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14.1 Introduction: Background and Driving Forces

The design and deployment of biotechnological processes at the industrial level pres-
ent many common points with the chemical engineering industry. In particular, the
tools and methods used in chemical process engineering may advantageously be
applied to evaluate and optimize biotechnological processes, and conversely, biotech-
nologies can be integrated in conventional industries to extend their range of action.
In this chapter, we describe how a cross-disciplinary approach can transpose (after
adaptation) relevant solutions from one sector to solve similar problems identified in
another sector and improve its performance.

First, thermodynamic modeling approaches developed to increase understanding
and improve the evaluation of reaction pathways is presented. A “group contribution
method” that allows estimation of the Gibbs free energy of formation of (bio-)chemical
products and their free energy of reaction is discussed. This approach is extended by
comparing different (bio-)chemical products based on their exergy characteristics,
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where exergy losses may be a helpful indication for selecting efficient products and asso-
ciated processes. Disposing of a precise evaluation method for thermodynamic proper-
ties, such as reaction enthalpy or component exergy, is a first and critical step to ensure
robustness and confidence in the results achieved thanks to the modeling approach.

In the second part of this chapter, the tools developed in process system engi-
neering are applied to biological processes. These tools may be applied to study and
optimize complete process flowsheets, from the upstream steps (biomass pretreat-
ments) to the downstream ones (purification of products). For instance, the modeling
approach can help to optimize upstream processing, which is increasing in impor-
tance, as biomass pretreatment steps like drying, grinding, hydrolysis, and extrac-
tion occur in practically all biomass conversion processes. In the case of microbial
fuels, these steps may result in a more efficient conversion of biomass into biogas
or bioethanol, for instance. Similarly, the modeling approach can be applied to the
conversion and downstream processing steps. In this section, as the downstream
processing of bioreactor effluents is of critical importance for the economic viabil-
ity of most biotechnological processes, special attention is first paid to the descrip-
tion of a simple approach to optimize the selection of downstream processing steps,
a methodology called “cascaded option trees.” Then, a systematic approach for the
optimization of the design of complete processes is described and applied to the case
of biorefineries. Indeed, biorefineries are complex systems processing many differ-
ent biomass feedstocks to yield a variety of different products, from fuels to heat and
value-added chemicals. They are thus a perfect example to demonstrate the potential
of the modeling approach for process design, integration, and optimization of com-
plex biochemical systems.

14.2 Thermodynamic Modeling of Cell Metabolism

The use of thermodynamics provides two significant advantages that can be applied
to biotechnological processes (Prausnitz, 2003). First, it has a very wide range of
applications due to its universal nature based on a small number of fundamental
principles. Second, it is an integrative science, and the thermodynamic properties of
compounds can be largely derived from their structures thanks to molecular and sta-
tistical considerations, delivering many answers with few experimental data. These
advantages are crucial in biotechnological applications due to the large variety of
chemical reactions occurring at the cell level and for which the experimental collec-
tion of data is far from trivial. In order to favor the industrial integration of biotech-
nological processes, tools to characterize system properties, possible reactions, and
their thermodynamic limitations can provide useful information.

In this section, we first present some developments applying thermodynamics to
predict feasible ranges for reaction occurrence at the level of biotechnological reac-
tors. This approach is useful, for instance, when estimating the feasibility of biodegra-
dation pathways in order to describe an existing system, or when designing biological
reactors. Then, this thermodynamic approach is extended at the process level by per-
forming exergetic analysis of biological products. Starting from a given feedstock,
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the estimation of exergy losses allows the identification of the most relevant reaction
pathways for designing a new biotechnological process. These two approaches can
bring significant help for the understanding and design of optimal microbial reac-
tions and corresponding equipment.

14.2.1 Group Contribution Method

A good example of applying thermodynamic models for predicting the properties of
biotechnological systems is provided by the group contribution method developed
by Jankowski et al. (2008). This method allows for the determination of the stan-
dard Gibbs free energy of formation, A;G°, and of reaction, A,G° in biotechnologi-
cal processes based only on the molecular structure of the components implied in
the reactions. These components are decomposed according to predefined molecular
substructures to which corresponds a contribution value. Adding the contributions
of all structural groups results in the total standard Gibbs free energy of formation
of the molecule. The subdivision of a molecule into its structural groups must be per-
formed with care, as the same atom could be included in several predefined groups.
Thus, rules implying search priority numbers have been defined by Jankowski et
al. (2008). A simple example to better understand the principle of this group con-
tribution method consists of calculating the free energy of glucose that is used for
bioethanol production. This example, shown in Table 14.1, leads to a AJG° value
for glucose of 218.28 kcal/mol, which is very close to the experimentally observed
value of 219 kcal/mol. This method has been successfully applied for determining
the A;G° and A,G° values for the majority of compounds and reactions described
in three biochemical databases: (1) the iJR904 and iAF1260 genome-scale metabolic
models of Escherichia coli, (2) the Kyoto Encyclopedia of Genes and Genomes, and
(3) the University of Minnesota Biocatalysis and Biodegradation Database. In the
last example, the standard free energy values determined by the group contribution
method have been compared with experimental values for 914 compounds and 902
reactions, and the thermodynamic feasibility of 89 biodegradation pathways could
be evaluated by estimating the total free energy change of each pathway (Finley et al.,

TABLE 14.1 Estimation of the Free Energy of Formation of Glucose Based
on a Group Contribution Method

Number of Groups Individual Group
in the Glucose Contribution to A.G®  Total Contribution
Identified Group Molecule (kcal/mol) to A,G° (keal/mol)
-OH 5 -41.5 -207.5
-O- (participating in a ring) 1 -36.6 -36.6
>CH- (participating in a ring) 5 4.84 24.2
-CH,- 1 1.62 1.62
Total -218.28

Source: Jankowski, M. D. et al., Biophys. J., 95, 1487-1499, 2008.
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2009). This application proved to be a useful tool to compare competing biodegrada-
tion pathways and to identify the most thermodynamically favorable ones. As kinetic
and enzymatic limitations may also play a role, this analysis is not sufficient to predict
the actually occurring biodegradation pathway, but it can eliminate unfavorable can-
didates and provide some help in comparing the feasibility of reactions.

Finally, such thermodynamic methods can be envisaged in the case of genome-
scale metabolic models (Ataman and Hatzimanikatis, 2015). It appears that a thermo-
dynamic approach can bring significant help in the evaluation of the directionalities
and of the possible flux ranges. Several examples of successful studies are mentioned
by Ataman and Hatzimanikatis (2015). For instance, this approach was applied by
Birkenmeier et al. (2014) to confirm glycerol-3-phosphate dehydrogenase as the
enzyme controlling the glycerol anabolism in Saccharomyces cerevisiae. However, the
development of this method is still ongoing, and many challenges remain in order to
be able to identify complex bioenergetic behaviors based on thermodynamics. Such a
method for estimating the Gibbs free energies of components and reactions observed
in plants like maize has been used, for example, in the framework of the PlantSEED
biochemistry pathways database developed by Seaver et al. (2014).

Finally, it should be mentioned that alternatives to group contribution methods
have been developed for estimating thermodynamic properties in biochemical sys-
tems. Let us just mention, for instance, that Hoffmann et al. (2013) used the electro-
lyte perturbed-chain statistical associating fluid theory (PC-SAFT) equation of state
to predict activity coefficients of methyl ferulate and the equilibrium constants of
its hydrolysis reaction catalyzed by feruloyl esterase. In conclusion, it can be stated
that a lot of research is still ongoing in the development of reliable models to predict
thermodynamic properties in biochemical systems, leading to a better understand-
ing and prediction of possible reaction pathways and equilibria.

14.2.2 Exergetic Evaluation of Process Alternatives

The design of new processes, including biotechnological process steps, has to include
economic aspects. Unfortunately, energy prices are volatile, which directly influences
operating costs and may also affect investment. These prices are strongly influenced
by the political decisions of oil-producing countries, as well as political measures to
ensure the long-term sustainability of the energy supply and to minimize climate
change. Thus, economic evaluation of process alternatives in a way that the results
remain valid in the future is difficult. Alternatively, an evaluation based on a more
general measure of energy utilized may be helpful, namely, the evaluation of exergy
devaluation in the sense of an exergoeconomic analysis, which is independent of
energy prices (Tsatsaronis, 1996; Frenzel et al., 2013, 2014a, 2014b). Exergy is that
fraction of energy which can be converted freely into any other form of energy.
The exergy of any stream in a process can be described as

E= Ephys +Echem + Emix >
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where the physical contribution E,,  results from the pressure and temperature con-
ditions of the stream; the chemical contribution E_,.,, takes into account, for exam-
ple, the free energy of formation of all components contained in the stream; and the
mixing E_; contribution accounts for the entropy of mixing (Frenzel et al., 2013).
For a given stream, exergy is thus a state variable. For most streams in a chemical
process, the chemical contribution is dominant, so that for a first evaluation, it is
sufficient to regard only its change along the process. The mixing contribution is so
small compared with the other contributions that it can generally be neglected. Since
in biotechnological processes the conditions are typically close to ambient, which
corresponds to the reference state in the definition of exergy, usually the physical
contribution can be neglected as well. As a result, the exergy change associated with
a biotechnological reaction directly corresponds to the free energy of the reaction at
these standard conditions, as determined in Section 14.2.1. The result of such a first
estimate of exergy requirement for a conversion gives the minimum energy require-
ment based only on the changes in chemical composition. Especially for fuel com-
ponents, it is important that the energy content of the fuel is higher than the energy
requirement of the process. Thus, early in process development, exergy analysis can
be used to compare proposed processes against this benchmark.

Exergy as a general measure has the advantage that upon further progress in
process development, all information can be used to refine the exergetic evaluation
(Frenzel et al., 2014a, 2014b). This includes changes in the physical conditions, like
temperature or pressure required, for which exergy losses can be estimated based on
typical assumptions. For example, any heat exchanger can be evaluated assuming a
typical minimum temperature difference as driving potential, and for most separa-
tion processes, reasonable assumptions lead to estimates on the exergy devaluation
induced. In the next step of refinement, the exergy losses associated with individual
pieces of equipment can also be accounted for, including all equipment nonidealities.
Thus, exergy can be used as a general measure for energy efficiency on very different
levels of detail, starting from a first rough estimate based on minimal assumptions
and going to the final realization, including equipment-specific losses.

To give an impression on how exergy as a fundamental measure for process evalu-
ation can be utilized, Figure 14.1 shows the chemical exergy of a variety of compo-
nents, including fossil raw materials, biomass, intermediates, and some products of
the chemical industry (Frenzel et al., 2014a, 2014b). What is striking is the fact that
one of the major processes in the chemical industry, namely, the conversion of crude
oil via ethylene to polyethylene, runs essentially horizontal in this diagram. It has
been shown that this is a general requirement for efficient processes, because oth-
erwise excessive energy is required to shift the exergy from a lower to a higher level
(Frenzel et al., 2013). It has also been shown that this refers to the net conversion, that
is, taking into account the overall exergy change of all reactants and all products. For
example, if CO,, which is shown in Figure 14.1 and has an exergetic value of essen-
tially zero, is released during a reaction, the reactants can be converted into products
of higher exergetic value without additional exergy input.

A typical example for such a process is the fermentation of sugar to ethanol, where
CO, is released without requiring additional energy input. This process is included
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Figure 14.1 Chemical exergy of selected components from different component classes.
(Reprinted with permission from Frenzel, P., and Pfennig, A., Methodik zur schnellen
Bewertung von Syntheserouten auf Basis von Exergiebilanzen, presented at the ProcessNet-
Jahrestagung und 32. DECHEMA-Jahrestagung der Biotechnologen, Aachen, Germany,
September 12-15, 2016. http://orbi.ulg.ac.be/handle/2268/201884.)

in Figure 14.1. Of course, in this reaction one-third of the carbon originally con-
tained in the sugar is devalued to CO,, which corresponds roughly to the increase
in exergetic value between glucose and ethanol. This example thus shows that for
process evaluation, the carbon balance also has to be considered carefully, because
the carbon-containing feedstock was originally produced with significant effort,
which in itself can be evaluated exergetically, as well as with respect to land area used
(Frenzel et al., 2014b).

For this example, the basic exergetic balances that can generally be applied for
biofuels can be discussed. Pure ethanol has an exergy content of almost 30 MJ/kg.
Producing the sugar as feedstock requires about 10 MJ/kg, the exergy losses of the
reaction are around 3 MJ/kg as well, and the distillation requires around 4 MJ/kg,
where all the values are specified with respect to the mass of the product ethanol.
Without further measures, the effective exergy content of the final biofuel is thus less
than half that of the ethanol, even if no further process losses are taken into account.
Thus, it is apparent that the production of ethanol as biofuel can only be efficient if
the energy for the process is supplied in a sustainable way, which in this example is
typically realized by firing the distillation with the bagasse, which is the remainder
of the original sugarcane as feedstock.

Closer inspection of Figure 14.1 also reveals that the components are essen-
tially exergetically ordered according to their oxygen content. Components with a
higher oxygen content have a lower specific exergy, which is to be expected, since
the chemical exergy of a C=0 bond in a molecule cannot be utilized for energy gen-
eration, since it is also contained in CO,, which is the final product of any incinera-
tion (Frenzel et al., 2013, 2014b). Therefore, the general statements on exergy changes
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during reaction can be transferred into statements on oxygen content. If the oxygen
content of a component is to be decreased, this will require either significant exergy
input or the elimination of a component with high oxygen content, like water or CO,.
Both eliminations lead to a loss of hydrogen or carbon in the product, which is highly
undesirable.

Thus, at first sight it may appear that such an oxygen balance could replace the
full exergetic evaluation. Unfortunately, oxygen balancing does not allow further
refinement, for example, with respect to the evaluation of losses in process steps or
equipment. As a consequence, while such carbon, hydrogen, and oxygen balances
are also important for the evaluation of processes, only exergetic evaluation leads to
a systematic approach that can guide process design through all design stages, from
first drafts to individual equipment design.

14.3 Process System Engineering Tools for the Design
of Biotechnological Processes

Once the biochemical reaction pathways have been defined, the design of the indus-
trial process has to be considered. Besides the biochemical reactor itself, classical pro-
cesses include a reactant preparation section, as well as a downstream section. In the
following, we have a closer look at the selection of downstream processing steps using
a cascaded option trees method. Indeed, downstream steps are often critical for the
economic viability of industrial biotechnological processes. Next, we apply process
system engineering tools like process design, analysis, and optimization to the case
of biorefineries, as they provide an interesting example of biotechnological process
integration at the industrial scale.

14.3.1 Cascaded Option Trees

One of the challenges in developing new downstream processes is the large multitude
of process options that may appear feasible at the beginning of the design process. In
contrast, the reaction step is often already worked out to a certain extent at this point
in the design process, because engineers start to ponder over the downstream process
only when the reaction toward the desired product turns out to be feasible in princi-
ple. For the reaction, on the other hand, often only minor optimizations, for example,
of microbial productivity, appear to be required. At the same time, especially for
bio-based processes, the properties of the media are demanding, which results as
a direct consequence of the higher oxygen content of the feedstock compared with
crude oil and the specifics of biotechnological processes. If, for example, high titers of
the products are desired, the fermentation broth will generally have a high viscosity,
and components with an increased molecular oxygen content originating from the
higher oxygen content in the biomass will lead to lower vapor pressures of the tar-
get components, compared with intermediates and products of similar molar mass
from fossil feedstock. Thus, distillation may no longer be the preferred option for
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separation, which in turn will lead to a higher solids content, because solids have not
been removed by passing through the vapor phase, and also, microbes act as solids
in successive process steps. These increasingly demanding characteristics of the bio-
based process streams also lead to challenges in the equipment design. Therefore,
a design procedure is sought that allows systematic screening of the many process
and equipment options, with the goal of finding the best option with the least design
effort.

In a variety of applications, in cooperation with industry and academia, the
method of cascaded option trees has been developed, which allows us to easily keep
track of process options and their evaluation (Bednarz et al., 2014; the description of
cascaded option trees is adopted with permission from Pfennig, 2016). The principle
structure of characterizing an option in a cascaded option tree is shown in Figure
14.2. All options are listed on the regarded level of detail, and for each option, a vari-
ety of criteria can be evaluated. The evaluation can then be coded with either symbols
or, for better visualization, green, yellow, and red. Application of the cascaded option
trees method is shown in Figure 14.3 for an example of downstream process develop-
ment, which resembles option trees developed in the mentioned cooperations. It is

I S
(- - - - - - - ----

E Evaluation:
----- v ’ Not tested
Option 1 Not feasible
Option 2 Acceptable
Good

Figure 14.2 Principal representation of options in a cascaded option tree. (Reprinted
with permission from Pfennig, A., Thermal unit operations, lecture manuscript. Lecture at
University of Liege for Master Students in Chemical Engineering, pp. 838-848, 2016.)
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Figure 14.3 Application of cascaded option trees for an example process. (Reprinted
with permission from Pfennig, A., Thermal unit operations, Lecture manuscript. Lecture at
University of Liége for Master Students in Chemical Engineering, pp. 838-848, 2016.)
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apparent that the method can be applied on very different cascading levels of process
design, starting from overall process options and going down to specific equipment
design. In the example shown, it is obvious that as soon as one of the criteria leads
to the insight that an option is not feasible, this option does not need to be investi-
gated further, so the effort for process design is minimized. The effort can be further
reduced by choosing to evaluate the most critical criteria early in the evaluation pro-
cess, because then the maximum number of options can be ruled out based on those
criteria, avoiding effort in evaluating successive criteria.

One of the advantages of cascaded option trees is that any method can be used for
the evaluation of option feasibility with respect to the design criteria. This can range
from expert opinion, literature search, and simulations on different levels of detail to
dedicated experiments. The source of the evaluation may be noted in the option trees
as well, so that the evaluation can in principle be revised at any later time. Such flex-
ibility also applies to the overall evaluation. Therefore, the best-suited option accord-
ing to the regarded criteria is directly apparent in a well-structured way. Of course,
only these optimal options will be investigated further as a first approach. However,
if it then turns out in the evaluation of further criteria that these options are actually
infeasible or pose significant problems, the second-best options are directly visible.

Working in project consortia, the method of cascaded option trees has also proven
helpful to communicate the status of the design process, as well as the current results,
in a very clearly organized way. Finally, it should be noted that upstream and reaction
steps should preferably be included in the option trees from the start, since during the
early stages of process development, the parameters of upstream and reaction steps,
which actually may influence the downstream quite drastically, can still be adjusted
relatively easily. If, for example, extractive steps are considered options in the down-
stream process, the nature of the fermentation medium may significantly influence
coalescence behavior, which is a decisive parameter in extraction-equipment design.
Thus, only if, for example, the different options for the buffer system and the fermen-
tation medium for a biotechnological step are included while evaluating options for
the downstream process, the overall optimum process can be found.

In biotechnological processes, product inhibition is frequently encountered, or the
product is even toxic to the microorganisms. As a consequence, the product needs
to be removed continually, ensuring a relatively low concentration in the fermenter.
This can, for example, be realized by a pump-around, from which the product is
removed in a separation step, preferably without the need to separate the microor-
ganisms first. If a low product concentration in the fermenter is required, this will
lead to a large flow rate of the pump-around and, correspondingly, large equipment
for the separation step. Thus, while the separation may be feasible in principle, the
equipment dimensions in such a case may not be. Thus, it cannot be overemphasized
that in the evaluation of process options, the overall feasibility of process realization
and equipment size on the desired technical scale needs to be taken into account for
each option as well. Simple balances may help at this stage to gain significant insight,
for example, on the flow rates required to keep product concentrations sufficiently
low to avoid product inhibition at the production rate of the microorganisms.
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14.3.2 Process System Engineering in Biorefineries

A biorefinery is an integrated processing facility where biomass is converted into a
variety of products, ranging from value-added chemicals to fuels after many physi-
cal, chemical, and thermal conversion steps, with minimal waste and emissions. In a
biorefinery, a variety of feedstocks, many products, and a large number of technolo-
gies exist. In addition, the energy needed for the conversion has to be supplied from
the feedstocks or from the waste streams, so the process developers face great chal-
lenges while considering economic performance, energy requirements, and environ-
mental impact simultaneously. A systematic approach for the design of a biorefinery
integrates the use of advanced process synthesis, process analysis, and optimization
methods (Antonis et al., 2012). Such comprehensive methods are crucial to devel-
oping, designing, and commercializing sustainable and cost-effective biorefineries
(Yuan et al., 2013). Process synthesis methods collect the input data about differ-
ent biorefinery processes and produce energetically and economically efficient biore-
finery flowsheets with good operating conditions and design specifications. Process
modeling and simulation are complementary approaches to analyze different designs
obtained from process synthesis for the optimal configurations of biorefineries
(Martin and Grossmann, 2012; Metzger et al., 2012). Over the last 45 years, research-
ers have studied process synthesis, and several have published extensive reviews on
this subject (Hendry et al., 1973; Hlavacek, 1978; Westerberg, 1980; Nishida et al.,,
1981; Stephanopoulos, 1981). Recently, several researchers have been working in the
field of process synthesis and the design of large-scale biorefinery systems. For exam-
ple, the studies by Baliban et al. (2013) and Tay et al. (2011) addressed the determina-
tion of the single best technology for the production of single products, especially
biofuels. Further, there are also some studies that take into account superstructures
with multiple feedstocks, products, and conversion pathways (Santibanez-Aguilar et
al., 2011; Kim et al., 2013; Murillo-Alvarado et al., 2013).

In the next sections, a brief review of advances in the area of process system engi-
neering is provided, where available systematic techniques for process synthesis,
design, integration, and optimization are introduced.

14.3.2.1 Process Flowsheeting or Synthesis

The process flowsheeting approaches are generally divided into three categories or
some combination thereof: (1) methods that use heuristics, (2) methods that use ther-
modynamic targets and process integration, and (3) methods that use superstruc-
tures, mathematical programming, and optimization. All three approaches focus
on flowsheet synthesis based on economics optimization. In the heuristic approach,
one can decide whether the plant will be operated in batch or continuous, the type
of reactor used, the recycle schemes for the material, the methods and sequence of
separations, the energy integration applied, and so forth. In thermodynamic analy-
sis, one has to decide the units and streams that are considered for the heat recovery,
the thermodynamic targets to be used, and the level of utilities to be involved. In the
optimization approach, the extent of the superstructure, the physical data included,
the employed objective function, and the constraints and uncertainties to consider
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are the features to be decided by engineering (Seferlis and Georgiadis, 2004). Major
contributions in the first two approaches (heuristics and thermodynamic targets) are
hierarchical decomposition (Douglas, 1988) and pinch analysis, which is used to iden-
tify the possible heat recovery (Linnhoff, 1993). They have been successfully applied
in many industrial applications (Martin and Grossmann, 2012). A more recent trend
is to combine the mathematical programming approach with algorithmic meth-
ods (or optimization techniques) that can be used effectively in process synthesis
(Grossmann et al., 1999). There are three steps in the combined approach: (1) the
development of a representation for alternative superstructures, (2) the formulation
of a mathematical program for the selection of the configuration and operating levels
from the superstructure, and (3) the solution of the optimization model (Martin and
Grossmann, 2012).

14.3.2.2 Process Modeling

In the context of process synthesis, process models are necessary for simulating pro-
cess flowsheets. A mathematical model is used in process simulation that represents
the behavior of the process. A mathematical process model consists of a set of variables
that describe important properties of the process and a set of equations that build
relationships among the variables to explain the behavior of the process (e.g., heat and
mass balances). For instance, the thermodynamic models mentioned in Section 14.2
are included in the process model to describe the behavior of the (bio-)chemical sys-
tems, depending on the operating conditions. Process models also include mass and
energy equations describing various equipment used in the process, such as reactors
or separators. For complex systems found in the chemical industry, the process mod-
els represent mostly nonlinear behaviors. With the increased interest in process syn-
thesis, the demand for process models with increased accuracy is also growing. One
important concept in process system engineering is superstructure optimization. A
superstructure contains most (or all) of the system alternatives. Superstructures are
defined by the process modeler, and alternative superstructures can be derived for the
same process. Then, a mathematical optimization approach seeks to find the optimal
configuration among the proposed alternatives (Trespalacios and Grossmann, 2014).

14.3.2.3 Process Integration

Process integration is a design approach that deals with energy efficiency, waste
minimization, and the efficient use of raw materials. The process integration stage is
greatly facilitated by the use of process simulations. In biorefineries, process integra-
tion plays an important role in studying strong trade-offs (Antonis et al., 2012).

14.3.2.3.1 Heat Integration. To create a heat cascade in processes, pinch analysis
is a very powerful thermodynamics-based technique with a structured approach
to identifying minimum energy consumption targets for heating and cooling, and
the maximum internal heat recovery within a process (Linnhoff, 1993; Smith, 1995;
El-Halwagi, 2008). This concept is also applicable in other areas besides heat recov-
ery. In fact, whenever an amount (e.g., heat or mass) has a quality (e.g., tempera-
ture or concentration), the concept of composite curves can provide a view of the
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problem related to the eflicient recovery (or reuse) of resources. On the composite
curves, the pinch point shows the location where there is an accumulated deficit of
an amount above a certain quality (Gundersen, 2000). Maréchal and Kalitventzeff
(1998) developed process integration techniques to study the energy supply and heat
recovery in industrial processes. Duran and Grossmann (1986) proposed an algo-
rithm for simultaneous heat integration and optimization of chemical processes.
Pfeffer et al. (2007) applied process integration to a bioethanol production plant with
minimization of heat demand as the optimization objective. More recently, Gassner
and Maréchal (2009) developed a methodology that can be applied for the concep-
tual design of biofuel plants based on optimization with identification of promising
flowsheets and process integration methods; they applied process synthesis on wood
gasification processes.

14.3.2.3.2 Mass Integration. Mass integration is a systematic methodology for gener-
ating, separating, and allocating streams and species along the process. Mass pinch
was developed by El-Halwagi and Manousiouthakis (1989, 1990), and it is applicable
to industrial processes where mass exchange occurs between process streams from a
number of process units, such as extractors and absorbers. They considered the transfer
of a single contaminant only from a rich stream to a lean stream, where a rich stream
has a higher concentration of contaminant, while a lean stream represents one with a
lower concentration of the contaminant. The target in their studies was to minimize
the freshwater flow rate. Mass pinch can be applied in the area of wastewater minimi-
zation where the water and wastewater are optimally used by reuse, regeneration, and
recycling. Wang and Smith (1994) aimed to minimize wastewater based on maximum
water reuse, and they defined the water pinch concentration and targeted the mini-
mum freshwater consumption. Combined methods considering the heat recovery and
water savings at the same time are now emerging (Ahmetovic and Grossmann, 2011).

14.3.2.4 Costing and Life Cycle Analysis
With the growing interest in sustainability, biorefineries are likely to play significant
roles in enhancing energy security and mitigating climate changes. Process modeling
and simulation are essential for predicting the economic, environmental, and social
performance of industrial processes (Gerber et al., 2011). In the recent past, researchers
have mainly focused on the development of cost-effective biorefineries that can only
be achieved by optimal mass and energy integrations. In order to make the biorefin-
ery profitable, the production of value-added products (e.g., succinic acid and dimethyl
ether), the valorization of waste mass and energy streams, and cogeneration are signifi-
cantly important. If a biorefinery is only producing biofuels, environmental incentives
may be required. The sustainable growth of a biorefinery requires not only cost-eftective
products, but also energy-efficient plants. The environmental assessment of a biore-
finery includes land use changes, greenhouse gas emissions, the timing of emissions,
waste production, and the environmental impact of products. Some studies in litera-
ture specifically focus on the life cycle assessment of biorefineries (Ahlgren et al., 2015).
Biorefineries can use much of traditional equipment from the petrochemical indus-
try (e.g., distillation columns, pumps, heat exchanges, and compressors), and the cost
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functions for this equipment are well established (Turton et al., 2009). Conversely,
some biorefinery processes are under development (e.g., gasifiers, fuel cells, and mem-
brane separation), so their future costs are highly uncertain (Caliandro et al., 2014).
Generally, the production cost goes down with an increase in plant size, and the
optimal plant capacity depends on the economic value of the product. Since biomass
is diluted and diversified in a vast area, a supply chain optimization and economic
viability study for different sizes of biorefineries is critical for investment planning.

14.3.2.5 Process Optimization

The development of novel products from biorefineries usually focuses on the conver-
sion of biomass, the selection of reaction pathway, and the maximum reaction yield.
After that, different conversion and separation steps are included to form a biore-
finery superstructure. The biorefinery superstructure can be optimized for different
performance objectives, such as total cost and carbon dioxide emissions (Celebi et al.,
2016). The optimization algorithm may generate different biorefinery configurations
via product and technology selection, energy, and mass integration, depending on the
objective of interest, raw material and utility costs, and product price. Gebreslassie
et al. (2012) considered multiobjective and multiperiod optimization of biorefinery
supply chains under supply and demand uncertainties. Geraili and Romagnoli (2015)
used a multiobjective evolutionary algorithm to quantify the trade-offs between cost
and financial risk for biorefineries. Stuart and El-Halwagi (2012) examined the inte-
gration of biorefineries into existing processes and infrastructure.

14.3.2.6 Case Study: Synthetic Natural Gas Production from Microalgae
through Hydrothermal Gasification

Mian et al. (2015) have applied a systematic approach for the conceptual design of
microalgae cultivation and hydrothermal gasification (Figure 14.4) by developing
thermoeconomic and environmental models. Considering the energy integration
principles, the multiobjective optimization (MOO) methodology has been applied to
obtain a set of nondominated solutions (i.e., mathematically equally good solutions)
by solving a mixed-integer nonlinear programming model. The set of nondominated
solutions is referred to as a Pareto-optimal front, and each nondominated solution
shows a different optimal configuration. There are three objective functions, namely,
total annual cost, synthetic natural gas (SNG) production, and CO, emissions, in this
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Figure 14.4 Simple flowsheet of microalgae to SNG production. (Adapted from Mian,
A. etal.,, Comput. Chem. Eng., 76, 170-171, 2015.)
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optimization problem. Further, the formulated optimization problem has 11 decision
variables, which are listed in Table 14.2. More details on the optimization proce-
dure can be found in Mian et al. (2015). Figure 14.5 shows the Pareto-optimal front
obtained and the selected optimal (nondominated) solutions for analyzing the effects
of decision variables on the optimal designs. Table 14.2 presents the optimal values
of decision variables for three selected optimal configurations. Solutions within the

TABLE 14.2 Details of Three Selected Optimal Configurations

Selected Optimal Configurations

Process
Unit Decision Variables A B C
Salt separator Taxsats sep [K] 744.21 787.18 851.42
AT, [K] 28.45 25.77 20.02
ATgonom K] 20.00 29.83 30.72
AT [K] 35.02 37.31 35.03
Hydrothermal HTG pressure 232.50 273.04 299.16
gasification Gasification reaction inlet 623.29 623.15 623.15
temperature
Steam cycle utility ~ Steam pressure 66.96 61.84 60.29
AT superheating 58.04 66.01 61.43
Pressure recovery ~ Vapor high-pressure recovery 1 1 0
expanders Liquid high-pressure recovery 1 1 1
Liquid low-pressure recovery 1 1 1

Source: Mian, A. et al., Comput. Chem. Eng., 76, 170-183, 2015.
Note: HTG, hydrothermal gasification.
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Figure 14.5 Pareto-optimal front for SNG production using microalgae; color map shows
kgoos/MJpu- (Adapted from Mian, A. et al., Comput. Chem. Eng., 76, 170-171, 2015.)



Industrial Integration of Biotechnological Processes 509

economic models gave a final SNG production cost of between $20 and $30/GJ SNG,
which is in line with the price of fossil natural gas.

References

Ahlgren, S., Bjérklund, A., Ekman, A., Karlsson, H., Berlin, J., Borjesson, P., Ekvall, T.,
Finnveden, G., Janssen, M., and Strid I. (2015). Review of methodological choices in

LCA of biorefinery systems—Key issues and recommendations. | | [ IR
Bidiabaiag 9(5), 606-619.

Ahmetovic, E., and Grossmann, I. E. (2011). Global superstructure optimization for the
design of integrated process water networks. pisiiniini—m, 57(2), 434-457.

Antonis, C. K., Aidong, Y., Marinella, T., and Ta-Chen, L. (2012). Systematic screening of
multiple processing paths in biorefineries. In P. R. Stuart and M. El-Halwagi (eds.),
Integrated Biorefineries: Design, Analysis and Optimization. Boca Raton, FL: CRC Press.

Ataman, M., and Hatzimanikatis, V. (2015). Heading in the right direction: Thermodynamics-
based network analysis and pathway engineering. H 36,
176-182.

Baliban, R. C,, Elia, J. A., and Floudas, C. A. (2013). Biomass to liquid transportation fuels
(BTL) systems: Process synthesis and global optimization framework. figkgimts
I 6. 267-287.

Bednarz, A., Riingeler, B., and Pfennig A. (2014). Use of cascaded option trees in chemical-
engineering process development. _, 86(5), 611-620.

Birkenmeier, M., Mack, M., and Roder, T. (2014). A coupled thermodynamic and meta-
bolic control analysis methodology and its evaluation on glycerol biosynthesis in

Saccharomyces cerevisiae. | N NN 37, 307-316.

Caliandro P., Tock L., Ensinas A. V., and Maréchal F. (2014). Thermo-economic optimiza-

tion of a solid oxide fuel cell—Gas turbine system fueled with gasified lignocellulosic
biomass. _ 85, 764-773.

Celebi, A. D., Ensinas, A. V., Sharma, S., and Marechal F. (2016). Early-stage decision making
approach for the selection of optimally integrated biorefinery processes. Presented at
the 29th International Conference on Efficiency, Cost, Optimization, Simulation and
Environmental Impacts of Energy System, Portoroz, Slovenia, June 19-23, 2016, p. 508.

Douglas, J. (1988). Conceptual Design of Chemical Processes. New York: McGraw-Hill.

Duran, M. A., and Grossmann, I. E. (1986). A mixed-integer nonlinear programming algo-
rithm for process systems synthesis. pisifiiniii, 32(4), 592-606.

El-Halwagi, M. M. (2008). Pinch Analysis and Process Integration: A User Guide on Process
Integration for the Efficient Use of Energy by Ian C. Kemp, 2nd ed. pisiiininim, 54(11),
3031-3031.

El-Halwagi, M. M., and Manousiouthakis, V. (1989). Synthesis of mass exchange networks.
i 35(8), 1233-1244.

El-Halwagi, M. M., and Manousiouthakis, V. (1990). Automatic synthesis of mass-exchange
networks with single-component targets. —, 45(9),
2813-2831.

Finley, S. D., Broadbelt, L. J., and Hatzimanikatis V. (2009). Thermodynamic analysis of bio-
degradation pathways. _, 103(3), 532-541.

Frenzel, P., Fayyaz, S., Hillerbrand, R., and Pfennig, A. (2013). Biomass as feedstock in

the chemical industry—An examination from an exergetic point of view. (sheiicgl
I ;) 233210


http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Fbit.22285&citationId=p_15
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Fbbb.1563&citationId=p_1
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Fbbb.1563&citationId=p_1
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1039%2FC2EE23369J&citationId=p_5
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1039%2FC2EE23369J&citationId=p_5
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Faic.11630&citationId=p_12
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Fceat.201200302&citationId=p_16
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Fceat.201200302&citationId=p_16
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Faic.12276&citationId=p_2
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Fcite.201300115&citationId=p_6
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Faic.690350802&citationId=p_13
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1007%2Fs10529-014-1675-2&citationId=p_7
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2F0009-2509%2890%2980175-E&citationId=p_14
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.copbio.2015.08.021&citationId=p_4
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Faic.690320408&citationId=p_11
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.enconman.2014.02.009&citationId=p_8

510 Microbial Fuels

Frenzel, P, Hillerbrand, R., and Pfennig, A. (2014a). Exergetical evaluation of biobased syn-
thesis pathways. Raluiaess, 6, 327-345.

Frenzel, P., Hillerbrand, R., and Pfennig, A. (2014b). Increase in energy and land use by a
bio-based chemical inustry. NN >>. 05 2015

Frenzel, P., and Pfennig, A. (2016). Methodik zur schnellen Bewertung von Syntheserouten
auf Basis von Exergiebilanzen. Presented at the ProcessNet-Jahrestagung und 32.
DECHEMA-Jahrestagung der Biotechnologen, Aachen, Germany, September 12-15,
2016. http://orbi.ulg.ac.be/handle/2268/201884.

Gassner, M., and Maréchal, F. (2009). Thermo-economic process model for thermochemical
production of synthetic natural gas (SNG) from lignocellulosic biomass. isussssssesd
Biagkaiay 33(11), 1587-1604.

Gebreslassie, B. H., Yao, Y., and You F. (2012). Multi-objective optimization of hydrocar-
bon biorefinery supply chain designs under uncertainty. In 51st IEEE Conference on
Decision and Control, 5560-5565. Maui, HI, December 10-13, 2012, p. 509.

Geraili, A., and RomagnoliJ. A. (2015). A multi-objective optimization framework for design
of integrated biorefineries under uncertainty. yisiiiin—. 61(10), 3208-3222.

Gerber, L., Gassner, M., and Maréchal, F. (2011). Systematic integration of LCA in process

systems design: Application to combined fuel and electricity production from lignocel-
lulosic biomass. _ 35(7), 1265-1280.

Grossmann, ., Caballero, J., and Yeomans, H. (1999). Mathematical programming approaches
to the synthesis of chemical process systems. ﬂ,
16(4), 407-426.

Gundersen, T. (2000). A process integration PRIMER. Trondheim, Norway: SINTEF Energy
Research, International Energy Agency.

Hendry, J. E., Rudd, D. E,, and Seader, J. D. (1973). Synthesis in the design of chemical pro-
cesses. jifinnnl. 19(1), 1-15.

Hlavacek, V. (1978). Synthesis in the design of chemical processes. | ENGGcTNTNG
giietssiig. 2(1), 67-75.

Hoffmann, P., Voges, M., Held, C., and Sadowski, G. (2013). The role of activity coefficients
in bioreaction equilibria: Thermodynamics of methyl ferulate hydrolysis. Risilisiesd
(ks 173174, 21-30.

Jankowski, M. D., Henry, C. S., Broadbelt, L. J., and Hatzimanikatis, V. (2008). Group contri-
bution method for thermodynamic analysis of complex metabolic networks. Rt

Lawaal 95, 1487-1499.

Kim,J., Sen, S. M., and Maravelias, C. T. (2013). An optimization-based assessment framework
for biomass-to-fuel conversion strategies. —, 6(4), 1093.

Linnhoft, B. (1993). Pinch analysis: A state-of-the-art overview: Techno-economic analysis.
Chemical Engineering Research & Design, 71(5), 503-522.

Maréchal, F., and Kalitventzeft, B. (1998). Process integration: Selection of the optimal utility
system. , 22(Suppl. 1), S149-S156.

Martin, M., and Grossmann, I. E. (2012). On the systematic synthesis of sustainable biorefin-
eries. — 52(9), 3044-3064.

Metzger, M., Glasser, B, Patel, B., Hildebrandt, D., and Glasser, D. (2012). Teaching process design
through integrated process synthesis. Chemical Engineering Education, 46(4), 260-270.

Mian, A, Ensinas, A. V., and Marechal, F. (2015). Multi-objective optimization of SNG pro-

duction from microalgae through hydrothermal gasification. | NGGcGcTcTcTTzTzNNEEE
Iligilitasisg. 70, 170-183.



http://orbi.ulg.ac.be
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1039%2Fc3ee24243a&citationId=p_30
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.compchemeng.2010.11.012&citationId=p_23
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2F0098-1354%2878%2980010-6&citationId=p_27
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2F0098-1354%2878%2980010-6&citationId=p_27
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.biombioe.2009.08.004&citationId=p_20
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.biombioe.2009.08.004&citationId=p_20
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.compchemeng.2015.01.013&citationId=p_35
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.compchemeng.2015.01.013&citationId=p_35
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1007%2FBF02698263&citationId=p_24
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.bpc.2012.12.006&citationId=p_28
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.bpc.2012.12.006&citationId=p_28
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2FS0098-1354%2898%2900049-0&citationId=p_32
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.3390%2Fpolym6020327&citationId=p_17
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1529%2Fbiophysj.107.124784&citationId=p_29
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1529%2Fbiophysj.107.124784&citationId=p_29
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1021%2Fie2030213&citationId=p_33
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.cherd.2013.12.024&citationId=p_18
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Faic.14849&citationId=p_22
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Faic.690190103&citationId=p_26

Industrial Integration of Biotechnological Processes 511

Murillo-Alvarado, P. E., Ponce-Ortega, J. M., Serna-Gonzalez, M., Castro-Montoya, A. .,
and El-Halwagi, M. M. (2013). Optimization of pathways for biorefineries involving
the selection of feedstocks products, and processing steps.

. 52(14), 5177-5190.

Nishida, N., Stephanopoulos, G., and Westerberg, A. W. (1981). A review of process synthesis.
i 27 (3), 321-351.

Pfeffer, M., Wukovits, W., Beckmann, G., and Friedl, A. (2007). Analysis and decrease of
the energy demand of bioethanol-production by process integration. i
Eigiuscsiseg, 27(16), 2657-2664.

Pfennig, A. (2016). Thermal unit operations, lecture manuscript. Lecture at University of
Liege for Master students in Chemical Engineering, pp. 838-848.

Prausnitz, J. M. (2003). Molecular thermodynamics for some applications in biotechnology.

, 35, 21-39.
Santibafiez-Aguilar, J. E., Gonzédlez-Campos, J. B., Ponce-Ortega, J. M., Serna-Gonzalez,

M., and El-Halwagi, M. M. (2011). Optimal planning of a biomass conversion system
considering economic and environmental aspects. H
Beseaials 50(14), 8558-8570.

Seaver, S., Gerdes, S., Frelin, O., Lerma-Ortiz, C., Bradbury, L., Zallot, R., Hasnain, G. et al.

(2014). High-throughput comparison, functional annotation, and metabolic modelin
of plant genomes using the PlantSEED resource. —
, 111, 26, 9645-9650.

Seferlis, P., and Georgiadis, M. (2004). The Integration of Process Design and Control.
Amsterdam: Elsevier Science.

Smith, R. (1995). Chemical Process Design. New York: McGraw-Hill, Inc.

Stephanopoulos, G. (1981). Synthesis of process flowsheets: An adventure in heuristic design
or a utopia of mathematical programming? In R. S. H. Mah and W. Seider (eds.),
Foundations of Computer-Aided Chemical Process Design. Vol. 2. New York: Engineering
Foundation, p. 439.

Stuart, P. R., and El-Halwagi, M. M. (eds.). (2012). Integrated Biorefineries: Design, Analysis,
and Optimization. Boca Raton, FL: CRC Press.

Tay, D. H. S, Ng, D. K. S, Sammons, N. E., and Eden, M. R. (2011). Fuzzy optimization

approach for the synthesis of a sustainable integrated biorefinery. jntutateis
I ). 1521665

Trespalacios, F., and Grossmann, I. E. (2014). Review of mixed-integer nonlinear and gener-

alized disjunctive programming methods. _, 86(7), 991-1012.

Tsatsaronis G. (1996). Exergoeconomics: Is it only a new name?
sakidalags. 19, 163-169.

Turton, R., Bailie, R. C., Whiting, W. B., and Shaeiwitz, J. A. (2009). Analysis, Synthesis and
Design of Chemical Processes. 3rd ed. Englewood Cliffs, NJ: Prentice Hall.

Wang, Y., and Smith, R. (1994). Wastewater minimization.
49(7), 981-1006.

Westerberg, A. W. (1980). A review of process synthesis. In R. G. Squires and G. V. Reklaitis
(eds.), . http://pubs.acs.org/doi/10.1021
/bk-1980-0124.ch003.

Yuan, Z., Chen, B., and Gani, R. (2013). Applications of process synthesis: Moving from con-
ventional chemical processes towards biorefinery processes.

Iigiiitsiiieg. 19, 217-229.

p


http://pubs.acs.org
http://pubs.acs.org
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Fceat.270190210&citationId=p_49
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Fceat.270190210&citationId=p_49
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.compchemeng.2012.09.020&citationId=p_53
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.compchemeng.2012.09.020&citationId=p_53
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.applthermaleng.2007.04.018&citationId=p_38
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2Fj.applthermaleng.2007.04.018&citationId=p_38
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1073%2Fpnas.1401329111&citationId=p_42
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1073%2Fpnas.1401329111&citationId=p_42
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1021%2Fie1011239&citationId=p_47
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1021%2Fie1011239&citationId=p_47
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2F0009-2509%2894%2980006-5&citationId=p_51
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1021%2Fie303428v&citationId=p_36
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1021%2Fie303428v&citationId=p_36
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1016%2FS0021-9614%2802%2900305-1&citationId=p_40
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Fcite.201400037&citationId=p_48
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1021%2Fbk-1980-0124.ch003&citationId=p_52
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1002%2Faic.690270302&citationId=p_37
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1021%2Fie102195g&citationId=p_41
http://www.crcnetbase.com/action/showLinks?doi=10.1201%2F9781351246101-15&crossref=10.1021%2Fie102195g&citationId=p_41

	Chapter 14: Industrial Integration of Biotechnological Processes from Raw Material to Energy Integration:

	14.1 Introduction: Background and Driving Forces

	14.2 Thermodynamic Modeling of Cell Metabolism

	14.2.1 Group Contribution Method

	14.2.2 Exergetic Evaluation of Process Alternatives


	14.3 Process System Engineering Tools for the Design of Biotechnological Processes

	14.3.1 Cascaded Option Trees

	14.3.2 Process System Engineering in Biorefineries

	14.3.2.1 Process Flowsheeting or Synthesis

	14.3.2.2 Process Modeling

	14.3.2.3 Process Integration

	14.3.2.4 Costing and Life Cycle Analysis

	14.3.2.5 Process Optimization

	14.3.2.6 Case Study: Synthetic Natural Gas Production from Microalgae through Hydrothermal Gasification



	References





