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Introduction

T
echnological and scientific progress has undoubtedly
been pushed by the exploitation of fossil carbon. These
natural resources have been generated over millions of

years. Biomass has been produced by photosynthesis captur-
ing carbon dioxide (CO2) from the atmosphere. The stalling
plants and organisms have been converted in subsequent geo-
chemical processes into coal, petroleum and natural gas stored
in geological formations. Today, this pocket of sunlight feeds
our society in terms of fuels, chemicals and materials, so far
only constrained by available technologies to extract carbon
from its reservoir. Given the seemingly unlimited availability
of fossil carbon, the industrial value chains have been geared
toward petroleum and natural gas as raw materials for the pro-
duction of carbon-based products in the past.

The exploitation of fossil carbon proceeds faster than its
regeneration in the natural carbon cycle. The accelerating car-
bon depletion not only reflects the growing world population,
but also the globally improving living standard. Some studies
predict the complete depletion of accessible fossil carbon well
before the end of this century.1 Others are more optimistic
and do not believe that ‘‘peak oil’’ will be reached anytime
soon.2 While any such prediction is highly uncertain and
therefore debatable, climate experts widely agree that anthro-
pogenic carbon conversion contributes significantly to the
increase of the CO2 concentration in the atmosphere and, as a
consequence, of the average surface temperature on our
planet.3 These trends can only be stopped if the cumulative
anthropogenic emissions of CO2 can be bounded to a trillion
tons of carbon4— ultimately requiring equilibrating CO2 fixa-
tion and release, which does not seem to be possible without a
switch from fossil to biorenewable carbon resources.

Although biomass has always been used as a source of
energy and as a raw material, it constitutes only a small frac-

tion of the current total carbon use. Current biomass use is re-
stricted to low-volume products and to the large-scale produc-
tion of bioethanol. The transition from the current fossil-based
to a future bio-based carbon economy is expected to evolve
continuously in the coming decades, gradually impacting all
process industries. Easily accessible regenerative feedstock
like plant oils, sugar or starch will be transformed first into
common molecular products. A continuous changeover to
more complex biorenewable feedstock’s like agricultural resi-
dues, industrial wastes, green plants, wood, or algae will
occur. Ultimately, the petrochemical product tree will be
replaced by a bio-based alternative.

This raw materials shift should not be considered a threat, but
rather a unique opportunity to redesign the industrial value chain
from biorenewable raw materials to new products. A full exploi-
tation of biorenewables requires the direct use of their rich mo-
lecular structure to the extent possible. The complete degrada-
tion of biomass into C1 building blocks by gasification or metha-
nation would clearly miss a unique opportunity. Rather than
reusing existing value chains — the most economical scenario
at first glance — the raw materials shift should not only address
new technologies for molecular transformation and up- and
downstream processing, but also aim at a new range of molecu-
lar products to consequently exploit the nature of the feedstock.

This Perspective aims at elucidating the opportunities and
challenges resulting from the inevitable raw materials switch
from a process systems perspective. We first dwell into the na-
ture of biorenewables to set the stage for a new chemical engi-
neering paradigm. The remainder of the article will focus on
interacting systems problems in biorenewables processing,
including plant production, biomass pretreatment, novel reaction
pathways, sustainable processes and novel product systems.

Nature of Biorenewables

Biorenewables can obviously only replace fossil carbon
feedstock, if the annual production of biomass can satisfy the
future global carbon demand — an issue which has been a
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subject of controversy. In the so-called ‘‘billion ton study’’
Perlack et al.5 report that 1.3 billion dry tons of lignocellulosic
biomass is expected to be producible in the US alone without
a severe change of land-use. This amount could replace about
50% of the US annual petroleum demand. A more recent
study6 has put more emphasis on sustainability and came up
with a more modest estimate of 550 million dry tons per year.
The capacity could be increased, if existing crop land were
used more efficiently, and if plants with higher specific yield
became available. Langeveld et al.7 argue that biorenewables
can be produced sustainably in sufficient quantity without
competing with food production, if the biomass were used
completely in integrated industrial value chains linking the
production of food, cattle feed, transportation fuels and other
bio-based products. None of these studies accounts for a likely
reduction of the transportation fuel demand due to a gradual
shift toward solar-powered electro-mobility. Thus, there are
good reasons to expect that the global agricultural production
capacity will be sufficient to sustainably satisfy the future car-
bon demand for the production of bio-based materials includ-
ing liquid transportation fuels.

Biomass constitutes of an enormous variety of plant species
with varying morphology and chemical composition. Regard-
less of the phenotype, any plant comprises lipids, starch,
cellulose, hemicelluloses, lignin, proteins and minerals in
varying amounts (see Figure 1). Lipids are hydrophilic mole-
cules with a relatively simple structure. They occur in plant
seeds and in some kinds of algae in large amounts. Fatty
acids, for example, are unbranched, saturated or unsaturated
carboxylic acids with up to 24 carbon atoms; they have been
used as industrial feedstock for a long time. Starch is a poly-
mer built from glucose monomers. In the case of amylose, lin-
ear chains are arranged in a dense helical structure, while am-
ylopectin consists of branched chains. Starch accumulates in
particular in fruits, seeds, rhizomes and tubers. Like amylose,
cellulose is a linear glucose polymer mainly found in plant
cell walls. The alternating direction of the ether bonds results
in chains which can be linked by hydrogen bonds to form
crystalline fibrils. Hemicelluloses consist of macromolecules
similar to cellulose. The shorter chains consist of pentoses and
hexoses; they form the glue between cellulose and lignin by
means of covalent and hydrogen bonds. Lignin is an aromatic
polymer most commonly occurring in wood. It does not show
a well-defined chemical structure, but is rather a random poly-
mer formed from three prevailing aromatic monomers, namely
p-hydroxyphenyl, guaiacyl, and syringyl phenylpropanoid,
largely linked by ether bonds. Proteins and minerals occur in
small and varying amounts in any plant species.

In contrast to fossil carbon, biomass is not just a mixture of
chemical components. Wood, for example, shows a complex
ultrastructure (Figure 1) evolved by nature to conduct water,
to store biochemical energy and to provide mechanical stabil-
ity.8 The wood stem consists mainly of longitudinal dead cells
with different structural features. The seasonal growth rate
and the circumferential formation result in cells differing in
diameter and wall thickness. The cell wall consists of several
layers with specific chemical composition and morphology.
While the primary wall consists of lignin and small amounts
of cellulose, the secondary wall is formed by cellulose fibrils
differently oriented in the sublayers. The paracrystalline
microfibrils are bundled into fibrils which are embedded in a

stabilizing amorphous matrix of lipids, proteins, hemicellulo-
ses and lignin. The resulting rigid assembly forms a natural
anisotropic composite material, which is designed to withstand
mechanical, biological and chemical stress.

The constitution of plant biomass comprises an enormous
variety of polymeric substances with multifunctional molecu-
lar structures forming morphologies of rich diversity. While
the hydrogen to carbon ratio is lower in biomass compared to
oil, the oxygen to carbon ratio is higher in biomass than in
fossil carbon due to plentiful hydroxyl groups. The pro-
nounced difference in elemental composition, molecular
structure and morphology and the variety of plant phenotypes
present in biorenewable feedstock has to be accounted for in
tailored future industrial value chains.

Toward Biorenewables-based Chemical
Engineering

Today, more than 90% of the fossil carbon is used only for
its energy content. This pattern should not be followed in the
future, because of the low efficiency of converting solar
energy into biomass. Agrawal and Singh9 convincingly argue
the case for converting solar radiation directly into electrical
energy by photovoltaics, and for restricting the use of biomass
to the production of carbon-based molecular products. The
sustainable use of bio-based carbon suggests integrated manu-
facturing in biorefineries10 to selectively transform the variety
of molecular structures into a range of products including liq-
uid transportation fuels, chemicals, polymers, pharmaceuti-
cals, pulp and paper, food or cattle feed.11 Polygeneration of
such material products together with steam and electricity is
yet another important objective,12 but the increasing availabil-
ity of solar, wind or geothermal power in industrial processing
might render such partial conversion of biomass to energy
even less attractive.

The development of integrated biorefineries requires a true
quantum leap in chemical engineering.11 Rather than follow-
ing current industrial practice,13 where macromolecules
present in the biomass are broken into C1 building blocks first,
which are next reassembled into the desired functional mole-
cules, the synthesis power of nature should be used to the
maximum possible extent. For this purpose, the rich molecular
structure in the biomass has to be accessed without significant
degradation. The highly functionalized polymers have to be
selectively depolymerized first. Next, the resulting molecular
structures need to be isolated and catalytically refunctionalized
into target molecules. Such an advanced strategy offers the
chance to establish conversion processes with higher carbon ef-
ficiency and lower entropic losses compared to conventional
thermochemical processes. Although conceptually attractive, its
implementation requires the tailoring of the industrial value
chains to the nature of the bio-based raw materials.

Preserving the natural molecular structures in the raw mate-
rials requires a shift from gas-phase reactions at high tempera-
tures, prevalent in petroleum-based chemical engineering, to
liquid-phase reactions at lower temperatures. Likewise, low-
temperature separation technologies should be favored over
classical distillation if possible. Higher viscosities of the pro-
cess media and the management of large amounts of water are
inevitable side-effects offering their own challenges.
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The elemental composition of biorenewables suggests the
transition from established to new molecular products which
still provide the same functional properties expected by the
consumer. If the current product tree was preserved, the
surplus oxygen in the raw material would have to be removed
either as CO2 or H2O. While the former reduces carbon
efficiency and contributes to the climate problem directly, the
latter requires large amounts of hydrogen which have to be
produced sustainably, for example, by costly solar-powered
water splitting. Obviously, future product trees should accom-
modate the native oxygen content of biomass to the extent
possible to reduce the need for deoxygenation.

These considerations imply the need for a radical shift
from petroleum-based to biorenewables-based chemical en-
gineering aiming at new value chains with a new range of
oxygenated products, novel production routes and integrated
biorefineries built from intensified unit operations which op-
erate at moderate conditions. Obviously, this transition offers
the chance to reinvent the process industries with global and
long-term impact.

The intricate dependencies between the supply of biomass
by agricultural cultivation, the pretreatment of the biomass, its
molecular transformation and processing into target molecules
and the structure-property relations of the end product ask for
a holistic approach. The methods and tools of process systems

engineering offer the right means to achieve integrated solu-
tions close to the global optimum rather than falling into the
trap of studying irrelevant problems or presenting solutions
with negative side effects. Figure 2 shows a rough sketch of
the major interacting systems problems along the value chain
from plant production to bio-based products. The nature of
these problems will be briefly sketched in the remainder of
this article.

Sustainable Production of Tailored
Feedstock

While the chemical composition of fossil carbon feedstock
has been determined by natural geochemical processes and
thus has to be taken as a given, the situation is completely dif-
ferent for bio-based feedstock, which itself is an outlet of agri-
cultural production. Therefore, there is an opportunity to con-
trol the feedstock quality — the molecular composition and
morphological structure of the biomass — within ecological
constraints to properly match the subsequent valorization pro-
cess. Clearly, biomass production has to efficiently use the
limited cultivable land area, preserve the natural CO2 seques-
tration potential of soil, and avoid irreversible soil exhaus-
tion.14 Hence, it comprises a first important systems problem

Figure 1. Chemical composition of wood and its structural features on different length scales.
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linking chemical engineering with the earth, plant and agricul-
tural sciences.

An intensification of biomass production can proceed in dif-
ferent directions. The selection and breeding of plant species
offer a first opportunity. Natural ecosystems consist of a variety
of species, each with a specific productivity occupying an indi-
vidual niche.15 This variety together with the competition and
differentiation between the species of a plant community results
in a robust flora. In contrast, current agricultural cultivation relies
on monocultures with well-known problems like a high sensitiv-
ity to pest and the risk of soil exhaustion. Recent studies show
that diversity contributes to higher yield and improves sustain-
ability. For example, Hille et al.16 report higher yield if C4-plants
are cultivated together with nitrogen fixing legumes, while Til-
man et al.17 show more than double bioenergy yield with
low-input and high-diversity grass cultures with better CO2

sequestration and less agrochemicals use. The feedstock from
such mixed cultures is clearly more complex than from monocul-
tures and requires more sophisticated processing technologies.

The yield per unit of used land can also be improved by a
reduction of the regeneration time of plant growth. For example,
expression of pine glutamine synthetase in poplar18 results in an
increase of 141% in tree height in 3 years19 without altering the
chemical composition and ultra-structure of the wood, thus, sug-
gesting negligible ecological impact. Breeding can also target at
tailoring the chemical composition or morphology of a plant
species. For example, low minerals content may favor plant
comminution during mechanical pretreatment, while a tailored
biopolymer composition of cell walls could simplify biochemi-
cal pretreatment and impact the ratio of the platform chemicals
produced.

Another opportunity refers to the production process itself
which can be optimized by an adjustment of the production

conditions using established process control techniques. For
example, fertilizer and other agrochemicals consumption, irri-
gation and ambient CO2 concentration can be used as manipu-
lated variables to drive the productivity to an optimum. The
immense variation in chemical composition during the plant
lifetime suggests optimal harvesting conditions. The periodic
character of plant production can be exploited using ideas
from run-to-run control.20 Given the huge amounts of water
used in agricultural processes, particular emphasis has to be
put on the water management, which is a systems problem on
its own.

Biomass Pretreatment

While a unifying pretreatment of fossil carbon feedstock is
accomplished by simple separation and cracking, the hetero-
geneity of largely solid biorenewables and the objective of
gaining access to the natural molecular structures asks for so-
phisticated pretreatment processes. Accordingly, pretreatment
has to match both the raw material and the subsequent molec-
ular transformations. Efficient pretreatment significantly
impacts the economics of biomass valorization, because it can
contribute 20–40% of the overall production costs.21 Estab-
lished thermochemical pretreatment can process different
kinds of biomass simultaneously. However, it not only
requires capital-intensive large-scale plants, but also annihi-
lates nature’s synthesis power. Alternatively, the pretreatment
process should target well-defined substrates with a set of
desired pretreatment products similar to current practice in
pulp and paper or corn mills. Future pretreatment processes
need to address the selective production of multiple products
from possibly even different kinds of biomass.

Figure 2. Set of interacting systems problems: from biorenewables production to novel oxygenated molecular products.
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Considering the predominant carbohydrate fraction of cellu-
lose and hemicelluloses in biomass, hydrolysis is a first logical
step to functionalize the resulting sugar monomers. Direct en-
zymatic hydrolysis of lignocelluloses results in low time-space
yield, because of the restricted accessibility of the paracrystal-
line regions and the lignin-carbohydrate complex.22 Of course,
strong acids are able to hydrolyze also crystalline cellulose,
but come with a lot of waste and a broad range of degradation
products.10 To exploit the favorable economics of the enzy-
matic hydrolysis of carbohydrates,23 the lignin-carbohydrate
complex should be broken first, ideally combined with remov-
ing crystalline cellulose, to accelerate selective hydrolysis.24

At present no efficient biocatalytic approaches are known to
break the chemical structure of lignin. Different kinds of
chemical treatment are currently used to relieve the lignocel-
lulosic structure such as Kraft pulping. However, these treat-
ments often suffer from sulfonation of lignin, difficulties in
recycling the active chemical agents, and the focus on maxi-
mizing fiber yield instead of isolating the major biomass con-
stituents. A promising alternative is the Organosolv process.25

The ether bonds of lignin are cleaved by nucleophilic attack
in water/alcohol mixtures at moderate conditions. Hemicellu-
loses are depolymerized to sugars in aqueous solution. The
delignified cellulose is insoluble and can be easily isolated. Re-
moval of the organic solvent induces precipitation of lignin.
Hence, Organosolv pulping leads to cellulose, lignin and hemi-
celluloses fractions and largely preserves the native molecular
structure. A novel promising concept, still in the exploratory
phase, relies on pretreatment of lignocelluloses in ionic liquids
(IL).26 The striking feature is the capability of certain IL to dis-
solve crystalline cellulose at moderate temperatures. The dis-
solved cellulose can be selectively depolymerized to oligomers
largely avoiding further degradation by an acid heterogeneous
catalyst.27 Since the properties of IL can be tuned over a wide
range, they may be tailored either toward selective cleaving of
lignin or effective depolymerization of carbohydrates.

So far, even established pretreatment processes are not
well-understood and systematic process design is lacking.23

The characterization of the feedstock and an investigation of
the physicochemical fundamentals on the molecular and mor-
phological levels are expected to lay the foundation for a
model-based tailoring of pretreatment to the specific type of

raw material, and to integrate it with controlled depolymeriza-
tion and subsequent conversion to intermediate platform
chemicals.

Novel Routes from Intermediates to
Products

The raw materials shift will also require a quantum leap in
catalysis. Since the native molecular structure is supposed to
be preserved, the focus of catalysis research will have to shift
from building functional structures out of simple building
blocks to the re-functionalization of complex molecular struc-
tures. Highly selective chemocatalysts for dehydration, cycli-
zation, ring opening, hydrogen transfer and C-O bond manipu-
lation must be explored. Enzymatic or whole-cell biocatalysts
are often high-performance alternatives resulting in high se-
lectivity and yield.24 Hybrid catalysts, combining enzymes
with chemocatalysts in a complex molecular or nanoparticu-
late structure, constitute even more sophisticated options.
Finally, the combination of bio- and chemocatalytic conver-
sions along the reaction pathways offers new and largely
unexplored opportunities.28

Consequently, novel production pathways linking different
kinds of bio-based feedstock to intermediate platform chemi-
cals and novel innovative products with specified properties
must be explored as sketched in Figure 3. The variety of plant
species and the flexibility in tailoring the feedstock to the
desired valorization, the alternative intermediates, the oppor-
tunities in bio- and chemocatalysis, and finally the novel prod-
ucts with higher oxygen content result in a large superstruc-
ture of production routes. These alternatives must be system-
atically evaluated and screened for promising candidates to
identify those with favorable overall properties including car-
bon efficiency, hydrogen demand, energy consumption, or
production cost. Ideally, such an evaluation should precede
research in catalysis and production processes to identify
promising options.

While lifecycle analysis is well-established for evaluating
existing production routes, methods for an assessment of the
potential of reaction pathways in an early research phase are
largely lacking. Rather than just using elemental balances,29

Figure 3. The integrated synthesis problem: raw material selection and design, reaction pathway synthesis, process and
product design.
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ideas from metabolic flux analysis30 can be transferred to the
analysis of reaction networks in the context of biorenewables
processing. This reaction network flux analysis (RNFA) first
compiles all known and possible reaction steps toward desired
products in a reaction network based on the open literature, on
experts’ knowledge or on prediction algorithms ultimately
based on quantum chemical computations. An optimization
problem is formulated to maximize yield, and to possibly
account for additional objectives which satisfies the underde-
termined linear mole balances of the network nodes. All possi-
ble reaction pathways connecting the starting and the target
chemicals can be detected by mixed-integer programming.31

The identified alternatives can then be classified according to
different criteria. This stoichiometry-centric approach can be
extended to consider other aspects including yield, separation
factors, or even a rough estimate of production cost to link
RNFA to process synthesis. Promising reaction pathways can
be detected, bottlenecks can be identified and tasks for cataly-
sis research can be formulated. RFNA offers a promising
screening methodology for a better integration of bio- and
chemocatalysis on the one hand, and of catalysis and process
design on the other. A proof of concept has been reported
recently.32 Two pathways in a reaction network linking furfu-
ral and itaconic acid to the fuel candidates 2- and 3-methyl-
tetrahydrofuran (MTHF) via 49 intermediates by 66 reactions
have been shown to equally maximize yield, but strongly dif-
fer in the number of reactions and in hydrogen usage. Even
such simple classification criteria can foster the subsequent
research process regarding suitable substrates, hydrogen sup-
ply or separation process requirements and can help to bench-
mark new against existing processing routes.

Sustainable Manufacturing by Systematic
Process Synthesis

The transition from petroleum-based to biorenewables-based
chemical engineering will pose novel process and supply chain
synthesis problems to accommodate the nature of the raw mate-
rials and novel pathways to new molecular products.

The volumetric energy density of biomass is a factor of
roughly 20 lower than that of oil, thus rendering biomass
transportation over long distances economically unattractive.
The feedstock may be restricted to high energy density materi-
als like wood, biomass may be densified as pellets,33 or it may
be upgraded to slurries or platform chemicals before transpor-
tation.34 Not only the low-energy density of biomass, but also
the seasonal supply and its diversity suggest a radical change
in production technology. Rather than relying on world-scale
plants requiring immense capital investment, the valorization
chains will shift to a decentralized production of platform
chemicals in small-scale low-cost plants, which can even be
built by small and medium sized enterprises in developing
countries. These plants are operated close to the biomass pro-
duction sites not only to reduce transportation cost, but also to
offer the possibilities to recycle water, minerals and biological
waste back into the agricultural production.7 Flexible multi-
substrate, multiproduct plants are envisioned, which are tai-
lored to the plant species on site and allow for agile operation
to handle seasonal dynamics. Modularization and miniaturiza-
tion of plant equipment are as important as the simplification

and automation of plant operation to satisfy the needs of
decentralized operation in an agricultural environment.

Systematic process and supply chain synthesis will see a
renaissance to meet the objective of high efficiency despite
the significantly more complex production pathways. While
process and supply chain synthesis are still considered largely
in isolation, many more interactions are conceivable in biore-
newables processing (see Figure 2). Process synthesis has to
be tightly integrated with (bio-)chemical research to assess the
economic potential of some reaction pathway in an early
stage. The advantages of such an interdisciplinary effort have
been demonstrated recently in a case study aiming at a novel
chemistry and production process for 2-MTHF from the sub-
strate levulinic acid by a combination of hydrogenation and
dehydration.34 The homogeneously catalyzed reaction
achieves a high yield of 95%. The reactor effluent is separated
at low-energy demand in two heteroazeotropic distillation col-
umns coupled by a liquid-liquid phase split to recover
2-MTHF and water at high purities. Flow sheet design has
been based on rough experimental reaction kinetics, quantum
chemical property estimation and an incremental process syn-
thesis framework.36

Often, biorenewables process synthesis has to address the
removal and the recycling of water which has to be processed
in large quantities. For example, most fermentation processes
suffer from low product concentrations in aqueous solution
resulting in nontrivial separation tasks. As an illustration, the
broth in biobutanol fermentation contains less than 10 g/L buta-
nol accompanied by a roughly equal amount of acetone and
ethanol. Only hybrid separation processes can reduce energy
consumption well beyond the specific energy content of the
product.37 Systematic process synthesis linking computer-aided
molecular design, thermodynamically sound short-cut methods
and rigorous mixed-integer nonlinear optimization resulted in a
heat-integrated hybrid extraction-distillation process with the
lowest specific energy demand reported in literature.38

Inverting the Value Chain by Product
Design

The molecular structure of novel bio-based, oxygenated
products is determined by the functional requirements of an
application (see Figure 3). Consequently, biorenewables not
only offer a unique opportunity to select an appropriate mo-
lecular structure matching the desired functional product prop-
erties, but to tailor the complete industrial value chain to
achieve the desired function at lowest lifecycle cost. Conse-
quently, the value chain has to be inverted to (1) identify a mo-
lecular structure providing the desired function, (2) find a suita-
ble reaction pathway linking a platform chemical to the prod-
uct, (3) select an appropriate feedstock, and finally (4) design
the most economic process integrated into its associated supply
chain. This extended version of the process-product design
problem,39,40 has not been yet addressed in its entirety.

The concept is briefly illustrated in the context of 3rd gener-
ation biofuels. Rather than relying on known biofuel mole-
cules, the fuel, its production process and the combustion
engine are subject to joint optimization to achieve the best
performance along the whole value chain from raw materials
to wheel.
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In a first step, a new bio-based fuel component has to be
identified matching the requirements of modern low-tempera-
ture combustion engines by model-based product design. This
design relies on mathematical models to predict thermody-
namic and combustion kinetic properties of not yet existing
fuel candidates from molecular structure. While group contribu-
tion methods have been shown to work well for a wide range
of thermodynamic properties, there is a lack of experience
regarding their applicability to reaction kinetics. Hechinger and
Marquardt.41 show that quantitative structure-property relations
are preferable over group contribution methods for the predic-
tion of the laminar burning velocity, a measure of flame propa-
gation in spark ignited engines. This kind of result provides the
opportunity to formulate the inverse problem, namely to iden-
tify a yet unavailable molecular structure matching not only
desired thermodynamic, but also combustion kinetic properties
of third generation biofuels.

Such a fuel design strategy can be combined in a second
step with an algorithmic search for suitable production routes.
For example, RNFA has been linked with fuel design42 to
demonstrate the advantages of integrating the selection of
novel biofuel components with the performance evaluation of
the production route to systematically assess the trade-off
between combustion properties and production effort.

Conclusions

This article intends to raise awareness of the tremendous
opportunities for process systems engineering in the context
of the inevitable switch from fossil to biorenewable carbon
resources. Truly sustainable solutions require a much wider
perspective than presently taken. The prevailing focus on the
energy content of biomass and on the replacement of petro-
leum-based liquid transportation fuels by biofuels should be
shifted toward the exploitation of the rich molecular structure
of biorenewables synthesized by nature. The polygeneration
of novel oxygenated products, heat and electricity in highly
integrated biorefineries could gradually replace the current
infrastructure in the process industries. Multiscale modeling
and the model-based synthesis of the complete value chain are
viewed as core methodological paradigms. Although process
systems engineers do not have the expertise to equally con-
tribute to all relevant aspects, they are well-trained to take a
leading role in addressing the multi-faceted and cross-discipli-
nary decision-making problems in collaboration with plant
and earth scientists, chemists, biologists, (bio-)chemical engi-
neers, as well as application experts.
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