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Highlights

e Sustainability issues are changing the nature of process design problems and methods.

e Design boundaries have expanded down towards molecular level and up to global
scales.

e Methods and decision support frameworks address multidimensionality and
multiscale.

e Explicit consideration of ecosystems has shown recent advancements.

e Tools capturing the full range of scales and interactions are yet to be developed.

Abstract

The quest for sustainability is changing how chemical engineers conceptualise new processes.
The task also becomes more complicated by economic and social uncertainties, local diversity
of renewable resources and globalisation. These realities are changing the nature of process
design problems and recent advancements have been able to incorporate the
multidimensionality and multiscale boundaries by exploiting the power of mathematical
methods, decision support frameworks and insight based methods. In doing so, two main trends
for methods development can be distinguished, the ones considering expanded boundaries for
design from the lowest molecular level to the process level, and the ones from process to the
higher levels of value chains, ecosystems and the planet. However, a truly integrated
framework that captures the full range of scales and interactions from molecular to planetary
levels is yet to be developed to be able to find superior designs that perhaps we had never
thought of before.
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Introduction

Extensive consumption of coal, oil, gas and synthetic fertilisers have led to excessive
greenhouse gas (GHG) accumulation in the atmosphere. The resulting increased capacity to
absorb solar irradiation produces the energy imbalance that drives climate change. Under this
context, the capacity of the planet to provide food, energy and clean water become more
constrained [1]. Longer dry seasons in some localities means less water available and less
agricultural production, while more energy is consumed for thermal comfort. These issues
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revealed the tight coupling between human and natural components into a complex nexus that
needs to be understood using systems integration approaches for truly sustainable solutions [2].
Chemical engineering with its inherent systems view is arguably the discipline best positioned
to address these issues. The chemical industry transforms raw materials into goods, electricity
and heat that enable modern lifestyles. In doing so, 7 % of global industrial greenhouse gas
(GHG) emissions are generated [3]. The chemical industry also helps to save energy and
emissions by supplying innovative insulation and lightweight materials, fuel additives,
catalysts, and enzymes as well as biotechnological products such as biofuels and chemical
alternatives to petrochemicals. However, there is still wider scope for improving and designing
processes with sustainability in mind. In fact, this has propelled the development of systematic
tools and methods to unravel interactions that are critical for achieving sustainable process
designs.

The quest for sustainability is changing how chemical engineers conceptualise new processes,
as consideration should be given not only to reactions, separations, energy efficiency, and
economics but also to safety, environmental and social impacts. Until the last century, chemical
processes were traditionally designed with the plant gates as boundaries and with economics
as the primary objective, often neglecting consequences for the environment. Awareness of
detrimental environmental impacts by human activities encouraged governments to put
regulations in place, and the industry then adopted end-of-pipe solutions to treat wastes and
emissions. With the oil crisis of the 1970s, energy efficiency became essential and gave light
to the pinch analysis method for process integration, which has helped to save up to 30% of
energy use in process industries while reducing related emissions [4]. The importance of
preserving vital resources such as water and reducing carbon emissions have also driven the
development of similar methods. Arguably, process integration has been the major research
contribution from what it is known as process systems engineering (PSE), towards making
chemical processes more sustainable. Nowadays, there are two main approaches for process
design, hierarchical methods using heuristics and insight-based approaches (e.g. pinch analysis
methods) [5] and mathematical optimisation methods [6]ee. In the recent literature there is
much more effort put into developing the second type of methods, with recent advances in
multiobjective optimisation and optimisation under uncertainty for robust process designs [7].
These approaches are much needed to address the multifaceted concept of sustainability.
However, hybrid methods are preferable to make a balance between insights and complex
mathematical formulations for a better appreciation of the decision-making process and the
solutions obtained.

Figure 1 shows an onion model with the various levels or boundaries that are now considered
in recent developments for sustainable process design. This review focuses on how the need to
look at multiple scales or levels of process systems is expanding the boundaries considered for
design; and how such an expansion is influencing current developments and applications of
methods for sustainable process design. This has been clearly reflected in the trends in the
literature reviewed from 2015 to date. The first section reviews recent works looking down
towards the molecular level. The second section reviews recent works that consider expanded
system boundaries from process level up to value chain and wider systems. A prospective



section then provides a synthesis of challenges and opportunities for developing sustainable
process designs.

Ecosystems
Value chains

Process systems

Processing units

Figure 1 Levels considered in recent trends for sustainable process design
From molecules to process flowsheets

By looking at the molecular level, researchers understand molecular interactions to target more
efficient solvents, reactants and catalysts. This contributes towards making processes more
sustainable by reducing the use of toxic solvents, energy consumption and waste generation.
Advances in computational power and group contribution methods for predicting
physicochemical properties have propelled the area of computer-aided molecular and process
design (CAMPD), which views the molecular level as an entry point for sustainable process
design [8] [9]. A method has been recently developed by introducing a new kind of solvent
descriptor obtained from quantum chemical calculations [10]. The method simultaneously
optimises solvent molecular structures and processing units using a mixed-integer nonlinear
program for a Diels—Alder reaction. A rather hierarchical method has been applied to the design
of an absorption process to separate carbon dioxide from methane [11]. This process can
potentially contribute to making high purity methane, from shale gas and biogas, ready for
injection into current infrastructure. The methods reviewed can be so computationally
expensive that their application may not be practical. However, efficient algorithms for the
application of group contribution methods are being developed [12]. Methods based on
quantum calculations have been able to find best solvent candidates that minimise energy
requirements by up to 63% [13] e.



Molecular level methods are primarily applied to solvent-based separations. Consideration of
the full process system can create scopes for better process integration and intensification,
which potentially lead to innovative designs. This is a challenge yet to be addressed mainly
because of the complexity of mathematical formulations for CAMPD problems. However,
CAMPD inspired new methods by making analogies between functional groups in a molecule
and the distinctive functionality of a processing unit or group of units. Automated flowsheet
generation based on the concept of functional process-groups and connectivity rules is able to
generate structurally feasible flowsheet alternatives [14]ee. The framework allows fast
screening of alternatives due to the “property”” models for energy consumption, atom efficiency
and environmental impacts of individual process-groups. This provides an advancement
towards incorporating sustainability from early stages in the process design. The analogy to
molecular group contribution methods has been taken further to develop a process synthesis
and intensification methodology using phenomena (e.g. reaction, convection, diffusion, etc.)
as building blocks of processing units and flowsheets [15] ¢e. Although the last two methods
rely on some mathematical algorithms, they still require knowledge inputs from the engineer
to pre-define combinatorial rules and constraints for feasible flowsheets, which may favour
their wider adoption if they can be implemented into a user-friendly software [16]. Despite the
innovative outcomes, validation of unit operations and flowsheets would still be needed.

Other interesting developments that are expanding the boundaries for process design are
synthetic biology and metabolic engineering [17]. Multiscale modelling methods that are able
to model relatively large physical systems and capture the essential features of the micro- and
nanoscale structure and interactions inside the cells are urgently needed for developing
sustainable bioprocesses [18]. This will benefit from recent novel approaches that integrate
experimental studies with process synthesis and simulation [19], [20]. Promising research
directions for developing renewable fuel production processes have been identified by using
this “process-first” approach [21] e.

From process to global systems

Recent advances at the process level show that it is possible to automate process design, heat
integration and utility system design using superstructure optimisation [22]. Process integration
approaches keep developing for higher system levels including techniques for carbon and other
environmental footprint problems [23] . However, it is becoming more and more important to
recognise that chemical process systems are part of a system of systems. This has pushed
forward research into new approaches that address the necessary expansion of boundaries for
design towards the large scales, including eco-industrial parks, value chains, techno-ecological
systems and global planet systems.

Eco-industrial parks (EIP) have been undertaken as an object of study by PSE from planning
and design points of view, mainly using mathematical optimisation [24][25] [26]e. This
expanded the boundaries to co-located processing plants and often involve multiple
stakeholders that can influence design decisions. Fuzzy optimisation methods have been
applied to bioenergy parks [27], while game theory has been used for designing water networks
[28]. A hybrid approach integrating hierarchical decision making and multiobjective
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optimisation has proved useful [29]. The advantage of these methods is the integration of the
multiple stakeholder preferences, roles and importance; because of this, their application can
provide attainable solutions. Waste reuse and by-product synergies in EIP can also be
optimised using mathematical approaches [30]. Material flow analysis [31] and input-output
analysis [32] ¢« are other techniques from the area of industrial ecology that have been used for
designing EIP. Sustainability indicators have also been developed to assess the performance of
EIP [33].

At the supply chain level, robust multiobjective optimisation methods have been developed to
address the geographical and temporal diversity of renewable resources, wider system
boundaries and uncertainties [34]. The identification of relevant trade-offs is also necessary to
gain insights of the solution space [35]. Recent advancements also demonstrate the benefits of
incorporating spatially and temporally explicit models for the design of synthetic natural gas
supply chains [36], biomass value chains with multifeedstock and multivector energy systems
[37] and hydrogen networks with transport and storage [38]. Designing renewable energy
supply chains has also been performed using the P-graph method considering variable inputs
and outputs and processes with multiperiod operations [39][40][41] . Biofuel and biorefinery
value chains create further challenges and opportunities such as diversity of biomass feedstock
and conversion technologies [42] [43]. A more general review identifies the multiscale,
multiobjective and multiplayer natures of the value chain design problem as the major
challenges [44] ==. Some of these challenges have been addressed for multiplayer shale gas
supply chains using net present value and GHG emissions as optimisation objectives [45].

A supply chain model incorporating land use and ecosystem services is a notable contribution
that demonstrates how the boundaries for design are increasingly expanding [46].
Conceptualising processes in synchrony and synergy with the ecological processes has also
shown significant advances, including a novel framework to develop techno-ecological
synergy as a strategy for sustainable process design [47]e. It is also important to ensure
technologies are implemented according to the capacity of local ecosystems [48] [49]. The
local scale can also facilitate more opportunities for direct synergetic interactions, which can
be facilitated by a framework that explicitly captures the dynamic nature of ecosystems as well
as techno-ecological interactions in locally integrated production systems [50]. The design of
local systems should also recognise the global planetary system as the ultimate boundary for
process design by employing a process-to-planet framework [51]ee.

A more recent trend is the consideration of the food-energy-water nexus concept as an approach
to integrated resource management and secure access to basic human needs. Indeed PSE has a
great opportunity for application of methods to create positive synergies among the nexus
subsystems [52]ee. Studies on simultaneous optimisation start to appear, such as water and
energy optimisation [53], and more recently the local integration of food, energy and water
subsystems [54]. Other systems concepts influencing recent developments include
polygeneration, which encloses many of current ideas for multifeedstock, multiproduct and
multifunctional process systems [55], [56]. The circular economy or closed loop concept is also
influencing the trends in process design, including novel concepts for waste processing and
resource recovery [57] [58] [59]. Another trend is the design of energy self-sufficient processes



involving hybrid production systems combining renewable energy sources and fuel and
chemical production [60][61][62] [63]. There is also a trend on co-processing of biomass and
fossil feedstocks as a bridge between current fossil based economy and a future bio-economy
[64].

The developing of multicriteria decision (MCD) support frameworks and indicators for
application during early design stages is another trend that addresses the need for a transparent
decision-making process and to facilitate engagement of decision makers [65][66] [67]. A new
multilevel framework proposes a joint risk assessment matrix for the assessment of process
alternatives [68]. Similar frameworks have been developed for biomass processing paths and
biorefinery processes [69] [70] [71]. Methods based on indicators adopted from green
chemistry and engineering have also been developed to assist decision making during process
design [72][73][74]*e. Frameworks considering triple bottom line sustainability criteria are
desirable to have a comprehensive and tractable overview of process design performances In
this respect, the novel Decision-Support Framework Integrating Economic, Environmental and
Social Sustainability (DESIRES) is a unique contribution [75]ee.

Prospective for sustainable chemical process design

Process design should optimise resources as well as minimise impacts by means of resource
recovery and extensive feedstock fractionation, which enables a wider scope for process
integration and intensification. Designs should also enable synergistic linkages with other
production components in the form of industrial parks as well as with the ecosystems in the
form of techno-ecological systems. In this way circularity of resources for their preservation
for the future generations can be enabled, thus achieving the ultimate goal of sustainability.
With the rise of widely distributed biomass and other renewable resources, it is also necessary
to capture their spatial and temporal diversity as well as their role in the global economy.
Therefore, new methods and tools need to be able to capture such new requirements and
realities which drive the boundary expansion for process design, at the lowest scale towards
molecules and cells; at the larger scales towards value chains, techno-ecological systems and
the planet.

Despite significant advancements at both sides of the scales, a truly integrated framework that
captures the full range of scales and interactions from molecular to planetary levels is yet to be
developed to be able to find innovative designs that perhaps we had never thought of before.
Design and analysis methods, solution algorithms and visualisation of multiple indicators for
such integrated framework will be necessary. Across the various scales, only a few methods
include social indicators. Furthermore, systematic methodologies for reducing the
multidimensionality of indicators by maintaining the most relevant ones are also lacking.

Although sophisticated mathematical methods have proved useful in theory, results need to be
validated experimentally and operationalised by user-friendly software tools for application in
the engineering practice. This requires the computationally efficient coupling of heterogeneous
models of multiple temporal and spatial scales that should be flexible enough for wide
applications. The tool should allow solutions to remain trackable to the decision maker so that
the path followed by the solver can be examined to gain knowledge that can be applied in other
contexts without solving complex optimisation problems. There is the possibility to benefit
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from recent advancements in data analytics and machine learning algorithms which promise to
take PSE and process design methods to new avenues.

Adapting to growing knowledge and understanding at the molecular level and catching up with
advancements in systems biology and metabolic engineering is another challenge. This also
makes clear that a multidisciplinary approach including chemistry, biology, ecology, economy
and social sciences is also necessary. Thus, the future of process design also lies on a
collaborative approach to finding sustainable solutions since early stages of development.

Finally, the widespread application of the recent advances also requires the development of
educational materials to equip future generations of chemical engineers with the required tools
and systems thinking for developing sustainable process [76] [77][78]¢°.

References

[1] ONU. Millenium Ecosystems Assessment. Ecosystems and human well-being -
Synthesis. 2005.

[2] LiuJ, Mooney H, Hull V, Davis SJ, Gaskell J, Hertel T, et al. Systems integration for
global sustainability. Science (80- ) 2015,347:1258832. doi:10.1126/science.1258832.

[3] ICCA. Innovations for greenhouse gas reductions. 2009. doi:10.1016/S1351-
4210(09)70317-8.

[4] Kemp IC. Pinch analysis and process integration: a user guide on process integration
for the efficient use of energy. Butterworth-Heinemann; 2007.

[5] Klemes JJ, Varbanov PS, Kravanja Z. Recent developments in Process Integration.
Chem Eng Res Des 2013,91:2037-53. d0i:10.1016/j.cherd.2013.08.019.

[6] Chen Q, Grossmann IE. Recent developments and challenges in optimization-based
process synthesis. Annu Rev Chem Biomol Eng 2017,8. doi:10.1146/annurev-
chembioeng-080615-033546. ** This article presents a comprehensive review of
recent advances and challenges in optimization-based process synthesis and design.

[7] CuiY, Geng Z, Zhu Q, Han Y. Review: Multi-objective optimization methods and
application in energy saving. Energy 2017,125:681-704.
doi:10.1016/j.energy.2017.02.174.

[8] Eden MR, Jargensen SB, Gani R, El-Halwagi MM. A novel framework for
simultaneous separation process and product design. Chem Eng Process Process
Intensif 2004,43:595-608. doi:10.1016/j.cep.2003.03.002.

[9] Eljack FT, Eden MR, Kazantzi V, Qin X, ElI-Halwagi MM. Simultaneous process and
molecular design - A property based approach. AIChE J 2007,53:1232-9.
doi:10.1002/aic.11141.

[10] Zhou T, Mcbride K, Zhang X, Qi Z, Sundmacher K. Integrated solvent and process
design exemplified for a Diels-Alder reaction. AIChE J 2015,61:147-58.
doi:10.1002/aic.14630.

[11] Burger J, Papaioannou V, Gopinath S, Jackson G, Galindo A, Adjiman CS. A
hierarchical method to integrated solvent and process design of physical CO2
absorption using the SAFT-y Mie approach. AIChE J 2015,61:3249-69.



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

doi:10.1002/aic.14838.

Gopinath S, Jackson G, Galindo A, Adjiman CS. Outer approximation algorithm with
physical domain reduction for computer-aided molecular and separation process
design. AIChE J 2016,62:3484-504. doi:10.1002/aic.15411.

Scheffczyk J, Redepenning C, Jens CM, Winter B, Leonhard K, Marquardt W, et al.
Massive, automated solvent screening for minimum energy demand in hybrid
extraction—distillation using COSMO-RS. Chem Eng Res Des 2016,115:433-42.
doi:10.1016/j.cherd.2016.09.029. * This paper is of interest to the CAMPD community
due to the reported potential for screening large sets of solvents.

Tula AK, Eden MR, Gani R. Process synthesis, design and analysis using process-
group contribution method. Comput Aided Chem Eng 2014,34:453-8.
doi:10.1016/B978-0-444-63433-7.50060-2. * This article is perhaps one of the most
recent innovative advancements in process flowsheet synthesis.

Babi DK, Holtbruegge J, Lutze P, Gorak A, Woodley JM, Gani R. Sustainable process
synthesis-intensification. Comput Chem Eng 2015,81:218-44.
doi:10.1016/j.compchemeng.2015.04.030. «* This article reports one of the latest
progress in model-based process intensification.

Tula AK, Babi DK, Bottlaender J, Eden M, Gani R. A computer-aided software-tool
for sustainable process synthesis-intensification. Comput Chem Eng 2017:1-22.
doi:10.1016/j.compchemeng.2017.01.001.

Jullesson D, David F, Pfleger B, Nielsen J. Impact of synthetic biology and metabolic
engineering on industrial production of fine chemicals. Biotechnol Adv 2015,33:1395—
402. doi:10.1016/j.biotechadv.2015.02.011.

Wohlgemuth R, Plazl I, Znidarsic-Plazl P, Gernaey K V., Woodley JM. Microscale
technology and biocatalytic processes: Opportunities and challenges for synthesis.
Trends Biotechnol 2015,33:302—14. doi:10.1016/j.tibtech.2015.02.010.

Cremaschi S. A perspective on process synthesis: Challenges and prospects. Comput
Aided Chem Eng 2014,34:35-44. doi:10.1016/B978-0-444-63433-7.50005-5.

Asprion N, Benfer R, Blagov S, Bottcher R, Bortz M, Berezhnyi M, et al. INES - An
interface between experiments and simulation to support the development of robust
process designs. Chemie-Ingenieur-Technik 2015,87:1810-25.
doi:10.1002/cite.201500020.

Han J, Murat Sen S, Luterbacher JS, Alonso DM, Dumesic JA, Maravelias CT.
Process systems engineering studies for the synthesis of catalytic biomass-to-fuels
strategies. Comput Chem Eng 2015,81:57-69.
doi:10.1016/j.compchemeng.2015.04.007.  This paper provides a new perspective by
truly integrating experiments and design, an approach that needs to be followed by
PSE methods to make a real impact for developing sustainable processes.

Kong L, Sen SM, Henao CA, Dumesic JA, Maravelias CT. A superstructure-based
framework for simultaneous process synthesis, heat integration, and utility plant
design. Comput Chem Eng 2016,91:68-84. doi:10.1016/j.compchemeng.2016.02.013.

Foo DCY, Tan RR. A review on process integration techniques for carbon emissions
and environmental footprint problems. Process Saf Environ Prot 2016,103:291-307.



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

doi:10.1016/j.psep.2015.11.007. » This article reviews new developments of process
integration methods as applied to new problems and scales.

Pan M, Sikorski J, Akroyd J, Mosbach S, Lau R, Kraft M. Design technologies for
eco-industrial parks: From unit operations to processes, plants and industrial networks.
Appl Energy 2016,175:305-23. doi:10.1016/j.apenergy.2016.05.019.

Kastner CA, Lau R, Kraft M. Quantitative tools for cultivating symbiosis in industrial
parks; a literature review. Appl Energy 2015,155:599-612.
doi:10.1016/j.apenergy.2015.05.037.

Boix M, Montastruc L, Azzaro-Pantel C, Domenech S. Optimization methods applied
to the design of eco-industrial parks: A literature review. J Clean Prod 2015,87:303—
17. doi:10.1016/j.jclepro.2014.09.032.  *This paper presents an overview of the
challenges in designing eco-industrial parks and how optimisation methods handle the
resulting boundary expansion.

Ng RTL, Ng DKS, Tan RR. Optimal planning, design and synthesis of symbiotic
bioenergy parks. J Clean Prod 2015,87:291-302. doi:10.1016/j.jclepro.2014.09.045.

Chew IML, Tan RR, Foo DCY, Chiu ASF. Game theory approach to the analysis of
inter-plant water integration in an eco-industrial park. J Clean Prod 2009,17:1611-9.
doi:10.1016/j.jclepro.2009.08.005.

Leong YT, Lee J-Y, Tan RR, Foo JJ, Chew IML. Multi-objective optimization for
resource network synthesis in eco-industrial parks using an integrated analytic
hierarchy process. J Clean Prod 2016,143:1268-83. doi:10.1016/j.jclepro.2016.11.147.

Maillé M, Frayret J-M. Industrial Waste Reuse and By-product Synergy Optimization.
J Ind Ecol 2016,20:1284-94. doi:10.1111/jiec.12403.

Lopez-Diaz DC, Lira-Barragan LF, Rubio-Castro E, Ponce-Ortega JM, El-Halwagi
MM. Synthesis of Eco-Industrial Parks Interacting with a Surrounding Watershed.
ACS Sustain Chem Eng 2015,3:1564-78. doi:10.1021/acssuschemeng.5b00276.

Yazan DM, Romano VA, Albino V. The design of industrial symbiosis: an input—
output approach. J Clean Prod 2016,129:537—47. doi:10.1016/j.jclepro.2016.03.160.
*This paper presents an approach based on the input-output analysis method
borrowed from the field of Industrial Ecology.

Valenzuela-Venegas G, Salgado JC, Diaz-Alvarado FA. Sustainability indicators for
the assessment of eco-industrial parks: classification and criteria for selection. J Clean
Prod 2016,133:99-116. doi:10.1016/j.jclepro.2016.05.113.

Elena Majewski D, Wirtz M, Lampe M, Bardow A. Robust multi-objective
optimization for sustainable design of distributed energy supply systems ARTICLE IN
PRESS G Model. Comput Chem Eng 2016. doi:10.1016/j.compchemeng.2016.11.038.

Hennen M, Postels S, Voll P, Lampe M, Bardow A. Multi-objective synthesis of
energy systems: Efficient identification of design trade-offs. Comput Chem Eng
2016,97:283-93. doi:10.1016/j.compchemeng.2016.10.010.

Calderdn AJ, Agnolucci P, Papageorgiou LG. An optimisation framework for the
strategic design of synthetic natural gas (BioSNG) supply chains. Appl Energy
2016,187:929-55. doi:10.1016/j.apenergy.2016.10.074.



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Samsatli S, Samsatli NJ, Shah N. BVCM: A comprehensive and flexible toolkit for
whole system biomass value chain analysis and optimisation - Mathematical
formulation. Appl Energy 2015,147:131-60. doi:10.1016/j.apenergy.2015.01.078.

Samsatli S, Samsatli NJ. A general spatio-temporal model of energy systems with a
detailed account of transport and storage. Comput Chem Eng 2015,80:155-76.
doi:10.1016/j.compchemeng.2015.05.019.

Vance L, Heckl I, Bertok B, Cabezas H, Friedler F. Designing sustainable energy
supply chains by the P-graph method for minimal cost, environmental burden, energy
resources input. J Clean Prod 2015,94:144-54. doi:10.1016/j.jclepro.2015.02.011.

Szlama A, Heckl I, Cabezas H. Optimal design of renewable energy systems with
flexible inputs and outputs using the P-graph framework. AIChE J 2016,62:1143-53.
doi:10.1002/aic.15137.

Heckl I, Halasz L, Szlama A, Cabezas H, Friedler F. Process synthesis involving
multi-period operations by the P-graph framework. Comput Chem Eng 2015,83:157—
64. doi:10.1016/j.compchemeng.2015.04.037. *+ This paper provides a systematic
approach to considering the temporal variability of some chemical processes.

Zaimes G, Vora N, Chopra S, Landis A, Khanna V. Design of Sustainable Biofuel
Processes and Supply Chains: Challenges and Opportunities. Processes 2015,3:634—
63. doi:10.3390/pr3030634.

Espinoza Perez AT, Camargo M, Narvaez Rincon PC, Alfaro Marchant M. Key
challenges and requirements for sustainable and industrialized biorefinery supply chain
design and management: A bibliographic analysis. Renew Sustain Energy Rev
2017,69:350-9. d0i:10.1016/j.rser.2016.11.084.

Garcia DJ, You F. Supply chain design and optimization: Challenges and
opportunities. Comput Chem Eng 2015,81:153-70.
doi:10.1016/j.compchemeng.2015.03.015. *= This paper outlines research needs to
address the supply chain design problem using mathematical methods.

Gao J, You F. Game theory approach to optimal design of shale gas supply chains with
consideration of economics and life cycle greenhouse gas emissions. AIChE J 2017.
d0i:10.1002/aic.15605.

Guo M, Richter GM, Holland RA, Eigenbrod F, Taylor G, Shah N. Implementing
land-use and ecosystem service effects into an integrated bioenergy value chain
optimisation framework. Comput Chem Eng 2015,91:392-406.
doi:10.1016/j.compchemeng.2016.02.011.

Bakshi BR, Ziv G, Lepech MD. Techno-ecological synergy: A framework for
sustainable engineering. Environ Sci Technol 2015,49:1752-60.
doi:10.1021/es5041442. = This paper presents one of the few frameworks considering
ecosystems as an integral part of the boundaries for process design.

Martinez-Hernandez E, Leach M, Yang A. Impact of bioenergy production on
ecosystem dynamics and services-a case study on U.K. heathlands. Environ Sci
Technol 2015,49:5805-12. doi:10.1021/es505702j.

Gopalakrishnan V, Bakshi BR, Ziv G. Assessing the Capacity of Local Ecosystems to
Meet Industrial Demand for Ecosystem Services. AIChE J 2016,62:3319-3333.

10



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

doi:10.1002/aic.15340.

Martinez-Hernandez E, Leung Pah Hang MY, Leach M, Yang A. A Framework for
Modeling Local Production Systems with Techno-Ecological Interactions. J Ind Ecol
2016,0. doi:10.1111/jiec.12481.

Hanes RJ, Bakshi BR. Sustainable process design by the process to planet framework.
AIChE J 2015,61:3320-31. doi:10.1002/aic.14918. **This paper presents, at the
moment, the only framework proposed to consider all the macro scales for design,
from process, to ecosystems and value chains and up to the global planetary
boundaries, with especial emphasis on ecosystem services.

Garcia DJ, You FQ. The water-energy-food nexus and process systems engineering: A
new focus. Comput Chem Eng 2016,91:49-67.
doi:10.1016/j.compchemeng.2016.03.003. == This paper reviews the prospects and
opportunities for applying PSE methods to tackle nexus challenges for sustainable
process design.

Ahmetovi¢ E, Ibri¢ N, Kravanja Z, Grossmann IE. Water and energy integration: A
comprehensive literature review of non-isothermal water network synthesis. Comput
Chem Eng 2015,82:144-71. doi:10.1016/j.compchemeng.2015.06.011.

Leung Pah Hang MY, Martinez-Hernandez E, Leach M, Yang A. Designing integrated
local production systems: A study on the food-energy-water nexus. J Clean Prod
2016,135:1065-84. doi:10.1016/j.jclepro.2016.06.194.

Adams TA, Ghouse JH. Polygeneration of fuels and chemicals. Curr Opin Chem Eng
2015,10:87-93. doi:10.1016/j.coche.2015.09.006.

Ng KS, Martinez Hernandez E. A systematic framework for energetic, environmental
and economic (3E) assessment and design of polygeneration systems. Chem Eng Res
Des 2016,106:1-25. d0i:10.1016/j.cherd.2015.11.017.

Satchatippavarn S, Martinez-Hernandez E, Leung Pah Hang MY, Leach M, Yang A.
Urban biorefinery for waste processing. Chem Eng Res Des 2016,107:81-90.
d0i:10.1016/j.cherd.2015.09.022.

Sadhukhan J, Ng KS, Martinez-Hernandez E. Novel integrated mechanical biological
chemical treatment (MBCT) systems for the production of levulinic acid from fraction
of municipal solid waste: A comprehensive techno-economic analysis. Bioresour
Technol 2016,215:131-43. doi:10.1016/j.biortech.2016.04.030.

Clark JH, Farmer TJ, Herrero-Davila L, Sherwood J. Circular economy design
considerations for research and process development in the chemical sciences. Green
Chem 2016,18:3914-34. d0i:10.1039/c69c00501b.

Martin M, Grossmann IE. Optimal integration of a self sustained algae based facility
with solar and/or wind energy. J Clean Prod 2017,145:336-47.
doi:10.1016/j.jclepro.2017.01.051.

Neumann O, Neumann AD, Tian S, Thibodeaux C, Shubhankar S, Mueller J, et al.
Combining Solar Steam Processing and Solar Distillation for Fully Off-grid
Production of Cellulosic Bioethanol. ACS Energy Lett 2016:acsenergylett.6b00520.
doi:10.1021/acsenergylett.6b00520.

Luu MT, Milani D, Sharma M, Zeaiter J, Abbas A. Model-based analysis of CO2

11



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

revalorization for di-methyl ether synthesis driven by solar catalytic reforming. Appl
Energy 2016,177:863—78. do0i:10.1016/j.apenergy.2016.04.1109.

Sayyaadi H, Saeedi Boroujeni M. Conceptual design, process integration, and
optimization of a solar Cu CI thermochemical hydrogen production plant. Int J
Hydrogen Energy 2017,42:2771-89. doi:10.1016/j.ijhydene.2016.12.034.

Onel O, Niziolek AM, Floudas CA. Integrated biomass and fossil fuel systems towards
the production of fuels and chemicals: State of the art approaches and future
challenges. Curr Opin Chem Eng 2015,9:66—74. doi:10.1016/j.coche.2015.08.005.

Serna J, Diaz Martinez EN, Narvaez Rincon PC, Camargo M, Galvez D, Orjuela A.
Multi-criteria decision analysis for the selection of sustainable chemical process routes
during early design stages. Chem Eng Res Des 2016,113:28-49.
doi:10.1016/j.cherd.2016.07.001.

Sacramento-Rivero JC, Navarro-Pineda F, Vilchiz-Bravo LE. Evaluating the
sustainability of biorefineries at the conceptual design stage. Chem Eng Res Des
2016,107:167-80. d0i:10.1016/j.cherd.2015.10.017.

Ruiz-Mercado GJ, Smith RL, Gonzalez MA. Sustainability Indicators for Chemical
Processes: |. Taxonomy. Ind Eng Chem Res 2012,51:2309-28. doi:10.1021/ie102116e.

Gargalo CL, Carvalho A, Gernaey K V., Sin G. A framework for techno-economic &
environmental sustainability analysis by risk assessment for conceptual process
evaluation. Biochem Eng J 2016,116:146-56. doi:10.1016/j.bej.2016.06.007.

Tsakalova M, Lin TC, Yang A, Kokossis AC. A decision support environment for the
high-throughput model-based screening and integration of biomass processing paths.
Ind Crops Prod 2015,75:103-13. doi:10.1016/j.indcrop.2015.05.035.

Moncada B. J, Aristizabal M. V, Cardona A. CA. Design strategies for sustainable
biorefineries. Biochem Eng J 2016,116:122—-34. doi:10.1016/j.bej.2016.06.009.

Kokossis AC, Tsakalova M, Pyrgakis K. Design of integrated biorefineries. Comput
Chem Eng 2015,81:40-56. doi:10.1016/j.compchemeng.2015.05.021.

Sengupta D, Abraham JP, Ceja M, Gonzalez MA, Ingwersen WW, Ruiz-Mercado GJ,
et al. Industrial process system assessment: bridging process engineering and life cycle
assessment through multiscale modeling. J Clean Prod 2015,90:142-52.
doi:10.1016/j.jclepro.2014.11.073.

Smith RL, Ruiz-Mercado GJ. A method for decision making using sustainability
indicators. Clean Technol Environ Policy 2014,16:749-55. doi:10.1007/s10098-013-
0684-5.

Ruiz-Mercado GJ, Carvalho A, Cabezas H. Using Green Chemistry and Engineering
Principles To Design, Assess, and Retrofit Chemical Processes for Sustainability. ACS
Sustain Chem Eng 2016,4:6208-21. doi:10.1021/acssuschemeng.6b02200. ¢ This
recent publication presents a very comprehensive set of sustainability principles,
indicators and tools for retrofit design.

Azapagic A, Stamford L, Youds L, Barteczko-Hibbert C. Towards Sustainable
Production and Consumption: A Novel Decision-Support Framework Integrating
Economic, Environmental and Social Sustainability (DESIRES). Comput Chem Eng
2016,91:93-103. doi:10.1016/j.compchemeng.2016.03.017. e+ This work presents a

12



[76]

[77]

[78]

truly integrated decision support tool for developing sustainable processes and one of
the few incorporating social aspects.

El-Halwagi MM. Sustainable design through process integration: fundamentals and
applications to industrial pollution prevention, resource conservation, and profitability
enhancement. Butterworth-Heinemann; 2012.

Sadhukhan J, Ng KS, Martinez Hernandez E. Biorefineries and Chemical Processes:
Design, Integration and Sustainability Analysis. 1st ed. John Wiley & Sons; 2014.
d0i:10.1002/9781118698129.

Ruiz Mercado G, Cabezas H, editors. Sustainability in the design, synthesis and
analysis of chemical engineering processes. 1st ed. Butterworth-Heinemann; 2016.

*+This book compiles the latest research tools and methods for sustainable process
design.

13



