea Advanced Institute of 

Science and Technology (KAIST), Daejeon, South Korea 34141 
3PSE for SPEED Company, Skyttemosen 6, DK-3450 Allerød, Denmark 
4Department of Chemical Engineering, University of Bradford, West Yorkshire BD7 

1DP, UK 

*Corresponding authors: Iqbal Mujtaba (I.M.Mujtaba@bradford.ac.uk); Mariano Martin 3 

(mariano.m3@usal.es) 4 

 5 

Abstract 6 

In this perspective paper, we present challenges and opportunities that the chemical, biochemical 7 

and related industries pose to the process system engineering community to help deliver reliable 8 

and novel sustainable alternatives. More specifically, we highlight the need for a systems approach 9 

where model-based sustainable process synthesis, design, and analysis serve as opportunities to 10 

tackle the challenges. Three technology areas (interlinked to each other) that impact the 11 

sustainability of earth, namely, chemical processes linked with CO2 capture and utilization, 12 

biorefineries and water desalination are selected to highlight our views as well as the need for 13 

further development of computer-aided tools to efficiently solve the large and complex 14 

mathematical systems the problems represent. Analysis of these problems and their reported 15 

solutions indicate that opportunity exists for development of a new class of model-based methods 16 

and tools and their integration with the currently available ones to obtain the desired sustainability 17 

development goals.  18 

Keywords: Sustainable process design; Renewable resources; Systems solution approach; 19 
Computer-aided methods; Model-based software tools.  20 
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 26 

Nomenclature 27 

AE: Algebraic equation 28 

AFEX: Ammonia fiber explosion  29 

CCU: Carbon Capture and utilization 30 

CCUS: Carbon Capture, utilization and storage 31 

DA: Dilute acid 32 

DDS: Direct distillation sequence 33 

DG: Direct gasification 34 

DME: Dimethyl ether. 35 

Fobj: Objective function 36 

GHG: Green house gas 37 

HDS: Hybrid distillation schemes 38 

IDG: Indirect gasification 39 

IDS: Direct distillation sequence 40 

li : Lower bound 41 

LCA: Life cycle assessment 42 

LCI:  Life-cycle inventory  43 

LP: Linear programming 44 

MEE: Multieffect evaporator 45 

MILP: Mixed integer linear programming 46 

MINLP: Mixed integer non-linear programming 47 

MS: Molecular sieves 48 

MSF: Multistage flash 49 
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NLP: Non-linear programming 50 

ODE: Ordinary differnetial equation 51 

PI: Process intensification 52 

PSA: Pressure swing adsoption 53 

PSE: Process system engineering. 54 

PDE: Partial differential equation 55 

PO: Partial oxidation 56 

RO: Reverse osmosis 57 

SR: Steam reforming 58 

TVC: Thermal vapour compression 59 

ui : Upper bound 60 

WGSR: Water gas shift reaction 61 

x: Vector of process variables 62 

Y: Vector of decision variables 63 

z: Vector of process design varaibles 64 

: Fitted process model parameter 65 

: Property model parameter 66 

: Vector of properties 67 

 68 

1. Introduction 69 

A core activity of chemical and biochemical engineering is the conversion of resources to needed 70 

products through synthesis, design, analysis, and operation of an appropriate process (Gani et al., 71 

2020). The objective of process synthesis is to find the optimal process flowsheet from among 72 

numerous alternatives, that converts given raw materials to desired products, subject to a set of 73 

process specifications and performance criteria. The objective of process design is to determine 74 
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optimal values for the variables related to design and operation of the unit operations present in 75 

the process flowsheet subject to the same set of process specifications and performance criteria as 76 

in process synthesis (Westerberg, 2004). Operation of the process needs utilities such as energy, 77 

which directly or indirectly impacts the global warming potential, and, water, which if not treated 78 

pollutes the water resources and related environments. Considering the energy-water-environment 79 

nexus (García and You, 2016; Shahzad et al., 2017; Zhao and You 2021), therefore, the objective 80 

of process synthesis-design should be to determine process alternatives consisting of 81 

hybrid/integrated/intensified options at different scales (unit operation, task, and/or phenomena) 82 

that satisfies the same set of process specifications but whose operation is subject to a set of targets 83 

with respect to process performance criteria. Therefore, the synthesis and design of processes need 84 

to consider which raw material to use, which product to make, what are the environmental impacts 85 

due to the operation of the process and many more (Azapagic, 1999; Fan et al., 2019). Achievement 86 

of these objectives, would require integration of concepts such as circular economy (Geissdoerfer 87 

et al. 2017) and sustainable development goals recently enumerated by the UN in the 2030 agenda 88 

(UN, 2021) that address the water-energy-environment nexus by encouraging the recovery and 89 

reuse of waste and by-products; significantly improved energy and water consumption 90 

efficiencies; alternative chemical (and/or biochemical) synthesis routes, that allow the 91 

transformation of resources to added value products.  92 

As the search space for finding the optimal chemical and/or biochemical process is potentially very 93 

large due to the numerous alternatives that may need to be investigated, the use of model-based 94 

computer aided tools that help to quickly identify promising candidates that can be further studied 95 

through experiment-based approaches or through more detailed process analysis is an option worth 96 

considering (Nikolopoulou and Ierapetritou, 2012; Chen et al., 2021). Note also that process 97 

synthesis-design-operation represents a complex problem, whichever way it is solved. Obviously, 98 

the use of an experiment-based trial and error approach while feasible will most likely not provide 99 

even a local optimal solution. On the other hand, computer-aided systems approach suffers from 100 

availability of the needed validated models as well as the ability to solve the resulting complex 101 

mathematical problem. Also, a large collection of models, process synthesis and/or design methods 102 

and solver algorithms are needed to cover a wide spectrum of application areas. Therefore, an 103 

opportunity exists for use of a systematic computer-aided framework that provides the workflows 104 

for different synthesis and/or design problems together with the associated computational tools as 105 
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well as models and databases. In this perspective paper, this view is highlighted by pointing out 106 

the challenges we face and the opportunities they provide with respect to energy-water-107 

environment impacts. 108 

Traditionally, process simulators are used not only to model and simulate the process, but also to 109 

solve synthesis and/or design problems. The approach employed for the later, is similar to 110 

experiment-based trial and error approach where the experiment is replaced by a simulator, 111 

resulting in reduction of significant time but not necessarily any guarantee of a better solution. The 112 

main issues, however, are the need for verification of results (do they match measured data?) and 113 

quality of the solution (is it the best solution?). To verify the results, experiments at different scales 114 

could be designed, suggesting the use of an integrated experiment and computer-aided solution 115 

approach where the search space is first quickly reduced and then of the one or more promising 116 

alternatives, experimental verification is performed. To improve the quality of the numerical 117 

solution, efficient and reliable numerical solvers are necessary.  118 

Since the early 1980s, when Process Systems Engineering (PSE) was first announced, a large 119 

collection of computer-aided methods and associated tools have been developed (Sargent, 2004). 120 

Indeed, a process simulator (AspenPlus, gPROMS, Hysys, Aveva Pro/II – to name a few) is a tool 121 

that is universally used in education and industrial practice daily all over the world.  They include 122 

process models, databases, numerical solvers, etc., and allow the modelling and/or simulation of a 123 

wide range of processes. Tools for design and analysis (such as economics) are usually available 124 

and only recently, tools for synthesis have started to be developed (Chen and Grossmann, 2017). 125 

Bertran et al., (2017) proposed a general tool, Super-O, for process synthesis based on 126 

superstructure optimization. Tula et al., (2017) reported the development of an integrated tool, 127 

ProCAFD, for sustainable process synthesis, design, and innovation. Chen et al., (2021) proposed, 128 

Pyosyn, which is especially suited for a wide range of model-based sustainable process synthesis 129 

problems. A comprehensive list of computer-aided methods and associated tools developed by 130 

researchers from the PSE community is given by Pistikopoulos et al., (2021). Uses of these tools, 131 

as pointed out by Guillén-Gosálbez et al., (2019), are continuously increasing and latterly being 132 

applied to help in the transition towards a sustainable chemical industry developing transformation 133 

paths, energy production and water management and treatment. These targets are in line with the 134 

agenda 2030 of the UN in topics such as affordable and clean energy, clean water and sanitation, 135 

sustainable cities and communities, responsible consumption, and production among others (UN, 136 



6 
 

2021). For example, Roh et al., (2016) have employed a combination of process simulation, design, 137 

cost analysis, sustainability analysis, etc., for carbon capture and utilization studies; Galán et al., 138 

(2019) have applied surrogate modelling, superstructure optimization approach, heat exchanger, 139 

and water network design within biorefinery synthesis, design, and analysis studies; Filippini et 140 

al., (2019) have applied a first principle based model in gPROMS for salt-free water through 141 

economic design of solar powered thermal desalination process; Martin and Adams (2019) have 142 

highlighted the use of renewable resources. While continuous improvements are being made, the 143 

use of these tools in the new sector of renewable energy and products as well as towards the 144 

development of a circular economy from wastes indicate challenges that need to be resolved and 145 

the opportunities that exist for the PSE community. The following review papers are recommended 146 

to obtain an overview on related topics: renewable energy systems (Shi and Chew, 2012), 147 

environmental life cycle analysis of water desalination (Cherif and Belhadj, 2018), modelling and 148 

optimization of water desalination (Ahmed et al., 2019), circular economy and PSE (Avraamidou 149 

et al., 2020), sustainable design of chemical facilities (Meramo-Hurtado and González-Delgado, 150 

2021), biorefinery integrated with carbon capture (Geissler and Maravelias, 2021).  151 

The objective of this perspective paper is to highlight the challenges and opportunities related to 152 

model-based sustainable process synthesis, design and analysis through state-of-the-art computer-153 

aided methods and tools, including, a perspective on the tasks that the PSE community faces and 154 

opportunity to contribute towards achieving one or more sustainable development goals. To 155 

illustrate these challenges and associated opportunities, the following three types of technologies 156 

are considered: a) chemical processes that produce chemicals needed to sustain society but are 157 

energy intensive because they are based on non-renewable resources; b) biorefinery processes that 158 

currently produce a smaller range of chemicals but are not energy intensive because they are based 159 

on renewable resources; c) water desalination processes that produce needed utilities that are not 160 

available at specific locations. These examples address some of the UN goals of the 2030 agenda 161 

such as affordable and clean energy, responsible consumption and production, climate action or 162 

clean water and sanitation. Note, however, they are at different stages of development and 163 

therefore, different aspects of PSE model-based tools are highlighted. The paper is organized as 164 

follows – after the introduction, brief overviews on the three selected technologies and selected 165 

computer-aided methods and tools are given as background information in section 2; the issues 166 

and challenges related to sustainable development within the three selected technologies are 167 
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highlighted in section 3; perspectives related to current and future needs are given in section 4; 168 

conclusions are given in section 5.   169 

 170 

2. Background Information 171 

2.1 Process Technologies 172 

Figure 1 shows a process-A (which can be chemical, biochemical or water desalination) that 173 

converts resources (renewable or non-renewable) to desired chemicals (products). It is an example 174 

of an energy demanding technology because it needs externally supplied energy to perform its 175 

operations. Above process-A, a power plant, which supplies the demanded energy is shown. It is 176 

an example of an energy supplying technology. The three types of technologies considered in this 177 

paper are related to process-A and some modifications of the total system: a) sustainable chemical 178 

process networks including CCU; b) sustainable biomass based biorefinery for chemicals 179 

productions; c) sustainable water desalination processes. The objective in each technology is to 180 

find solutions through schemes for integration such that the net CO2 emission is significantly 181 

reduced from present values and preferably to zero or negative values. Therefore, these three cases 182 

are directly linked to at least 8 of the 17 goals for sustainable development of the UN (UN, 2021) 183 

including responsible consumption and production, sustainable cities and communities, industry, 184 

innovation and infrastructure, affordable and clean energy, clean water and sanitation, life below 185 

water, life on land, climate action. Figure 2 shows the pyramid of the product value/volume. The 186 

larger the value, the smaller the production capacity. Within the examples in this paper, biomass 187 

can be a source for products within the wide value-chain from energy and bulk chemicals to health 188 

products (Espro et al., 2021); commodity chemicals produced at lower energy demands and with 189 

renewable energies can significantly contribute to the fight against global warming through 190 

reduction of green-house gas (GHG) emissions, direct and/or indirect (Li et al., 2020); water, a 191 

commodity that is required from health applications to cooling or raw material in the production 192 

of any chemical is obtained from saline water from which salts are extracted for use in different 193 

applications of the value chain (Panagopoulos et al., 2019). 194 
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 195 

Figure 1: Integrated chemical process and power-plant 196 

 197 

 198 

Figure 2: Pyramid of Value chain of products 199 

2.1.1 Sustainable carbon capture and utilization processes 200 

Most of the chemicals and/or chemicals-based products and desalinated or treated water needed to 201 

sustain society are currently obtained by converting non-renewable resources that are energy 202 

intensive and thereby contribute to the emission of CO2. Referring to Fig 1, the objective of a 203 

carbon capture (MacDowell et al., 2010) and utilization process is to capture all the CO2 released 204 
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by process-A and/or power plant and utilize it in process-A and/or a new process to make 205 

chemicals so that the net CO2 emission is reduced compared to the base case (von der Asse et al., 206 

2014).  207 

Figure 1 also highlights several other issues. For example, where is the real boundary of the 208 

system? If only the chemical process, or biorefinery or the desalination is the boundary, then most 209 

likely, it is possible to find solutions that do not release CO2 directly. However, if the power-plant 210 

supplying the required energy is employed, then depending on the energy source used, can the CO2 211 

released (indirectly) be reduced? This will depend on which energy sources are used, for example, 212 

distributed small scale desalination plant can be designed to operate fully based on renewable 213 

energy sources with zero net addition to CO2 emission and thus reduction of global warming 214 

(Maleki, 2018; Karimanzira, 2020). Also, Li et al., (2020) and Mongkhonsiri et al., (2021) have 215 

shown the reduction of direct and indirect CO2 emissions through a network of the process (for 216 

commodity chemicals or waste pulp based biorefinery), the power plant supplying the energy 217 

demanded by the process and the water (supply and treatment). An integrated approach of the two 218 

types of technologies as well as improving the economic potential through more efficient 219 

synthesis-design to reduce the energy demand of the process could result in more sustainable 220 

solutions.  Using the method of Frauzem (2017), a list of likely reaction synthesis paths for CO2 221 

utilization has been generated – a partial list is shown in Figure 3 (a larger list can be obtained 222 

from the authors). Note that in all the reaction synthesis paths highlighted, CO2 is a reactant and 223 

never a product. In the figure, mainly single step and some two step conversions (and one three-224 

step conversion) of CO2 to different products are shown. Therefore, for production of these 225 

chemicals, there will not be any direct emission of CO2, but there will be indirect emission of CO2 226 

because of the energy demands of the resulting processing steps. Also, even though the 227 

stoichiometric coefficients in the reactors satisfy the atomic balance, some of the reactions may 228 

still be infeasible. The objective is to find a sustainable design where the amount of captured and 229 

utilized CO2 is greater than the total indirect CO2 emission. In this regard, a combination of the 230 

use of renewable and non-renewable energy sources can contribute to a reduction of the indirect 231 

CO2 emission.   232 

 233 
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 234 

Figure 3: Generated synthesis paths for utilization of CO2 (adopted from Frauzem, 2017). 235 

 236 

2.1.2 Sustainable biomass based biorefinery for chemicals production. 237 

A biorefinery is a chemical complex aiming at the processing of biomass towards the production 238 

of chemicals (Cherubini, 2010). The raw material, consisting of a wide range of possible species, 239 

is a mixture of compounds including cellulose, hemicellulose, lignin, starch, lipids, and proteins, 240 

as shown in Figure 4. Consequently, considering process-A in Figure 1 to be a biorefinery, it is by 241 

definition, a multiproduct facility that receives the raw materials and aims at being self-sustained 242 
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in terms of energy requirements. To process such a complex and diverse mixture, the structure of 243 

any biorefinery consists of a series of processing steps as shown by the general scheme of biomass 244 

processing in Figure 5. The biomass, depending on the intermediates required, is pre-processed 245 

into intermediates, sugars, or syngas. The molecular weight of the intermediates can vary between 246 

two, for hydrogen, to thousands for the case of polymers. The preparation of such intermediates 247 

requires clean-up and/or adjustments of compositions and temperatures. Next, the intermediates 248 

are used to synthesize other chemicals, since most of the times biomass does not contain the desired 249 

products as such. The synthesis step can be catalytic-, fermentation- or digestion-based. The final 250 

steps involve separation of the synthesis effluent for product recovery and purification to meet the 251 

product specifications. The synthesis of products by conversion of the intermediates has evolved 252 

from processes converting one single raw material to a single main product, for example, ethanol 253 

or diesel, to the integration of by-products and to biochemical complexes (Bond et al., 2014).  254 

 255 

Figure 4: Biomass based products 256 

 257 

Figure 5: General scheme of biomass processing 258 
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The wide range of biomass resources available on Earth, indicates that it can be converted to a 259 

wide range of products, such as, ethanol (Martín and Grossmann, 2011), platform chemicals 260 

(Martín and Grossmann, 2015), high value-added products for the pharma and food industry (for 261 

example, essential oils (Dávila et al., 2015)), antioxidants towards a sustainable production system 262 

and a responsible use of residues for a circular economy as targeted in the UN goals. That is, 263 

biomass can be the base for a greener chemical industry capable of substituting the current crude 264 

oil-based status quo. Apart from high value biomass, such as crops, algae, and, seeds, lower value 265 

biomass such as waste also provides opportunities to convert them to a wide spectrum of products 266 

and to determine their sustainable processing technologies. Over the years, the value of biomass 267 

and the trend to decarbonize the power and transportation sectors, have led to the search for 268 

additional uses of biomass from the typical biofuels, the starting point of the biorefinery industry 269 

(Jacques, 1999), to the production of platform chemicals, biomaterials, food supplements, and 270 

health products (highlighted also in Figure 2 by the pyramid of value chain of products). Society 271 

has pushed towards this change of paradigm. Note, however, the biomass resources are not 272 

uniformly distributed on earth and therefore, these solutions are likely to be location dependent. 273 

2.1.3 Sustainable water desalination processes 274 

Water is absolutely essential, directly and indirectly, for all living beings on the earth to survive. 275 

Food, agriculture, energy, industrialization and transportation are all contributing to the sustenance 276 

and quality of life and require significant amounts of water. According to the 2030 Water 277 

Resources Group report published in 2009 (https://www.2030wrg.org/wp-278 

content/uploads/2014/07/Charting-Our-Water-Future-Final.pdf), 6900 billion m3/day of water 279 

will be needed by 2030 compared to 4500 billion m3/day that was needed in 2009. Exponential 280 

growth in population and improved standards of living will continue to increase the freshwater 281 

demand. According to Worldometers (https://www.worldometers.info/water/) the demand for 282 

freshwater is increasing by 64 billion cubic meters a year while the world’s population is growing 283 

by roughly 80 million people each year. However, 94 percent of the world’s water is saline and 284 

therefore desalination technology is perhaps the only option for the sustainability of society. The 285 

UN devotes one goal of the agenda to clean water and it is related to responsible production and 286 

consumption.  287 

https://www.2030wrg.org/wp-content/uploads/2014/07/Charting-Our-Water-Future-Final.pdf
https://www.2030wrg.org/wp-content/uploads/2014/07/Charting-Our-Water-Future-Final.pdf
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A classification of major desalination technologies in terms of thermal and membrane systems is 288 

highlighted in Figure 6a, while an MSF (Multistage Flash) thermal process, which is the oldest 289 

and still dominating for large-scale production of high-quality freshwater is shown in Figure 6b.  290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

Figure 6: Desalination technologies; Overview of alternatives (a); MSF desalination thermal 308 

process (b) (adopted from El-Dessouky and Ettouney, 2002) 309 

 310 

As shown in Figure 6b, the process consists of two sections: a rejection section and a recovery 311 

section consisting of condenser tubes (highlighted in yellow) and flash chambers, a mixer and a 312 

 
(a) 

 
(b) 
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brine heater. The seawater enters the process at the rejection system through the condenser tube 313 

and gets pre-heated by the vapor from the flash chambers. To maintain a balance of the heat, a part 314 

of the seawater leaving the rejection system is discharged to the sea and the remaining part is sent 315 

to a mixer where it is mixed with the recycled brine stream and fed to the recovery system 316 

condenser tubes. After exiting the condenser tubes of the recovery system, the seawater is further 317 

heated in the brine heater and flows into the flash chambers at the highest possible temperature 318 

and low pressure. In the flash chamber, the brine water flashes into vapor, which condenses on 319 

contact with the condenser tubes and the condensed water is collected and leaves as the distillate 320 

(freshwater). The brine solution is split into a blow-down stream and a recycle-brine stream. The 321 

blow-downstream leaves the process, and the recycle-brine stream is sent to the mixer. 322 

According to the integration scheme of Figure 1, these desalination processes have large energy 323 

demands and therefore, the supply of their required energy through fuel-based source will result 324 

in indirect CO2 emissions, which can be reduced using renewable resources.  325 

Numerous investigations have been conducted in the past decades to develop more sustainable 326 

technological solutions to be able to meet the increasing water demand (Al-hotmani et al., 2020; 327 

Martino et al., 2021). The ongoing objective is still the improvement in design, operation, and 328 

control of desalination processes to ensure quality water (in terms of salinity and other dissolved 329 

solids such as boron) at cheaper price with lower environmental impact. However, exploitation of 330 

the full potential of model-based techniques in such solutions can hardly be seen. 331 

2.2 Computer-aided Methods and Tools 332 

First a generic problem formulation covering various types of synthesis-design problems is given, 333 

followed by a brief discussion on the modelling issues. Next, the current state of the art of the 334 

solution approaches is discussed related to the three types of process technologies considered in 335 

this paper.  336 

2.2.1 General Problem Definition 337 

The general product-process synthesis-simulation-design problems formulated as a mathematical 338 

optimization by Zhang et al. (2016) is adopted in this paper and descrribed through Equations 1-339 

6: 340 

Minimize or maximize, 𝐹𝑂𝐵𝐽 = 𝐹{𝐶𝑇𝑌 + 𝑓(𝑧, 𝑥)}      (1) 341 
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Subject to  342 

Y (vector of decision variables); x (vector of process variables); z (vector of design variables, 343 

integer or real), and,  344 

Constraints 345 

* Process model (D=0 for steady state; D=dx/dt for dynamic for example, for a first order lumped 346 

parameter model; D=x/t distributed model for example, for a one-dimensional dynamic 347 

distributed parameter model) 348 

ℎ1(𝑥, 𝑧,  , , 𝑌) = 𝐷                                                  (2) 349 

* Property model 350 

2( , , ) 0h x Y − =           (3) 351 

* Process equality constraints (specifications) 352 

ℎ3(𝑥, 𝑧) = 0           (4) 353 

* Process inequality constraints (limiting values) 354 

𝑙1 ≤ 𝑔1(𝑥, 𝑧, 𝑌) ≤ 𝑢1          (5) 355 

*Process configuration 356 

𝑙2 ≤ 𝑝1(𝑥, 𝑧, 𝑌) ≤ 𝑢2          (6) 357 

With,  358 

Y = 0 or 1; x   0; z   0 359 

In the above equations, x represents a vector of continuous variables, for example, mixture 360 

compositions, stream flow rates, stream temperatures; Y represents a vector of binary integer (0, 361 

1) decision variables, for example, unit operation identity; h1(x, z,,, 𝑌) represents equality 362 

constraints related to the process model equations, that is, mass and energy balance equations of 363 

different types, where   represents properties and  represents fitted model parameters; h2(x,, Y) 364 

represents equality constraints related to chemical properties where  represents a vector of 365 

property model parameters (including kinetic model parameters) and  represents a vector of 366 

physico-chemical properties, including environmental impacts and sustainability related properties 367 
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(note that different sets of properties may be used in Eqs. 2 and 3); h3(x, z) represents equality 368 

constraints related to specifications for process design, for example, fixed operating pressure, 369 

and/or utility usage (heat addition); g1(x, z, Y) represents inequality constraints related to process 370 

design specifications, for example, lower bounds on product purity, sustainability indicators, and, 371 

process environmental impacts; and p1(x, z, Y) represents process network (superstructure) 372 

configurations and/or constraints, for example, connections between two processing steps (unit 373 

operations); l1, l2, and  u1, u2 are lower and upper bounds for Eqs. 5-6, respectively. The objective 374 

function defined in Eq 1, where f(x) represents a vector of linear and/or nonlinear functions and 375 

CTY represents some cost function, is given as an example. Different forms of the objective 376 

function may be used depending on the objectives of the problem being studied. Also, based on 377 

the problem definition, Eq 1 can be either maximized or minimized.  378 

Different combinations of Equations 1-6 represent various types of mathematical problems 379 

representing process simulation, synthesis, design and/or integrated problems. Also, any specific 380 

sets of equations can be solved by the direct approach (all the equations are solved simultaneously, 381 

as in process synthesis); decomposition-based approach (divides the problem into a set of 382 

hierarchical subproblems, which are solved sequentially, as in sustainable process design); hybrid-383 

approach (divides the problem into sub-problems where models of different scales and types are 384 

used, as in combined product and process design). Uncertainties in the model parameters ( and 385 

) can also be considered as part of the solution method.  386 

2.2.2 Modelling and Simulation 387 

Process simulation problems involve the solution of Eqs 2-3 with values of all decision variables 388 

fixed, input variables and design variables specified (de Prada et al., 2019). Note that the property 389 

model equations (Eq. 3) are usually embedded within the process model equations (Eq.2). The 390 

model equations can be of various types (such as algebriac, ordinary differential, partial 391 

differential) and of various forms (such as, empirical-mechanistic, continuous-discontinuous, 392 

discrete-distributed). The modelling and/or simulation objective determines the model type and 393 

form. The solution of the model equations need appropriate numerical solvers. For steady state 394 

process simulation, the process model equations are represented by algebraic equations (AEs), 395 

while for dynamic simulation the process model equations are usually represented by ordinary 396 

differenttial equations (ODEs) and for multi-dimensional simulation (steady state or dynamic), 397 
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partial differential equations (PDEs). Note that in Eq. 2, the ODEs and PDEs can appear on the 398 

left hand sides with respect to other independent variables. 399 

A process simulator  is a computer aided tool that guides the user through steps of a simulation 400 

work-flow consisting of (as main steps) process definition, model generation and analysis, model 401 

parameter retrieval, model equation solution and simulation results analysis. The scope and 402 

application range of the process simulator depends on the models and solvers the simulator has in 403 

its libraries of models and solvers. Table 1 lists three types of process simulators together with 404 

their main uses. Note that Table 1 is used to highlight the message and is not intended to give a 405 

comprehensive list of available tools. 406 

 407 

Table 1: Process simulators and their uses 408 

Type Typical uses Model type Examples 

Steady state Mass and energy balance, 

verify steady state operation; 

verify unit operation design 

Algebraic equations AspenPlus, 

ChemCad, 

gPROMS, Hysys, 

Aveva Pro/II 

Dynamic Transient response, control 

system verification, 

operability-controllability 

analysis 

Ordinary differential 

and algebriac equations  

AspenPlus 

(dynamics), 

gPROMS, Dynsim 

Distributed Detailed 3-D modelling of 

equipment during operation, 

verification of sizing 

parameters 

Partial differential and 

algebraic and/or 

ordinary differential 

equations 

COMSOL, 

ANSYS-Fluent 

EDEM 

 409 

2.2.3 Process Synthesis 410 

Process synthesis involves the solution of Eqs. 1-6 usually with simpler forms of the process model 411 

equations than process design or optimization, and the models are of the steady state type. Equation 412 

6 represents constraints within a superstructure of processing routes. The objective of the process 413 

synthesis problem is usually to determine the optimal processing route to obtain one or more 414 

chemical products by converting one or more available raw materials. The property models (Eq. 415 

3) in process synthesis may also include environmental properties and sustainability metrics so 416 

that these effects can also be assessed for the optimal processing routes. Depending on the 417 

complexity of the process model equations, the process synthesis problem is usually MILP (mixed 418 
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integer linear programming) or MINLP (mixed integer nonlinear programming). Together with a 419 

solver for the model equations, a solver for optimization is also needed. Usually the solvers for 420 

MILP and MINLP also solve the model equations. In MILP problem formulations, the process 421 

models are linearized or simple (surrogate) models of the original nonlinear model. Table 2 lists a 422 

selection of process synthesis tools. Note that Table 2 is used to highlight the message and is not 423 

intended to give a comprehensive list of available tools. 424 

 425 

Table 2: Process synthesis tools and their uses 426 

Type Typical uses Problem types Tools 

Synthesis of 

networks of 

similar unit 

operations 

Synthesis of heat exchanger 

networks,  

MILP, MINLP SYNHEAT (Yee 

and Grossmann, 

1990) 

 

Synthesis of 

processing 

routes 

Determines the optimal 

processing routes from a 

superstructure of alternatives, 

synthesis of RO networks for 

water desalination 

MILP, MINLP Super-O (Beltran et 

al., 2017) 

Integration 

and 

synthesis of 

processing 

routes 

Determines the optimal 

integrated networks and also 

the optimal processing routes 

from a superstructure of 

alternatives 

MILP, MINLP  Pyosyn (Chen et 

al., 2021) 

 427 

2.2.4 Process Design 428 

This problem is also commonly known as flowsheet optimization, unit operation (equipment) 429 

design and/or process design-specification (Westerberg, 2004; Janus and Engell, 2021). The later 430 

two problem types may not involve optimization. As the flowsheet is fixed, the optimization 431 

involves solution of Eqs. 1-5 with decision variables with respect to flowsheet configuration as 432 

fixed. Therefore, the flowsheet optimization problems are usually nonlinear programming (NLP) 433 

or linear programming (LP) depending on whether the process model equations (Eqs 2-3) are 434 

nonlinear or linear, respectively. Some unit operation (equipment) design problems may involve 435 

optimization, if the design problem involves matching the process specifications as well as 436 

minimization of costs, for example. The other design problems also involving integer variables, 437 

such as the number of stages in a distillation column, are regarded as reverse simulation problems 438 
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where given the input-output variables, determine the equipment design parameters. The different 439 

design problems are usually available as design-options with process simulators and information 440 

on them can be found in all process simulator manuals.  441 

2.2.5 Framework for Sustainable Process Design 442 

Tula et al., (2017) proposed a 12-step workflow for sustainable process synthesis, design, and 443 

innovation, which consists of a synthesis stage (first 3 steps), a design stage (the next 6 steps) and 444 

an innovation stage (last 3 steps). In this paper, application of this 3-stages (or 12-steps) method 445 

and associated tools are highlighted through the case studies. Figure 7 shows an adopted version 446 

of a framework, proposed earlier by Tula et al., (2017) that could be suitable for sustainable 447 

chemical process synthesis, design, analysis and innovation through an integrated set of computer-448 

aided methods and tools (ProCAFD).  449 

 450 

Figure 7: Framework for integrated (adopted from Tula et al., 2017) 451 

It can be noted in Figure 7 that a number of methods and associated tools are needed for various 452 

steps of the solution procedure. Also, it can be noted that tools for process simulation is an 453 

important tool, but it is one of many other needed tools. As the problems are becoming larger and 454 

multidisciplinary, need for data of chemicals (properties, hazardous effects, uses in products, etc.), 455 

of materials (membranes, adsorbents, catalysts, etc.), product types (blends, functional, 456 

formulated, etc.), cost-economics (prices, tax, interest rates, etc.), reaction paths (CO2 utilization, 457 

active pharmaceutical ingredients, bio-conversion); biomass (type, availability, location, etc.) and 458 
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many more are also increasing. The systems being considered are also becoming more complex, 459 

requiring multiple models of different scales. Methods for process design need to be integrated not 460 

only with process synthesis, operability, etc., but also with aspects of product design (chemicals, 461 

materials, devices, etc.). Analysis of the problem as well as the problem solution always remains 462 

an important issue. It is not enough to find a converged numerical solution; the solution needs to 463 

be sustainable as well. Finally, to verify the design decisions and generate data for analysis, process 464 

simulators of various types are also needed. Note that synthesis, design, etc., can also be performed 465 

through a trial-error approach where for every set of decisions, the simulator is used to evaluate 466 

the decision (forward approach) and based on the results, the decision is adjusted until convergence 467 

is achieved. In the reverse approach, design decisions are made directly, and the process simulator 468 

is used only for the final verification.   469 

Life cycle assessment (LCA) is an ISO 14040 standardized method which help evaluating the 470 

environmental impacts of a process (Zhou et al., 2014). It is based on the life-cycle inventory (LCI) 471 

of the inputs (energy, raw materials, chemicals) and outputs (products) induced by the process 472 

construction, operation, and decommissioning. The environmental impacts of a process can be 473 

calculated as the sum of the impacts the inputs and outputs will have. For example, the RO process 474 

is responsible for more than 90% of the impacts if the energy supplied in the form of electricity is 475 

generated using fossil fuel. The local electricity production mix and the value of electric 476 

consumption at plant will therefore significantly influence on the impacts of desalination 477 

processes. Pre-treatment of seawater, addition of anti-fouling agents and subsequent post-478 

treatment of freshwater, disposal of brine, decision on the energy sources to be used all lead to 479 

environmental impact and sustainable issues which needs to be analyzed via Life Cycle Analysis 480 

(Vince et al., 2008). In general, all process synthesis design alternatives should be checked for 481 

social, economic, and environmental sustainability (Martín, 2016). Recently several tools have 482 

been developed for sustainability analysis such as COMANDO, a framework for energy systems 483 

optimization (Langiu et al., 2021); DESIRES, a framework that integrates social economic and 484 

environmental metrics for decision support towards sustainable design (Azapagic et al., 2016); 485 

GreenScope, a tool developed at the US-EPA for quantifying process sustainability and Life cycle 486 

inventory (Smith et al., 2015); and WAR, algorithm that aims at the reduction of waste for the 487 

design of sustainable processes (Young and Cabezas, 1999), to list a few. 488 

 489 
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3. Sustainable Technologies, Issues & Challenges 490 

In this section, using three technologies, the problem formulation, their solution as well as 491 

challenges and associated issues are highlighted with respect to model-based computer-aided 492 

solution techniques. These three technologies are selected because they all need energy, produce 493 

or need fresh water and impact the environment. These technologies are at different levels of 494 

development, and so, different aspects of the same set of methods and tools are highlighted. For 495 

example, models are fairly well developed in the chemical processing areas, therefore, the 496 

highlight is on issues related to combination of sub-networks (process, water, energy, CO2 capture) 497 

into an optimal sustainable integrated network. In the biorefinery area, synthesis of the optimal 498 

network is still an issue and therefore, the modelling needs related to synthesis of the optimal 499 

processing route are highlighted. In the desalination area, the focus is the optimal design-500 

configuration of a selected set of alternative desalination processes. Therefore, the focus is on the 501 

detailed modelling issues. Also, the highlighted issues and challenges are based on the experience 502 

gained by the authors in studies involving them. By addressing the identified issues, we aim to 503 

highlight how PSE methods and associated tools can help achieve UN sustainable goals such as 504 

responsible consumption and production of chemicals, clean water by efficient use of potential 505 

energy sources while reducing environmental impact via CO2 capture and reuse. 506 

3.1 Sustainable Carbon Capture and Utilization 507 

Numerous examples of CCU can be found in the published literature (for example, see  Ghiat and 508 

Al-Ansari, 2021). In this paper, a few that have employed integrated solution approaches covering 509 

process synthesis, design and analysis are discussed. Figure 8 highlights the main idea of CCU 510 

alternatives in the form of a superstructure of alternatives. Note that in Figure 8, there are also 511 

alternatives for the CO2 capture process (not shown in the figure); the waste from the chemical 512 

production process should not include any CO2; and, although the power and other utilities (steam, 513 

water, etc.) are not shown in the figure, they should be integrated as shown in Figure 1. A solved 514 

example of this integration with and without uncertainty can be found in Li et al., (2020). Table 3 515 

lists a selection of CCU, and intensified problems solved with the methods and tools listed in 516 

section 2 and highlighted in Figure 7. Appendix A gives details of the models used for solving 517 

process synthesis-design problems.  518 

 519 
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 520 

Figure 8: Superstructure of alternatives for CCU 521 

 522 

Table 3: List of chemical processes with CO2 reduction studied by authors 523 

CCU problem Process type Chemical process Impact 

Problem 1 (Kongpanna et 

al., 2015) 

Use of captured 

CO2 

DMC from various 

sources 

Net reduction of CO2, 

increased profit 

Problem 2 (Koh et al., 

2016) 

Use of captured 

CO2  

DMC production; 

methanol synthesis 

Net reduction of CO2, 

increased profit 

Problem 3 (Frauzem 2017) Use of captured 

CO2  

DME & succinic 

acid production 

Net reduction of CO2, 

increased profit 

Problem 4 (Wisutwattana 

et al., 2017) 

Process 

intensification 

Ethylene glycol 

production 

Net CO2 reduction, 

increased profit 

Problem 5 (Castillo-

Landero et al., 2018) 

Process 

intensification 

Dioxalane 

production 

Reduction of energy 

demand, carbon-footprint  

Problem 6 (O’Connell et 

al., 2019) 

Hybrid separation  Various hybrid 

separation schemes 

Reduction of energy, 

carbon-footprint 

Problem 7(Li et al., 2021) Use of captured 

CO2 

Xylitol production Net reduction of CO2, 

increased profit  

 524 

In the solution of the problems listed in Table 3, the 3-stages sustainable design methodology (Tula 525 

et al., 2017) has been applied, although, the problems solved did not employ all three stages of the 526 

methodology. In stage 1, superstructure-based MILP model has been formulated and solved to 527 

obtain the optimal processing route for CO2 utilization. In stage 2 process simulator-based 528 

flowsheet optimization has been performed. The objective function has been to minimize costs 529 

and CO2 emission. Even though significant improvements and negative net CO2 emissions have 530 

been achieved for the CCU alternatives listed in Table 3, as pointed out by Frauzem (2017), it is 531 

not clear whether the needed global net CO2 emission reduction can be achieved through CCU, 532 
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while CCUS only delays the problem of global warming on earth. A superstructure of alternatives 533 

for CCU and a specific CCU solution are highlighted in Figure 9, where one processing route for 534 

CO2 capture (coal_MEA_CO2), hydrogen supply (M1.1), methanol synthesis (Meohdir-syn plus 535 

Flash1.1; Dist2,1 & 3.1) and DME synthesis (Dmemeoh plus Flash6.1; Dist7.1 & 8.1) are shown 536 

together with other likely alternatives. A further improvement than what was reported previously, 537 

is possible by adding hybrid and PI options to the original solutions of Frauzem, (2017). Detailed 538 

results of synthesis, design, simulation, and analysis for the processes listed in Table 3 can be 539 

obtained from the authors. Solved problems on similar topics have also been reported by others, 540 

for example, reactive distillation (Kiss, 2011), hybrid separation (Skiborowski et al. 2014), carbon 541 

capture and utilization (von der Assen et al. 2014), integrated process synthesis, design, analysis 542 

(Tusso-Pinzón et al., 2020), to name a few.  543 

 544 

 545 

Figure 9: Example of a superstructure of CO2 capture and utilization (adopted from Frauzem, 546 

2017) 547 

3.1.1 Issues and Challenges 548 

The main challenge and issue are how to reduce the CO2 emission from the operation of chemical 549 

processes, which are generally, energy intensive. As the resources on earth are not distributed 550 

uniformly, a challenge is to find solutions that benefit earth globally and not a specific region. Use 551 

of renewable as well as non-renewable sources of energy need to be combined to supply the energy 552 

demand of the chemical processes such that the CO2 emitted indirectly by the power plants could 553 

be captured and utilized. Mixing renewable with non-renewable sources, could provide a solution 554 

to tackling global warming by the chemical and related industry. Process intensification and hybrid 555 
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distillation schemes (HDS) for energy consumption reduction have been proposed. There are 556 

solutions that could be immediately employed, such as membrane-based hybrid distillation 557 

schemes, instead of waiting for total replacement of distillation columns, which is a long-term 558 

solution. As pointed out by O’Connell et al., (2019), distillation is highly energy intensive only if 559 

high purity products are desired. Through HDS, the energy demand for distillation columns can 560 

be significantly reduced. Also, the DS or other innovative hybrid schemes should be considered 561 

for problems that are energy intensive and not those that are difficult but not really energy 562 

intensive.  563 

3.2 Sustainable biorefinery 564 

3.2.1 Biorefinery 565 

The synthesis of a biorefinery is a problem typically addressed in three stages. The first one is pre-566 

screening or synthesis of processing routes, that can be performed based on literature information 567 

to narrow the search of technologies or using high level modelling approaches. Next is the selection 568 

and design of promising flowsheet alternatives containing preselected technologies, which can be 569 

optimized again within the framework of a superstructure. The problem solved at this stage is 570 

classified as design and analysis of the process and gives a base case design. The third stage 571 

consists of innovation or improvement of the base case through detailed modelling as well as the 572 

integration of energy and water networks, more efficient separation sequences and/or process 573 

intensification (Kraemer et al., 2011, Tian et al., 2018).  574 

The formulation of the synthesis-design-innovation problem for a lignocellulose based biorefinery 575 

with ethanol as the main product involves two different paths, the gasification and the hydrolysis 576 

one as shown in Figure 10, where a superstructure of alternative processing routes are highlighted. 577 

The gasification path (thermochemical route) produces syngas, which serves as raw material for 578 

conversion to value-added chemicals, while sugars (from hydrolysis path) serve as raw material 579 

for production of bulk and specialty chemicals (Aden et al., 2004).  As shown in Figure 10, each 580 

path consists of several processing steps and each step has multiple options for performing the 581 

associated task. The thermochemical path includes 9 processing steps consisting of preparation 582 

step 1 (biomass washing and grinding); pretreatment steps 2-4 (either direct (DG) or indirect (ID); 583 

followed by reforming, either steam reforming (SR) or partial oxidation (PO); followed by gas 584 

cleanup). Under gas processing steps 5-6, alternative technologies can be used to adjust the H2 to 585 
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CO ratio (Water Gas Shift Reaction, WGSR), a bypass or Pressure Swing Adsorption, PSA) 586 

followed by CO2 removal (Amine based absorption, MEA; membrane-based separation or PSA). 587 

For conversion step-7 two alternatives are highlighted (fermentation or catalytic synthesis).  Note 588 

that the recycle of the unconverted gases is not shown in Figure 10.  The recovery and purification 589 

steps 8-9 depend on the options used for conversion. In the case of fermentation, first a beer column 590 

is used first to concentrate ethanol in the product stream and then to purify (dehydrate) through 591 

molecular sieves or pervaporation. In the case of catalytic synthesis, recovery and purification are 592 

done either through directly sequenced or indirectly sequenced distillation.  593 

The hydrolysis path consists of biomass washing and grinding (preparation step 1), followed by 594 

pretreatment (steps 2-4), where several technologies can be used, such as Ammonia fiber explosion 595 

(AFEX) or dilute acid treatment (DA). Steps 5-6 represent hydrolysis of cellulose to sugars. In 596 

conversion (step 7) fermentation of the sugars to ethanol occurs. The recovery and purification of 597 

ethanol follows the same as highlighted above for the thermochemical path.  598 

For any model-based synthesis and/or design and optimization, each of the alternatives for the 599 

processing steps within the processing route (process flowsheet) need to be represented by an 600 

appropriate model. A combination of simple mass and energy balance-based models, correlations 601 

based on rules of thumb, surrogate models, etc., can be derived to represent Eqs. (2)-(4). The 602 

development of surrogate models to estimate, for example, the product yields in conversion steps 603 

requires regressed model parameters through fitting of collected data. Models for separation tasks 604 

usually require phase equilibria predictions, while for energy balance calculations, properties such 605 

as heat capacities, heats of formation, etc. (represented by Eq. (3)) are needed. In addition, to avoid 606 

decomposition of species, catalyst poisoning, improper feed compositions for reaction, etc., 607 

bounds need to be imposed (represented by Eq. (5)). A selected set of technologies for each of the 608 

processing steps constitutes the process flowsheet (the superstructure is represented through Eq. 609 

(6)). The superstructure optimization model is formulated as an MINLP optimization problem 610 

using as objective function the total annualized cost (objective function represented by Eq. (1)), 611 

with special interest in the cost of the utilities. In appendix B, examples of the superstructure 612 

model, the kinetic model and the separation model are given to highlight the modelling issues 613 

related to biorefinery synthesis and optimization.  614 
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 615 

Figure 10: Example of a superstructure for ethanol production from biomass (lignocellulose). 616 

 617 

The complexity of the synthesis-design problem formulation increases if integration of water and 618 

energy (Duran and Grossmann, 1986b), heat exchanger network (Yee and Grossmann, 1990) and 619 

water network (Martín et al., 2011) are considered or simultaneous process synthesis, heat and 620 

power integration (Baliban et al., 2011).  621 

A collection of selected biorefinery synthesis-design-innovation (integration) problems based on 622 

literature survey is given in Table 4. The listed biorefinery problems are organized in terms of 623 

problem type, raw material, biomass treatment, products and references. However, as shown in 624 

Figure 11, the technology readiness level of the biorefineries is mostly at prototype and 625 

demonstration levels, while only lignocellulosic ethanol and gasification-based methanol has 626 

reached commercialisation.  627 

 628 

  629 
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Table 4 Biorefinery design problems. Technologies and portfolio of products  630 

Problem Raw Material Biomass 

treatment 

Product Authors 

 

Synthesis Switchgrass Biochemical / 

gasification 

FT/ hydrogen/ 

ethanol 

Martín and Grossmann 

(2011) 

 Thermal/ 

biochemical 

Portfolio Ponce-Ortega et al 

(2012) 

 Thermal/ 

biochemical 

Portfolio Kelloway and Daoutidiis 

(2014) 

Various Biochemical Portfolio Bertran et al 2017 

 Pyrolysis/ 

gasification 

Propylene/liquid 

fuels 

Yuan and Eden (2016) 

 Biochemical Portfolio Ng et al (2019) 

Design Corn Stover Biochemical  Ethanol Aden and Foust, (2009) 

Ligno  Ethanol Piccolo and Bezzo 

(2009) 

Corn Stover  Ethanol Kazi et al., (2010) 

Switchgrass  Ethanol Tao et al., (2011) 

Switchgrass  Butanol Malmierca et al., (2017) 

Corn stover Gasification Ethanol Phillips et al., (2007) 

Corn stover  Ethanol Dutta and Phillips (2009) 

Process 

integration 

Corn Biochemical/ 

Gasification 

Ethanol Cucek et al., (20119 

Sugar cane Methanol/ethanol Albarelli et al., (2017) 

Process- 

product  

  ETBE/ethanol Galán et al. (2019) 

 631 

 632 

Figure 11: Status of biobased processes. Colors represent the principal conversion process, 633 
hydrolysis (green), pyrolysis (blue), hydrothermal upgrading (purple) and gasification (red). 634 

(With permission from IRENA 2016) 635 
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3.2.2 Issues and challenges 636 

Biorefineries can be considered the future chemical complexes for sustainable production of 637 

chemicals, fuels and energy aiming at a responsible production system so as to address the UN 638 

development goals. Conversion of biomass into a desired product (often termed as an intermediate 639 

chemical), which could serve as the starting material for a wide range of higher-value products is 640 

highly species specific, requiring different equipment and technologies as well as operating 641 

conditions for a desired intermediate chemical of choice. For example, breaking down biomass 642 

into lipids, sugars or proteins requires different operating conditions as a function of the biomass 643 

structure and composition (as highlighted in Figure 4). Since biomass availability is location 644 

dependent, therefore, choice of the appropriate biomass to produce the desired product, employing 645 

a collection of technologies configured into an optimal processing route is a challenge that needs 646 

to be resolved.  647 

Another challenge (and issue) to the development of an optimal biorefinery is the lack of data to 648 

evaluate the performance of the designed process. As first-principles based models are not 649 

available for many of the operations, model parameters need to be estimated with measured data 650 

from planned experiments. A particular example of this issue is the kinetic model for the co-651 

fermentation of C5 and C6, which requires a large number of adjustable parameters. The 652 

formulation of this problem should include models that are predictive but at the same time simple, 653 

consistent, and having acceptable accuracy. For this reason, use of appropriate thermodynamic 654 

models, experimental data and surrogate models developed from rigorous simulation models or 655 

through regression with measured data from experiments are encouraged.  656 

The number of possible alternatives for a biorefinery synthesis-design problem increases as many 657 

technologies can be employed for specific operations of a processing route. For example, from 658 

gasification to gas cleanup, the number of possible alternatives increases as it is possible to find 659 

many technologies to perform these operations. Also, from the data in Table 4, it can be noted that 660 

different raw materials can be used in a biorefinery to produce the same product. Therefore, the 661 

selection and evaluation of different alternatives is another challenge (and issue) since tradeoffs 662 

between different factors such as costs, yields, waste, resources, etc., need to be considered. 663 

New technologies and new chemicals whose model and/or data are not found in process simulators 664 

commonly employed for synthesis-design related calculations, require the development of models 665 
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that can be added through flexible software architecture. As most of the traditional biorefineries 666 

have not yet reached commercial exploitation, improvement in terms of innovation and/or 667 

integration is necessary to make them more attractive (IRENA 2016). 668 

As biomass is a living organism whose actual composition depends on how it is grown, it is a 669 

challenge (and issue) to either grow the biomass towards a certain composition that allows an 670 

optimal operation of a biorefinery, or use the model of the biorefinery to look for the type or species 671 

of the biomass that best suits the process. For example, use of algae (Martín and Grossmann, 2013) 672 

and lignocellulosic (Galán et al., 2019) biorefineries have been presented. This inverse problem is 673 

especially interesting and suitable for of interest in the biorefinery industry, especially, the one that 674 

links process and product design.  675 

3.3 Sustainable water desalination 676 

3.3.1 Desalination process 677 

The supply of water using different energy sources and different desalination processes for 678 

different purposes and the associated demands are highlighted in Figure 12. Note, that Figure 12 679 

illustrates a specific application of the concept highlighted in Figure 1, namely, options available 680 

in water desalination. Figure 12 also shows the link between the 3 technology areas and their effect 681 

on the energy-chemicals-water-environment-nexus presented in this paper. Note, that wastewater 682 

treatment of the used water is an important topic, that could also be integrated with the process to 683 

reduce the demand on fresh water, as pointed out by Li et al., (2020). Many reviews on wastewater 684 

treatment technologies can be found, for example, Pesqueria et al., (2020) and Rout et al., (2021). 685 

 686 



30 
 

 687 

Figure 12: Superstructure of water desalination (expanded from Figure 1) 688 

The starting point in water desalination optimization problems is Seawater defined conditions (in 689 

terms of salinity, temperature, pH), variable freshwater demand profile, the selected desalination 690 

process (for example, MSF) plant configurations, fixed design specification of each stage of MSF, 691 

equipment sizing parameters (volume of the storage tank, seawater flow),  freshwater demand 692 

profile, operating time horizon of 24 h; different grades of water and many more (depending on 693 

the problem complexity). 694 

The objective of the typical design problem is to find the optimal process configuration 695 

(MSF/RO/MEE) representing the desalination process. For example, for MSF, it is the number of 696 

stages, the recycled brine flow rate, R; the make-up   seawater, F; and the equipment design of 697 

stages (size, condenser tubes, venting).  698 

The optimal solution is obtained by formulating an optimization problem as described in section 699 

2.2.1 (Eqs 1-6). A more specific example of Eqs. 1-6, applied to desalination process optimization 700 

is given below. Additional details are given in Appendix C.  701 

Minimize, 𝐹𝑂𝐵𝐽 = 𝐹{𝐶𝑇𝑌 + 𝑓(𝑧, 𝑥)} = {
 (𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑜𝑠𝑡)

𝑜𝑟, (𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡)
𝑜𝑟 (𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡)

                             (7) 702 

Subject to, 703 
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-Y (MSF: brine recycle; RO: by-pass/recycle, energy recovery device; fossil 704 

fuel/solar/wind/biofuel/geothermal); 705 

- z (MSF: brine recycle rate, make-up seawater, top brine temperature, steam temperature, number 706 

of recovery stages; RO: Feed pressure, number of stages, number of pumps, number of turbines, 707 

number of pressure vessels, number of membranes in a pressure vessel; MEE: number of effects, 708 

number of pre-heaters, top brine temperature, steam temperature, final effect temperature)  709 

- x (stream flowrates, stream temperatures, stream concentrations), and, 710 

Constraints, 711 

- Equation 2 (process model): The steady state process model consists of mass and energy balances 712 

and the total number of equations depends on the process configuration (number of stages, number 713 

of pressure vessesls and number of effects) of the MSF, RO and MEE processes, respectively. 714 

- Equation 3 (property models): The models consist of the estimation of mixture boiling point 715 

tempeature elevation, calculations of overall heat transfer coefficients subject to fouling, 716 

thrmodynamic losses in MSF and MEE processes, temperature depended permeability constants, 717 

physical properties such as density, viscosity. 718 

- Equation 4 (process specifictions): Specifications, for example, water demand of different grades, 719 

are given as constraints. 720 

- Equation 5 (process constraints): Constraints such as on Top Brine Temperature, and steam 721 

temperature are imposed.  722 

- Equation 6: The process configuration relates to number of stages, number of pressure vessels, 723 

number of evaporation effects, energy recovery device, as well as specific connections. Note that 724 

the processing route is fixed but the configuration within the processing step needs to be 725 

deteremined. 726 

Table 5 gives a list of problems considered in the past in terms of problem type, energy sources, 727 

type of process, raw material, and products. The general process formulation presented in section 728 

2 directly applies to these problems.  729 

3.3.2 Issues and challenges 730 
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Water-energy-food-chemicals-environment are essential components of a sustainable smart city. 731 

Figure 1 implicitly has all these required components. Regarding water, Figure 13 shows the 732 

various possible components of water management in a smart/sustainable city while Figure 12 733 

describes only a facet of the water management problem i.e., the sustainable production of 734 

freshwater using renewable energy and sustainably produced chemicals.  735 

 736 

Table 5 Desalination design and operation problems using different energy sources and processes 737 

Problem Type Feedwater, energy sources Process Authors 

Fixed demand; optimize 

design and operation 

Seawater with fixed salinity and 

temperature, fossil fuel 

MSF Tanvir and Mujtaba 

(2008) 

Variable (daily and 

seasonal) demand; 

optimize design and 

operation 

Seawater with fixed salinity but 

variable temperature, fossil fuel 

MSF Hawaidi and 

Mujtaba (2011) 

Fixed demand; 

superstructure-based 

optimization 

Brackish and Seawater with 

variable salinity and temperature, 

fossil fuel 

RO Sassi and Mujtaba 

(2012) 

Optimize design and 

operation 

Seawater with fixed salinity and 

temperature, LNG cold energy 

Freeze 

Desalination 

Cao et al., (2015) 

Optimize design and 

operation 

Seawater with fixed salinity and 

temperature, wind-solar energy 

with energy storage 

RO Maleki (2018) 

Optimize design and 

operation 

Seawater with fixed salinity and 

temperature, solar energy 

Combined 

power plant 

and MSF 

Shaaban (2019) 

Optimal design and 

economic evaluation 

Seawater with fixed salinity and 

temperature, Solar energy 

Hybrid MEE-

RO 

Filippini et al., 

(2019) 

Fixed demand; fixed 

design, optimize 

operation and minimize 

energy consumption 

Brackish water with fixed salinity 

and temperature, fossil fuel 

Industrial RO Alsarayreh et al., 

(2020) 

Fixed demand; optimize 

design and operation 

Seawater with fixed salinity and 

temperature, fossil fuel 

Hybrid MEE-

TVC-RO 

Al-hotmani et al., 

(2020) 

Optimize design and 

operation 

Seawater with fixed salinity and 

temperature, wind energy 

RO Karimanzira, 

(2020) 

Optimize design and 

operation 

Different types of water sources, 

renewable energy sources 

RO Martino et al., 

(2021) 

 738 

 739 
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 740 

Figure 13 Smart city, water management and potential tools 741 

 742 

The researchers listed in Table 5 only considered a subset of the problem shown in Figure 13. For 743 

example, Hawaidi and Mujtaba (2012) considered fossil fuel as the source of energy but considered 744 

detailed MSF process model and variable water demand. Filippini et al. (2019) considered solar 745 

energy and detailed MEE and RO process model but without fouling.  Karimanzira (2020) 746 

considered wind as the energy source but considered a detailed RO process model with variable 747 

membrane fouling.  Martino et al., (2021) considered renewable sources of energy, simple 748 

surrogate-based RO process model and different grades of water.  749 

Although the solution of the whole problem will require the use of MINLP techniques (which are 750 

available) but the issue that remains is the computational power needed to solve such a large-scale 751 

problem incorporating very detailed process models (including dynamic fouling models) for each 752 

of the components/unit operations of the total system. Even, a superstructure-based RO network 753 

optimization can lead to very large-scale mathematical problems. Often, a maximum of two to 754 

three stage RO process is considered due to computational burden (Alnouri and Linke, 2014) and 755 

limited choices of computational tools available to solve such problems.  756 

The challenges in water management remain in formulating the whole problem (considering all 757 

facets of water management (Figure 13) from systems engineering perspective and develop tools 758 
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to solve the total problem. Even to formulate a partial problem of a smart city in terms of its water, 759 

energy, and chemical requirements (as is the focus of this paper) as a unique systems engineering 760 

problem is necessary but is still a long way to resolution. Guerra and Reklaitis (2018) have pointed 761 

out some of the challenges in water management within energy systems.  762 

 763 

4. Perspectives 764 

4.1 Based on current trends 765 

Resources recovery and reuse is gaining more importance in all three types of technologies 766 

highlighted in section 3. Biomass and specifically waste biomass and captured CO2 are intended 767 

to be used as feedstocks for the manufacture of value-added products, beyond the traditional use 768 

as energy and fuels resources, for a sustainable chemical industry. The change in the raw materials 769 

aims at improving not only the sustainability of the facilities by adding products to the portfolio, 770 

but also to providing the energy, thermal or electrical, required to run the facility as well as the 771 

entire industry. However, this transition to a more sustainable chemical industry and in particular 772 

to the production of specialty chemicals including large molecules poses a challenge for the 773 

simulation of the production and purification stages. Commercial process simulation software is 774 

not able to model physico-chemical extractions, in particular, to predict the yield as a function of 775 

the raw material, nor the thermodynamic properties of these complex compounds. Surrogate or 776 

black-box models based on measured data from experiments are being developed to evaluate the 777 

performance of such units while higher level molecular structure-based property modelling is 778 

gaining support to predict the properties of the species themselves (Bhosekar and Ierapetritou. 779 

2018; McBride and Sundmacher, 2019). Process intensification as well as solution of large 780 

integrated synthesis-design problems under uncertainty of data and models are also getting urgent 781 

attention. These have been identified as options to obtain sustainability and thereby achieve the 782 

goals of circular economy (Pistikopoulos et al., 2021).  783 

In the past, in most cases, the application of renewable energy in desalination has been restricted 784 

to the use of one type of renewable energy (solar/wind/geothermal/thermocline/LNG) with one 785 

type of desalination process (MSF/MEE/RO/Freeze) (Cao et al., 2015; Shahzad et al., 2018; 786 

Karimanzira, 2020). Only handful of work can be found where co-generation of power is also 787 

considered with one type of renewable energy and one type of desalination process (Shaaban, 788 
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2019). Filippini et al., (2019) considered dual energy sources (solar and fossil) in hybrid (MEE-789 

TVC-RO) desalination using very detailed process models. Only recently a matrix of energy 790 

sources (solar/wind/grid) were considered but with only RO desalination process (Maleki, 2018; 791 

Martino et al., 2021) but with single or multiple grades of water and using simple process models.  792 

As summary, three additional specific perspectives, not ordered in terms of priority, are 793 

highlighted below. 794 

* Location dependent sustainable integrated systems with net zero or negative CO2 emission 795 

should be extended to other greenhouse gases. 796 

* Biomass would be the source for chemicals and power towards a new sustainable chemical 797 

industry. 798 

* Sustainable water management will require the use of efficient desalination processes 799 

(thermal, membrane) using renewable resources (energy, chemicals) to reduce carbon 800 

footprint. 801 

4.2 Based on future needs 802 

Although food has not been explicitly considered, it is directly linked to energy (processing and 803 

transportation), water (processing and agriculture) and chemicals (processing and agrochemicals). 804 

Any development of future smart cities will require the formulation and solution of the total 805 

problem using a more advanced systems approach. There is no single model-based platform 806 

currently available, which can facilitate the formulation and solution of such problems. 807 

In the Gulf regions where there are extreme shortages of freshwater, centralized desalination plants 808 

are in place for supplying water for domestic and agricultural use and are heavily subsidized by 809 

the governments for energy supply. Often these plants have not been designed to take advantage 810 

of all available sources of renewable energies (such as wind, biomass, geothermal, thermocline, 811 

etc.). Resources on earth are not uniformly distributed. While there is shortage of water in these 812 

regions, there is plenty of solar energy sources, which could be used. In other regions, like in 813 

Switzerland, a combination of water, wind and solar sources are used to achieve sustainability 814 

(Limpens et al., 2019). 815 

The framework highlighted in this work has the potential to allow development of decentralized 816 

smart cities by considering energy-water-chemical-environment nexus with the use of locally 817 
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suitable energy sources (solar, wind, biomass, thermocline, municipal solid wastes, etc.). However, 818 

this will only be possible when appropriate model-based techniques are available. 819 

Although the currently available Commercial software such as ASPEN, Aveva PROII and 820 

gPROMS have been widely employed for modelling, optimization and control of processes, the 821 

application of these tools in new intensified process operations, desalination and biorefinery 822 

related processes have not been fully exploited and require further development to reach 823 

commercial use for these and other renewable based processes.  824 

The transformation of the chemical industry involves the transition towards biomass as renewable 825 

raw material to substitute current bulk and platform chemicals as well as a raw material for value-826 

added products in the food and health industries. While several stages are widely known and 827 

already in operation, biomass processing is challenging and sensitive to the different species that 828 

affect the technologies and the operating conditions. The availability of biomass is region 829 

dependent and costly transportation results in the need for particularized facilities that are a 830 

function of the type of biomass available in the regions of influence of the processing facility. The 831 

design becomes an art as well as an engineering work. Supply chain becomes an important issue 832 

for the sustainability of the future chemical industry based on renewable resources as well as the 833 

shift into distributed production in certain cases to make the most of the available resources (García 834 

and You, 2015; Sellitto et al., 2019). In addition, biomass wastes are contributing to create the 835 

biocircular economy aiming at providing further use to waste as raw material for that bio based 836 

chemical industry while providing the proper treatment and management to the vast amounts of 837 

organic wastes generated by human activities. This contribution can help address social issues such 838 

as migration to larger cities but fixing population when biorefineries are installed in forest and 839 

agricultural areas (Heras and Martín, 2020). This is expected to contribute to the social pilar of 840 

sustainability.  841 

As summary, three additional specific perspectives, not ordered in terms of priority, are 842 

highlighted below. 843 

* Biomass species selection can determine the products obtained regionally. 844 

* Process optimization based on renewable resources requires development of new class of 845 

tools. 846 
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* Social welfare will depend on the proper use and distribution of fresh water, and 847 

renewable based products and circular economy must become a reality. 848 

 849 

5. Conclusions 850 

The resources that allow mankind to thrive through products that are made from them, are being 851 

stretched; supply of water, a pivotal requirement for food and energy production, is becoming a 852 

major concern; use of fossil fuels, supplying the process energy demands, continue to increase 853 

emissions of greenhouse gases and impacting the environment negatively. All these development 854 

point to an urgent need for change in the selection, distribution and use resources. Resources such 855 

as biomass, energy and water need to be used efficiently through integrated process-utility 856 

networks. New and more sustainable technologies need to be developed, taking into account, the 857 

uneven distribution of natural resources on earth.  858 

The challenges and opportunities that a model-based systems approach faces related to their 859 

application for the development of sustainable alternative technologies for carbon capture and 860 

utilization, biorefinery and water desalination have been highlighted and perspectives on their 861 

resolution have been presented. These three key technology areas are interlinked with each other 862 

through their demands for energy, demands and/or production of fresh water, and impacts on the 863 

environment caused by their operations. Even though many examples of carbon capture and 864 

utilization, biorefinery and water desalination could be found, the challenges with respect to their 865 

sustainable development still exist. This means opportunities exist for the Process Systems 866 

Engineering community to not only develop the needed methods and associated tools but also to 867 

contribute towards sustainable development through innovative solutions. More efforts are needed 868 

to develop new model-based methods and computer-aided tools that are predictive, intelligent, 869 

versatile and have the ability to solve a wide range of problems correctly, consistently and 870 

efficiently. This means currently available property databases need significant extensions, raw 871 

material characterization needs improvements, new process and /or property models need to be 872 

developed, etc., so that integrated, novel and more sustainable technologies can be identified, their 873 

performances verified, and specific sustainable development goals achieved.  874 

This paper identified specific PSE methods-tools that can help to address the challenges. In 875 

particular, PSE methods-tools could serve as the glue that will link models, methods, data, etc., 876 
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from different sources and disciplines together so that natural resources are utilized efficiently, 877 

and the criteria for achieving zero-waste and/or circular economy are satisfied. Methods and 878 

associated tools would therefore be able to contribute to the achievement of some of the related 879 

sustainable development goals of the United Nations. 880 
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Appendix  1153 

Note that all references to Eqs. 1-6 in appendices A, B and C refer to the equations in section 2.2.1. 1154 

Appendix A: Combined chemical process with energy supply and wastewater treatment  1155 

The full model for superstructure-based optimization to determine the optimal network with net 1156 

CO2 emission is given in Li et al. (2020). The objective function used for a 3 sub-network problem 1157 

is given below: 1158 

                                              A1  1159 

                                                                                                                                            1160 

Where, Z is the objective function being minimized, subscript n indicates sub-network (chemical 1161 

process, water supply and energy supply), S indicates revenue from product sale, CRaw, CC, CE, CH, 1162 

Cwater are operating costs for raw material, chemicals, electricity, energy, water respectively for 1163 

the sub-networks, while CCAP is the vector of capital costs for sub-networks and  is the life time 1164 

of the project.  1165 

The processes in each network are represented by simple mass and energy balance models for 1166 

mixers, stochiometric conversion reactors, split factor-based separators and stream dividers and 1167 

bypass (no change in the entering the leaving streams). With these models, in principle, all sub-1168 

networks can be represented. For these simple process models, Eq. 3 is not necessary because the 1169 

property data is used estimate the split factors for the separators and kinetic data is used to estimate 1170 

the conversions for the reactors.  Equations 4-5 represent the constraints in terms of raw material 1171 

availability, product purity, energy demand-supply, etc. Eq. 6 represent the connections not 1172 

allowed in the superstructure. For example, power for pumps and/or compressors are supplied 1173 

through electricity sub-network.  1174 

Sample mass balance model is given for process unit operations (Eq. 2): mass balance equations 1175 

mixer:                                                                                                                      A2 1176 

                                                                                      1177 

                                                                                                                                 A3 1178 

 1179 

Reactor:                                                                                                                   A4 1180 

Separator:                                                                                                                 A5 1181 

                              1182 

                                                                                                                                  A6 1183 

 1184 

Divider:                                                                                                                     A7 1185 
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                                                                                                                                  A8 1186 

 1187 

Process constraints (Eq. 4-5): 1188 

raw material (availability):                                                                                      A9 1189 

 1190 

raw material (demand):                                                                                           A10 1191 

 1192 

Superstructure connection (Eq. 6): 1193 

 1194 

To and from streams of a step:                                                                                A11 1195 

 1196 

In the above equations, subscripts i, k, kk, l, ii represent component, interval (unit operation) in 1197 

step k, interval in step kk, interval in step l, respectively; superscripts LOC, IN, M, OUT, R, W, 1, 1198 

2 indicate location, inlet, mixer, outlet, reactor, waste (separator), outlet exit numbers, respectively; 1199 

f, g, F are intermediate stream flowrate, generated flowrate and feed flowrate, respectively;  is 1200 

conversion;  is stochiometric coefficients;  is component split factors;  is stream split factor; 1201 

AVAIL, DEM, MW are short for available, demand and molecular weight, respectively. The full 1202 

model document including the optimization code as GAMS file can be obtained from the authors. 1203 

The above problem represents a network synthesis problem.  1204 

 1205 

Appendix B: Biorefinery  1206 

The objective function to minimize is given by, 1207 

      min Cos ·i i

i

t C U=                                            B1                                                                                                                            1208 

Where, Ci correspond to the cost of the different utilities and Ui the utilities, such as steam or 1209 

electricity.   1210 

Subject to, 1211 

*Process constraints (Eq. 2): Simple mass and energy balance models 1212 

Mixers:  , ,i k out k

i IN

f f


=         B2 1213 

, ,· ·OUT IN

i k i i k i
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f H f H
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Heat exchangers:  , ,

IN OUT

i k i k

j IN

f f j


=        B4  1215 

, ,· ·OUT IN

i k i i k i

j OUT j IN

Q f H f H
 

= −       B5 1216 

Compressors:  , ,

IN OUT

i k i k

j IN

f f j


=         B6  1217 

1, ( , , )OUT IN IN OUT

CompressorT h T P P=      B7 1218 

1, ( , , )IN IN OUT

CompressorW h T P P=      B8 1219 

Splitter s: 
, , ,( )          

1

OUT IN

i k i k i k

k

k

f f



=

=
      B9  1220 

Reactor (Gasifier): ( ), , , , , , ,

OUT IN IN

i k i k react k react r k i r k i reactf f f MW MW = +   B10 1221 

, ,· ·OUT IN

i k i i k i

j OUT j IN

Q f H f H
 

= −       B11 1222 

Separator (i.e., cyclone, flash, distillation column) 1223 

, , ,(1 )OUT IN

i k i k i kf f = −        B12 1224 

, ,· ·OUT IN

i k i i k i

j OUT j IN

Q f H f H
 

= −       B13 1225 

* Property models (Eq. 3): 1226 

Enthalpy Hi of compound i is calculated from the standard formation enthalpy and the Cpi as a 1227 

function of temperature T, that is ( represents Cpi),  1228 

Hi = h2(, T)                                                                    B14 1229 

* Process equality constraints (Eq. 4): 1230 

For example, in the thermochemical route, after gasification, the ratio of H2 to CO is specified as 1231 

a constraint, 1232 

H2/CO = 1                                 B15 1233 
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Or, the separation yields as a function of the operating conditions of the cyclones or the flash 1234 

operation; 1235 

,i k = h3(f,P,T)                                         B16                               1236 

* Process specifications (Eq 5):  1237 

For example, the temperature in the gasifier cannot be greater than Tmax, that is, 1238 

Ti  Tmax                                                                      B17 1239 

 1240 

In the above equations, subscripts i, k, represent component i and the unit operation of processing 1241 

step k, respectively; superscripts IN, OUT are inlet and outlet, respectively; f is stream flowrate;  1242 

is conversion;  is vector of stochiometric coefficients;  is vector of component split factors;  is 1243 

stream split factor. Q is the thermal energy and W the electrical energy. T and P are the temperature 1244 

and pressure corresponding to the processing step. The detailed models for the biorefinery can be 1245 

obtained from the authors.  1246 

Note that since the flowsheet (processing route), is fixed Eq. 6 is not necessary. The above 1247 

problem represents a flowsheet simulation design (optimization) problem.  1248 

 1249 

Appendix C: Desalination process 1250 

The detailed optimization equations in the context of water desalination problem are presented 1251 

below. 1252 

The objective function (Eq. 1) minimizes a multi-parametric function of cost terms consisting of 1253 

Total Annualized Costs for MSF/MEE (multi-stage flash/multi-effect evaporator) and RO (reverse 1254 

osmosis), Fresh water production cost and Specific energy consumption cost). The TACMSF/MEE is 1255 

given below as an example: 1256 

𝑇𝐴𝐶𝑀𝑆𝐹/𝑀𝐸𝐸  ($/𝑦) = 𝐴𝐶𝐶 + 𝐴𝑂𝐶               C1 1257 

Where, 1258 

𝐴𝐶𝐶 = 182𝐻𝑁𝑇𝑜𝑡𝑎𝑙
0.65               C2 1259 

𝐴𝑂𝐶 = (𝐶𝑆𝑡𝑒𝑎𝑚 + 𝐶𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 + 𝐶𝑃𝑜𝑤𝑒𝑟 + 𝐶𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑒𝑛𝑐𝑒 + 𝐶𝐿𝑎𝑏𝑜𝑢𝑟)                 C3 1260 

Where ACC and AOC are annualized capital cost and annualized operating cost, respectively. Ci 1261 

indicates operating costs related to type i.  1262 
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*Process Model (Eq. 2): A typical steady state mass and energy balance model for MSF process 1263 

is given below: 1264 

Mass balance in the flash chamber: 1265 

𝐵𝑗 = 𝐵𝑗−1 − 𝑉𝑗;    𝑗 = 1, 𝑁                         C4 1266 

Salt balance in the flash chamber: 1267 

𝐵𝑗−1 × 𝐶𝐵𝑗−1 = 𝐵𝑗 × 𝐶𝐵𝑗;   𝑗 = 1, 𝑁            C5 1268 

Where Bj, Vj and CBj are brine flowrate for MSF stage j, vapor flowrate leaving MSF stage j and 1269 

concentration of brine leaving MSF stage j, respectively; N is the number of stages. 1270 

Energy balance on flashing brine: 1271 

𝐵𝑗 =
ℎ𝐵𝑗−1−ℎ𝑣𝑗

ℎ𝐵𝑗−ℎ𝑣𝑗
× 𝐵𝑗−1;   𝑗 = 1, 𝑁           C6 1272 

Where, hBj, hvj are enthalpy of brine leaving MSF stage j and enthalpy of vapor leaving MSF stage 1273 

j, respectively.  1274 

* Property model (Eq. 3): Property models suitable for study of desalination processes are given 1275 

by El-Dessouky and Ettouney (2002), Tanvir and Mujtaba (2008), Sassi and Mujtaba (2012), and 1276 

Filippini et al. (2019).  1277 

A typical correlation to evaluate boiling point temperature elevation (TE) is given below (El-1278 

Dessouky and Ettouney, 2002): 1279 

𝑇𝐸 = 𝐴𝑋 + 𝐵𝑋2 + 𝐶𝑋3                C7 1280 

With, 1281 

 A=8.325 × 10−2+1.883 × 10-4 × T+4.02 × 10-6 × 𝑇2;            C7a 1282 

B=-7.625 × 10-4+9.02 × 10-5 × T+5.2 × 10-7 × 𝑇2                       C7b 1283 

C=1.522 × 10-4-3 × 10-6 × 𝑇-3 × 10-8 × 𝑇2;             C7c 1284 

Where, T = boiling point temperature in oC and X = salinity in weight percent 1285 

* Process specifications (Eq. 4): This constraint is represented by Freshwater demand, D:   1286 

 𝐷𝑔𝑟𝑎𝑑𝑒,1 𝑡𝑜 𝑁 = 𝐷𝑔𝑟𝑎𝑑𝑒,1 𝑡𝑜 𝑁
∗                           C8 1287 

* Process inequality constraints (Eq. 5): Examples of process inequality constraints is given below 1288 

in terms of bounds on the top brine temperature for MSF/MEE process. 1289 
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Bounds on the Top Brine Temperature: 𝑇𝐵𝑇𝐿 ≤ 𝑇𝐵𝑇 ≤ 𝑇𝐵𝑇𝑈     C9 1290 

* Process configuration (Eq. 6): Example of a process configuration equation is given below in 1291 

terms of total number of MSF/MEE/RO stages. 1292 

Total number of stages or effect: 𝑁 = ∑ 𝑦𝑗        C10 1293 

Where, 𝑦𝑗 = 0 𝑜𝑟 1,   and j varies between minimum and maximum number of stages/effects. 1294 

 1295 

The above design-optimization problem formulation results in a Mixed Integer Nonlinear 1296 

Programming model that can be solved in different ways. Different methods have been developed 1297 

in the literature to solve these MINLP problems (Duran and Grossmann, 1986a; Fletcher and 1298 

Leyffer, 1994; Jiang et al., 2015; Martino et al., 2021).  1299 
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