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Abstract: This contribution describes a novel process systems engineering framework that couples
advanced control with sustainability evaluation for the optimization of process operations to minimize
environmental impacts associated with products, materials and energy. The implemented control
strategy combines a biologically-inspired method with optimal control concepts for finding more
sustainable operating trajectories. The sustainability assessment of process operating points is carried
out by using the U.S. EPA’s Gauging Reaction Effectiveness for the ENvironmental Sustainability
of Chemistries with a multi-Objective Process Evaluator (GREENSCOPE) tool that provides scores
for the selected indicators in the economic, material efficiency, environmental and energy areas.
The indicator scores describe process performance on a sustainability measurement scale, effectively
determining which operating point is more sustainable if there are more than several steady states for
one specific product manufacturing. Through comparisons between a representative benchmark and
the optimal steady states obtained through the implementation of the proposed controller, a systematic
decision can be made in terms of whether the implementation of the controller is moving the process
towards a more sustainable operation. The effectiveness of the proposed framework is illustrated
through a case study of a continuous fermentation process for fuel production, whose material and
energy time variation models are characterized by multiple steady states and oscillatory conditions.

Keywords: sustainability; GREENSCOPE; process control; fermentation process; process modeling

1. Introduction

Chemical industries have transformed the quality of human life rapidly by the chemical
and physical transformation of ecological goods and services to higher economic value products,
mostly without considering if those transformation routes or methods were more or less sustainable.
In addition, renewability, scarcity and the impact of these material and energy resources were not
accounted for during their use. Such contributions resulted in the development of practices based
on critical materials (precious metal catalysts, fossil fuel based chemical precursors, heavy metals,
persistent substances, etc.). The absence of sustainable economic practices has led to negative impacts
on the environment and society from the release of persistent, toxic and hazardous substances to the
air, water and land. In addition, unsustainable practices led to the fabrication of products without an
adequate or responsible consideration of end-of-use and/or disposal. An early consideration of these
aspects would make products feasible for their recycling, recovery or biodegradability.

Fortunately, this situation is changing since society, government and industry have realized
that sustainable practices have the potential for obtaining economic benefits without harming the
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environment and human health. Many private and public initiatives started implementing a practice
of sustainable development. Some of these components are related to energy saving or energy
efficiency concepts, the use of renewable energy, etc. [1]. Other aspects are focused on material
management approaches by the minimization of feedstock needs per unit of valuable product(s), reuse,
recycling, renewable materials, etc. In particular, with the progress in understanding sustainability, the
incorporation of sustainability into chemical process design, optimization and control has become a
research highlight in process systems engineering recently [2].

Since sustainability is a holistic approach, belonging to an entire system beyond the manufacturing
facility, sustainability assessment beyond the process can be carried out to decide which design
alternative is more sustainable by performing life cycle assessment (LCA) considerations for identifying
the greater life cycle impact contributing stages. However, the process manufacturing stage is where
engineers have the opportunity to directly change process and product aspects that can improve
indirectly the sustainability of the entire product life cycle [3]. In all of the life cycle product stages
shown in Figure 1 occur fluctuation, variations and/or disturbances on the flow of energy, material and
money that have to be measured, modified or kept at certain desired values in order to have a feasible
business. Therefore, system control and optimization approaches play an important role in keeping
the desired status quo of feasibility at macro (supply chain) and micro levels (product manufacturing).
In addition, if that system status is sustainability performance and if this sustainability performance
value needs to be improved or kept at a desired value, control and optimization for sustainability can
be implemented.
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Figure 1. Framework for performing a life cycle analysis of a chemical product.

Conventionally, process control and optimization approaches have been developed for
achieving some economic objectives or cost minimization directly or indirectly. However, under
sustainable development, not only economic aspects should be considered, social (safety, hazard
free), environmental (pollution prevention and regulatory control), energy, material and economic
performance aspects of the processes and products must be evaluated, optimized and controlled in
order to meet sustainability goals. In addition, these process control approaches should act against
unexpected instabilities when the process becomes unstable over time and/or due to changes in feed
composition and flow rate, temperature and pressure. Process control and optimization should be
able to perform transitions to different desired operating conditions and states to meet company
and consumer demands, economics, process and product specifications (consumer or customer
specifications), new environmental regulations, safety, managing low-dose chronic events, etc. Many
researchers and engineers have contributed in an effort to develop systematic methodologies for
sustainable process design, online/offline optimal search for sustainable operating conditions, as
well as control strategies with the ability of improving the sustainability performance of chemical
processes. In the last two decades, several emerging fields have been proposed in the area of sustainable
design and optimization, such as process integration [4], process intensification [5], multi-objective
optimization [6-9] and real-time operation along with sustainable corporate-scale management [10,11].
One common way to incorporate sustainability indicators (environmental and social aspects) into
process design and optimization is to treat such indicators as constraints in the problem objective
of maximizing profitability or minimizing the cost of the operations. For example, when minimum
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environmental risks/impacts related to non-routine and routine releases were considered, the optimal
trade-off between cost and environmental impacts was obtained by employing the e-constraint method,
assuming the environmental impact targets were within ranges imposed by a selected amount defined
by ¢ [12].

In addition, a hierarchical design procedure was proposed to synthesize economically-efficient
separation processes, taking into consideration environmental factors as constraints [13]. Recently, a
modular approach for sustainable chemical process design was developed through the integration of
quantitative economics and environmental indicators with qualitative indicators in social aspects [14].
Compared to the aforementioned methods, multi-objective optimization schemes have a higher
potential to obtain the optimal trade-off between conflicting economic and environmental objectives.
For example, a global optimization method for sustainable design was developed, in which a large-scale
algae processing network was simultaneously optimized in terms of minimizing the unit cost- and
global warming potential-associated indicators [9]. Additionally, a multi-objective genetic algorithm
was used to solve a single objective mixed integer nonlinear programming problem related to
environmental impacts [6].

Noting the importance of taking process control into consideration at the design stage, some
contributions have been made to the integration of sustainable process design and control by
decomposition techniques. Specifically, a complex constrained optimization problem was formulated
that included design, controllability, sustainability and economic aspects. This problem was
decomposed into several sequential sub-problems to minimize its large computation cost [15,16].
Another study demonstrated the sustainability benefits of the integration of process design and
plant-wide control for a continuous process of mono-isopropyl amine manufacturing [17]. In addition,
several tools have been developed for control structure selection employing energy-related and
sustainability concepts, as well as the thermodynamic property of exergy, such as the relative exergy
array (REA), exergy eco-efficiency factor (EEF) and relative exergy destroyed array (REDA) [18].
However, research in sustainable process control for chemical processes is not yet as established as
sustainable design and optimization. There are only a few reported studies on process operations
employing sustainability-oriented control strategies. In particular, a method integrating deterministic
dynamic optimization with optimal control was proposed to address the sustainability of a batch
reactor [10,11]. Another application of deterministic optimal control strategies was reported to
improve energy efficiency in manufacturing processes [19]. In these two studies, only utilities-related
environmental impacts were considered. This limitation can be attributed to the lack of effective
strategies that can integrate process sustainability aspects into the advanced controller framework,
considering the conflicting nature of sustainable indicators (e.g., economics vs. environment) [20].

As a step forward to address this gap in the research and development fields, here, we propose
a novel framework for process systems that integrates an advanced process control strategy with
sustainability assessment tools. The developed framework is employed to identify and assess the
optimal process operation in terms of sustainability performance. Specifically, a set of steady-state
alternatives for the chemical process is generated through the implementation of the advanced
biomimetic control strategy, and the obtained process operating points are evaluated employing
the indicators from the GREENSCOPE assessment tool [21] in efficiency, environmental, energy
and economic aspects. Such a comprehensive assessment of sustainability performance provides
information on quantifying the benefits that the implementation of the biomimetic controller brings
towards achieving a more sustainable process operation. The developed framework is applied to
a fermentation process for bioethanol production. The problem’s objective function is formulated
to minimize the differences between product concentration and reactor temperature (as key state
variables) and their set points. The sustainability performance of the process after the controller
implementation is then evaluated through selected GREENSCOPE indicators. The outline of the rest
of this paper is as follows: the sustainability assessment tools and indicators are presented in the
next section, followed by the advanced controller development and algorithm. These tools provide
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a general framework for optimizing and controlling chemical processes in terms of sustainability.
Then, the proposed approach is implemented for the case study of a fermentation process involving
Zymomonas mobilis. The paper is closed with conclusions.

2. Process Sustainability Assessment and Design

As stated by the green chemistry and engineering principles [22,23], chemical processes and
products that reduce or eliminate the use and generation of hazardous substances should be developed
by preventing waste, performing real-time analysis and control for pollution and accident prevention,
maximizing mass, energy, space and time efficiency, etc. [3]. In addition, when a more sustainable
performance is achieved, this must be ensured under any type of beyond the gate (front-edge changes)
and/or process stage perturbations.

As mentioned above, society, government and industry have created initiatives regarding the
implementation in practice of sustainable development. However, it is often unclear what the effects
(positive or negative) of these new practices would be in the environment. In order to offer a more
comprehensive and quantitative description of environmental, social and economic effects, the U.S. EPA
has proposed a tool called GREENSCOPE [21] (Gauging Reaction Effectiveness for the ENvironmental
Sustainability of Chemistries with a multi-Objective Process Evaluator) to support decision makers
when developing, designing and evaluating sustainable processes and products. The GREENSCOPE
tool allows for quantifying process sustainability and life cycle inventory (LCI) generation with about
140 indicators in four main areas: material efficiency (26), energy (14), economics (33) and environment
(66). These indicators are capable of transmitting and translating process performance, feedstocks,
utilities, equipment and output information into a sustainability measurement scale. GREENSCOPE is
designed to directly provide process-specific data into life cycle assessment databases for conducting
LCAs. As mentioned before, LCI is an important step in the development of LCAs, which determine
environmental effects throughout a product’s life cycle stages.

GREENSCORPE can be applied to equipment or process units, as well as to the entire process
or bench scale, allowing for a direct comparison between several processes manufacturing the same
product, but employing different raw materials, reaction processes and separation technologies and
producing different byproducts. In addition, the designer or the researcher can implement this
methodology to evaluate the sustainability performance after making process modifications.

A biodiesel production case study demonstration using GREENSCOPE was performed [21,24]
to provide decision makers guidance on using this assessment and design tool, from sustainability
indicators [25] and their data entries [26] to sustainability evaluation outcomes and the related life
cycle inventory generation. The tool can then show which indicators have improved and where
additional opportunities for improvement exist. The indicator scores describe product and process
performance on a sustainability measurement scale, determining whether chemical products and
processes are more or less sustainable. The scale for measuring sustainability is developed according to
the identification and use of the best possible target (100% of sustainability) and a worst-case scenario
(0% of sustainability) as reference states [25], in other words, as the upper and lower bounds of a
sustainability measurement scale. This sustainability scale allows the transformation of the process
performance indicator scores to a dimensionless form using the worst and best scenarios [27,28]

as follows:
| Actual — Worst|

|Best — Worst|

Percent Score = x 100%

This equation helps to visualize and compare the sustainability assessment results of each indicator
during the process or product analysis. In other words, this sustainability assessment describes how
well the system under consideration makes use of mass and energy inputs to manufacture a valuable
product, meeting social and environmental needs, while maximizing its economic benefits.
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3. Novel Advanced Control Approach

Many biological systems have been a source of inspiration for advanced control methods because
of the success of these systems in solving difficult problems encountered in nature. In this section,
an advanced biomimetic control approach to address the challenges involved in chemical processes
is briefly described. This approach is the combination of a biologically-inspired multi-agent-based
algorithm with optimal control concepts for the calculation of optimal trajectories of individual agents.
The multi-agent-based algorithm is essentially inspired by the ants’ rule of pursuit idea [29], which
is shown schematically in Figure 2. As per this ants’ rule, the first ant is supposed to find food by
walking around at random. This pioneer ant would then trace a wiggly path back to the nest and start
“group recruitment”. The subsequent ants (or agents) would follow one after the other, straightening
the trail a little starting from the original path until the agents’ paths converge to a line connecting the
nest and the food source, despite the individual ant’s lack of sense of geometry. Thus, by cooperating
in large numbers, ants (or agents) accomplish tasks that would be difficult to achieve individually.
This is an excellent example of how biological systems can efficiently solve problems encountered in
nature by cooperative behavior.
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Figure 2. Schematic representation of the ant’s rule of pursuit.

This idea serves as inspiration for the development of a novel optimal control approach for
chemical systems to reach the optimal operating point in terms of sustainability. To translate this
idea into an optimal control algorithm, we first define a chemical system with a dynamic model
represented by ordinary differential equations and differential-algebraic equations. This dynamic
model corresponds to a relationship between the state and control/input variables. The agent’s “home”
is the initial conditions for each variable while the “food” stands for the desired operating point of
the system. The solution of the optimal control problem for each agent gives the trajectories of these
variables to connect home to food through an optimized control action. Next, we assume there is
an available initially feasible trajectory pair for the state and control variables, which is obtained
through prior knowledge of the system. This trajectory corresponds to Agent 0 (ag) or the leader’s
trajectory for the initialization of the algorithm. In addition, two important parameters that define the
leader-follower local interactions need to be specified, the pursuit time, A, and the sampling time, 5.

The initial conditions for each state variable of the follower are the follower’s trajectory points
based on the discretization by the sampling time, 6. The final destination for the follower agent is
obtained from the leader’s trajectory discretization based on the sampling time, 9, as well as the pursuit
time, A, explained in Figure 3. The initial conditions and the final destinations are provided to the
optimal control solver, in this case dynopt, for the computation of the optimal trajectories. Specifically,
dynopt is a set of MATLAB functions that use the orthogonal collocation on finite elements method for
the determination of optimal control trajectories. The inputs of this toolbox are the dynamic process
model, the objective function to be minimized and the set of equality and inequality constraints.
The outputs from this toolbox are the optimal control laws and state trajectories. For the first step
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calculation, the optimal control trajectories of each follower are computed numerically using dynopt
by looking at the leader’s position at A time units as the current target. The obtained control law is
then applied for 6 time units, before repeating the procedure outlined in Figure 3. The developed
algorithm employs dynopt to solve the intermediate problems associated with the local interaction of

the agents to generate the state and the optimal control trajectories.

Generate agent trajectory(ayo)

Discretize ai(leader) in time
intervals: t =A+16,
i=0,1,2...until t=T

For
ay+1 (follower)
based on q;

v

Solve OCP from
ap+1(16) to
ay (A+16) position

Define:
pursuit time(4),
sample time(ds),
final time(T),
(0<65<AKT)

Catching up: osition Free Running:
If a,(A+16) + a,(T) If ay(4+18) = ai(T)

Solve OCP from
ar+1(16) to
setpoint (ai(T))

Apply CL for one
sample time 6

Apply CL for
remaining time

Obtain ayiq
trajector
Compute error(e) = |ay4+,-setpoint| / setpoint

Integrated Time Abs. Error(ITAE) = f:ift X e dt

[}=k+1 |

Figure 3. General structure of the algorithm for the advanced control approach [27]. CL: control law;

OCP: optimal control problem.

4. New Approach for Process Modeling and Advanced Control for Sustainability

4.1. Bioethanol Manufacturing Process Model

Ethanol derived from renewable sources, such as corn, sugar cane and beets is a potential
sustainable fuel to control and decrease air pollution from internal combustion engines and reduce the
dependence on fossil fuels. Herein, we consider a process model for a homogeneous, perfectly-mixed
continuous culture fermentor for ethanol production equipped with an ethanol-selective removal
membrane and a cooling jacket for temperature control. A schematic diagram of the fermentation
reactor is shown in Figure 4. The reactor is modeled as a continuous stirred tank (CSTR) with constant
substrate feed flow. The outlet flow from the reactor contains the product, the unreacted substrate,
as well as biomass. Biomass plays the role of catalyst for substrate conversion and is the product of
fermentation, while the substrate is a solution of glucose for feeding the micro-organism (in this case,
Zymomonas mobilis). Moreover, ethanol is the desired product of the process and an inhibitor for the
enzymatic reactions. To prevent end-product inhibition and improve the productivity and efficiency of
the fermentation process, an in situ ethanol-removal membrane is used so that the ethanol is removed
as it is being produced.



