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Introduction

A truly sustainable society will use only recyclable materials and energy sources.
The reduction in consumption of fossil fuels such as oil, natural gas and coal is im-
portant — even critical — in the coming decades. In the long term, however, this
prediction points to a doom scenario with the continuing exhaustion of resources
and a decrease in the quality of society. In addition, excessive use of fossil reserves,
now and in the near future, entails an increased dependence on countries in which
political and economic problems can arise.

The challenge of renewability is immense. In the next fifty years the world’s popu-
lation will grow to approximately 10 billion people, all of whom will want a better
life than their predecessors. This situation will manifest itself in an explosive need
for more energy. urban growth, and a growing desire for private automobile ow-
nership. The Dutch government, which is conscious of these social developments at
home and abroad, took the initiative in the early 90s to establish a multi-disciplina-
ry and interministerial group that poses the question: “What can we do technologi-
cally to reach the middle of the 21st century with a minimum of crisis and uphe-
aval?”

[n “Opportunities for tomorrow” from: DTO Vision 2040 - 1998, Technology, key
to sustainable prosperity [1] , (see p. 9), approaches and possible solutions are tre-
ated in detail.

In addition to discussing topics such as transport, construction, food supply and wa-
ter, the group quickly became aware that chemistry should play a special role in
achieving a sustainable society. Chemistry is the driving force in all life processes
and its technology is used in a vast number of products that determine the quality of
modern life. Some examples are soap, pharmaceuticals, gasoline, textiles, leather,
glue, dyes, modern building materials and plastics.

Chemistry is concerned with changes in materials. These materials should, eventu-
ally, derive their raw materials from bionatural sources rather than geonatural sour-
ces (fossils and minerals). In the long term, inorganic products should, if we want to
continue to use them, be recycled. Organic raw materials must come from agricultu-
re as a source of energy as well as for chemicals. This means that in addition to ener-
gy use aimed at the direct conversion of radiant sunlight, agriculture will be an in-
creasingly important factor in sustainability strategies aimed at renewability.

Agricultural products are formed indirectly by the reduction of water and CO, with
the help of solar energy and are renewable as long as the sun shines. Water is needed
to support agriculture, and in order to obtain it at the right location. energy is often
required. Even though there is more than enough fresh water on earth for an ambi-
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tious agricultural policy, combining its use with energy demands a great deal of ex-
pertise and training. Also, possibilities for saline agriculture are not to be under esti-
mated. The task for the 21st century and beyond is to forge new links between water
for the biomass and energy availability, on the one hand, and an appropriate educa-
tion level on the other.

The question of whether or not there is sufficient available land for food stuffs and
energy sources on this planet, and enough radiant energy from the sun, can be ans-
wered without any hesitation: “It is there in abundance.” See the essay: renewable
starting materials for the chemical industry” by C. Okkerse and H. van Bekkum [2].

In this report, great emphasis is given fo the importance of agricultural products,
their potential conversion to energy sources and their applications for fibre-reinfor-
ced construction materials.

Another potentially important technology is the conversion of sunlight into electri-
city such as occurs in the leaves of plants. Parallels with nature exist, even though
conversions with inorganic materials have, until now, shown the most promise. The
ability to control chemical reactions runs like a thread through the following chap-
ters. The goal is to achieve high reaction efficiencies and to use fewer starting mate-
rials, both of which will lead to a reduction in environmental stress.

The five areas of development described in this report are the result of discussion in
the discipline Chemistry of Sustainability. It is important to state here that the areas
of development were established in collaboration with industry, government and the
scientific community — the parties that hold the key to a sustainable society in the
future. The choice was strongly influenced by the realisation that the developmental
areas must have a large quantitative result on the production of goods and energy in
order to provide earth’s growing population with a better quality of life.

Operating for just two years, this programme has led to a number of current projects
as well as to various projects that are still in the early phase of subsidy considera-
tion.

An important additional point is that in the platforms, extensive exchange between
the various parties may result in the emergence of surprising new developments.

Jan J.M. Mulderink

Chairman of the Netherlands’ Foundation for the Development of Sustainable Che-
mistry
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Opportunities for Tomorrow

A SUSTAINABLE SCENARIO takes into account a growing world popu-
lation and increasing prosperity. More prosperity for more people. It
might appear impossible, but it is a must if social justice and global sta-
bility are to be maintained. At the same time, ecological equality is nee-
ded to safeguard the quality of life of present and future generations. In
a sustainable scenario ecology and economy need no longer be regar-
ded as opposites. They can overlap and actually strengthen one anot-
her.

A SUSTAINABLE FUTURE HAS EVERY CHANCE OF SUCCESS. The en-
vironmental quality of a product is an increasingly important selling
point. More and more people are opting for agricultural products which
have been grown without the use of pesticides or fertilisers. More and
more people are prepared to pay a little extra for electricity generated fr-
om sustainable energy sources. These are significant trends, because
they open up new opportunities. Slowly but surely the whole concept of
‘value’ is changing. Economic value now tends to lie in services rather
than in material products, making it possible to economise on energy
and materials. Whereas now ownership of a car tends to be regarded as
an indication of status and wealth, in the near future status will be meas-
ure by a person’s ability to travel from A to B in comfort. Which particu-
lar mode of transport will prove the most appropriate remains to be seen.

AND A SUSTAINABLE FUTURE IS ACHIEVABLE. There are very few
technological obstacles. Many of the steps towards sustainable develop-
ment can be achieved simply by improving co-ordination between the
various parties concerned. For example, efficient consultation between
water boards, local authorities and drinking water businesses can lead
to town and country planning being better structured to meet the de-
mand for clean water. Other steps can be achieved by breathing new li-
fe into existing technologies or making more efficient use of them. Exa-
mples are the use of raw materials of vegetable origin for the production
of basic chemicals and the construction of underground pipe networks
for the transportation of goods. There are also a number of promising
new technologies still in the early stages of development, for example in
the fields of informatics, telecommunications, biotechnology and nano-
technology. Their application requires a minimum of raw materials and
energy. They are therefore in a position to contribute to rapid economic
and sustainable growth into the next century.
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IT IS POSSIBLE TO BECOME TWENTY TIMES AS EFFICIENT in meeting
demand for food, water, transport, housing and chemical substances
used for materials and products. This means that demands can be met
without damaging natural ecosystems, without causing a build-up of
waste products and without exhausting supplies of raw materials. The
STD programme has brought to light ways in which this can be achie-
ved within two generations. In a process of ‘learning by doing’, the futu-
re of a number of crucial technologies and organisational innovations
has taken shape. This will lead to a factor twenty improvement in effi-
ciency within fifty years. No corners will be cut. Things will not be do-
ne less well, but they will be done very differently. No lessons in fruga-
lity, but the breaking of new ground in the name of progress.

Taking the future as your starting point

THE ACHIEVEMENT OF SUSTAINABILITY requires fundamental chan-
ges in almost every aspect of society. Not only the step-by-step impro-
vement of existing technologies and systems, but also completely new
ideas: new resources and materials, different production techniques and
fresh organisation structures. Innovation opens up new opportunities,
but also involves an element of risk. It is a question of trying to respond
as well as we can to developments we can only guess at. To this end we
sketch an overall outline of what we expect the world of tomorrow to
look like. This can be used by decision makers as a teamwork on which
to base innovation.

TAKE A JUMP IN TIME, and sketch the world as you think it will be
around fifty years from now. Not a science fiction novel, but a realistic
picture of a sustainable future. Not a blueprint, but a charcoal drawing
of the world of the millennium generation: of those children born after
the turn of the century. They will grow up surrounded by new technolo-
gies, familiar with the formation of networks, teleworking and teleshop-
ping. It could be that fifty years form now the daily journey to school or
to the office will have become a thing of the past, in the same way that
nowadays we no longer pay a daily visit to the coal merchant to fetch
briquettes. Maybe by then the use of coal, oil and gas will be on the wa-
ne, just as we no longer use turf. Other modes of transport may have ta-
ken over, and significant shifts in diet my well have occurred.

SUSTAINABLE CHEMISTRY ] 1 INTRODUCTION



A LONG-TERM VISION ACTS AS A CHALLENGE, and stifles the natur-
al tendency to extrapolate. Thinking fifty years ahead broadens our out-
look and gives creativity and inspiration a chance. It provide a point of
reference for sustainable technological development. The exercise of
reasoning backwards from an image of the future — a method known as
backcasting — brings to light ways in which sustainable development
can be speeded up. Backcasting entails interaction between the future
and the present, and generates ideas for both long-term and short-term
innovation.

Technology in the context of culture and structure

TECHNOLOGY IS NOT AN END IN ITSELF, but a means of meeting
needs. The usefulness and necessity of technology are determined by
cultural and structural factors. Cultural factors determine which pro-
ducts and services a society demands, and which technological solu-
tions for the meeting of those demands the consumer of the future will
regard as acceptable. Structural factors, such as the way in which a so-
ciety is built up, determine the relationship between supply and de-
mand. Sustainable development is not often restricted by technological
limitations. For example, in technological terms it is not difficult to
switch from fossil fuels to biomass. It is far more of a challenge to make
the necessary adjustments to the energy supply structure and the chemi-
cal sector. Similarly, the transition from meat to novel protein foods po-
ses no real technological challenge. Of far more significance is the suc-
cess or otherwise of the required socio-economic transition, and the
consumer’s willingness to change his or her dietary habits.

AN INTEGRAL APPROACH to cultural, structural and technological
factors must be taken in order to bring about sustainable innovation.
The STD programme points out, for example, that a system for sustaina-
ble water management requires not only better purification techniques
but also improved co-operation between water management authori-
ties, water companies and local authorities. A sustainable passenger
transport system demands both the development of new modes of trans-
port and a way of distribution the vehicles available to meet precise
transport demands. Sustainable production is of little use unless we also
address the whole life cycle of products, from the extraction of raw ma-
terials to the processing of waste products.
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A BROAD SUPPORT BASE IS A KEY TO SUCCESS, and a foundation on
which to build. The support base will be stronger when innovations do
not originate exclusively from the drawing board but are developed in
consultation with those who are ultimately going to be using them. We
refer not just to the shareholders, but, more importantly, to the stakehol-
ders: involved parties from other disciplines, other companies suppliers,
consumer organisations, centres of excellence, social organisations and
government bodies. The contribution made by third parties to the who-
le innovation process is crucial to its success. The extra time involved at
this stage will be more than recompensed in the future.

THE STD PROGRAMME was carried out in consultation with a large
number of target groups. They were actively involved in the develop-
ment of scenarios and in the setting up of demonstration projects. For
example, a system for distributing transport demand in the area of pas-
senger transport was developed together with representatives from pas-
senger organisation and transport companies. A programme for meat-
substitute products was carried out together with producers and consu-
mer representatives. A trial project for sustainable water management
was initiated in consultation with administrator in Overijssel, the
Netherlands. Interim results were continuously discussed with involved
parties via workshops, round-table conferences and symposia. This in-
creased the impact of the programme, and maximised the likelihood
that the plans developed will indeed ultimately lead to a sustainable re-
ality.

A future in the making

The development of sustainable technology in the long term requires a
completely new working method — one which will encourage and sti-
mulate a break with current trends. We cannot explore promising inno-
vations and virgin territory without radically adjusting our thinking. We
need to sketch a long-term scenario as a guide for short-term measures.
A method for this was developed during the STD programme. It can be
summarised in the form of five golden rules.

1. Develop your views on sustainability

Growth is possible, but growth without sustainability will eventually be-
come untenable. Innovations are not likely to succeed unless they are
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expected to lead to sustainability in the long term. Consider, therefore,
how production and consumption can be maintained without causing
the depletion of resources, without damaging the ecosystem and wit-
hout the build up of waste products.

2. Take the future as your starting point

Long-term thinking works as a challenge, generating creativity and pre-
senting an opportunity to break free from the restrictions placed upon us
by present day know-how. An ambitious idea of the future can form a
framework for promising innovations and for niches which in the long
term have the potential to develop into dominant technologies and pro-
ducts.

3. Co-operation is essential

Technological development is the fruit of intensive co-operation be-
tween a number of parties at a pre-competitive stage. The STD pro-
gramme stimulated this form of co-operation giving rise to the formation
of new, sometimes unexpected alliances. The involved parties work out
the results of the programme further in this context.

4. Develop a strong support base

Technology without a strong support base is like a fish out of water.
Technology can only produce results if there is a demand for it, if the
users for whom it is intended accept it and if the society structure mak-
es room for it.

5. Good results depend on inspiring project leadership

Sustainable development is both innovative and ambitious. It is not a
question of following well-trodden paths. It demands idealism, creativi-
ty and expertise. An inspiring project lead can mobilise these factors
and at the same time ensure that the project stays on course.

Source: “Opportunities for tomorrow” published in: DTO Vision 2040 -
1998, Technology, key to sustainable prosperity, Multi-disciplinary Re-
search Programme for Sustainable Technological Development (Publis-
her: Ten Hagen & Stam, The Hague, December 1997)
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Chapter 1:
Background

DESCRIPTION OF THE ORGANISATIONAL STRUCTURE OF DCO
(FOUNDATION FOR THE DEVELOPMENT OF SUSTAINABLE CHEMISTRY)

1.1 Status of this report

This report “Sustainable Technological Developments in Chemistry: Five Arcas of
Technological Development” serves as a primary document for sustainable techno-
logical developments in chemistry. It is a compilation of suggested topics of discus-
sion and policy ideas with regard to starting points, general stipulations, and struc-
ture, for those interested in initiatives in the field of sustainable chemistry.

This report is aimed at policy makers in government, industry and rescarch. Itis me-
ant to be a challenge to researchers to embrace the theme of sustainability in their re-
search agendas.

The project that forms the basis of this report was carried out under the auspices of
the multi-disciplinary and interministerial programme Sustainable Technological
Development (DTO). Financial support for the DTO Chemistry project was provi-
ded by the Ministries of Economic Affairs (EZ), of Agriculture, Nature Manage-
ment and Fisheries (LNV), of Transportation and Water Management (VW) and of
Housing, Spatial Planning and the Environment (VROM). and the Dutch companies
Akzo Nobel, DSM, SEP and Shell.

For some of the topics discussed here, there is still an insufficient network for ac-
cessing existing information; in particular, efforts were made to provide a structural
framework and support to those with accessible information. The “ball™ structure,
with a number of starting points, is the central focus of this report. It refers to the
need to define and initiate projects of a different character: R&D projects, funda-
mental research, competitive technology analysis, studies, evaluations, tests, brain-
storming sessions, ete.

For a number of topics, an outline has already been formulated with members of in-
dustry, rescarch institutes and the government, for a few relevant projects.

On the basis of this report, discussions will arise, subjects already chosen can be
pushed ahead and furnished with additional detail, and new topics can be added and
expanded upon.

-
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1.2 The DTO Chemistry Concept

The only way humans are going to survive in the long term is through sustainable
development, i.e., the development of renewable materials. This will lead to a de-
crease in the use of scarce raw materials such as fossil fuel sources and reduce ne-
gative impacts on the environment. Achieving these aims requires a strong under-
standing of technological and cultural processes. Industry will have to change from
its current, often short term strategies, to long term strategies and adopt a broader vi-
sion.

Why are long term developments necessary? If a considerable reduction is to be ma-
de on environmental stresses in the face of a doubling of the world’s population in
the next 50 years (coupled with a quadrupling of affluent society). then it will be ne-
cessary to increase energy efficiency by a factor of 10 to 20. With the help of incre-
mental improvements and new designs. a significant advance can be made in the
arca of sustainability, To obtain the necessary reductions in energy use, however, a
great leap forward, must occur. This leap can only be achieved with trend-breaking
technology; for this to happen, long term technological development is critical.

New products and processes are launched onto the market by industry. Industry de-
cides how products are created and produced: as a result, it determines the sustaina-
bility effect. To achieve a sustainable society, the role of industry must be central.
Industry cannot. however, go it alone.

It is clear that co-operation with other participants — from an international perspec-
tive — is necessary for harmonious development. The government’s role is to sti-
mulate sustainable developments, establish clear goals, and define society’s needs.
Financial support is critical, particularly, in the planning stage.

The research institutes and universities must define the problems, generate experti-
se and develop technology.

The co-operation of industry, government, and research is the core of sustainable
development. The activities of the three participants are played out in a different ti-
me frame, as depicted in figure 1.1:

government long term short term
government + v
research 4+ ¥
industry research STty — —

Fig. 1.1: Cooperation of industry, government and research
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Even though long term research is essential, the chemical industry is forced by com-
petition to gear itself to short term profits. In this regard, the government can play an
important role in guiding technological developments through regulations, con-
tracts, financial support, strong educational opportunities, etc. In co-operation with
the chemical industry and the research sector, appropriate projects can be defined.

Choices for long term technological developments can mean business opportunities
for the short term. Making the right choices is difficult, however, as is finding the
right path to short term opportunities that will lead to long term goals.

Figure 1.2 summarises the scheme described above: based on a vision of creating a
sustainable future in fifty years (back-casting), the direction can be determined for
an R&D agenda. The time frame for the development of a technological idea to a
large-scale use of the technology is often very long. Only after the technology has
made a large-scale impact can the desired sustainability effects be felt:

the future
view

2050

sustainable

society

‘moving target’

A

trend gap in
environmental effects

NOW——

commercial commercial

prototypes, X "
R&D F pilots, application on a application on a
niches small scale large scale

-
'

A

horizon 50 years

Fig. 1.2: Long term technological developments

It is important to recognise that sustainable development is not at cross purposes to
the current developments in the chemical industry. The trends in the chemical in-
dustry are characterised by scaled-up operations, globalisation of business units and
holdings. This trend will continue for several decades. In addition, this report iden-
tifies the trend of niche formation and small-scale decentralised production systems.
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Although this appears to be contradictory, in the next 50 years — the period in which
this report is concerned — these two developments will occur simultaneously.

This phenomenon has to do with the on-going individualisation in society. In spite
of the strong tendencies towards globalisation — with greater product units as a re-
sult — most people want to retain control over a number of elements in their lives,
even if it involves higher costs. In addition, reduced transport costs on a small scale
promote sustainability. In order to achieve real changes in the next 50 years, a start
must have already been made. Technological and infrastructural breakthroughs re-
quire a great deal of time. During the course of developments, a number of adjust-
ments will naturally have to occur.

1.3 DTO Model Process

Within DTO, model processes are often referred to. Because it lacks a general de-
finition, the term is used sparingly in this report.

A model process (MP) is :

 an experimental, innovative search for a concrete, specified need, which is aided
by backcasting: the reasoning derived from a coherent view of the performance-
demands that technology must satisfy within 50 years.

« In this way, a clear vision is created for the public: with characteristics of the
new technology, including implications for the Environment and Structure/Cul-
ture. This vision results in a research agenda.

In figure 1.3 a depiction of what is meant by a model process (MP) is shown. On the

NOW: 1995 MP; 2050
ENVIRONMENT leap 20 ENVIRONMENT
A A
NEED
TECHNOLOGY raw R&D AGENDA raw TECHNOLOGY

materials BUSINESS -t materials

ECONOMY A
STRUCTURE/CULTURE Y y STRUCTURE/CULTURE

Fig. 1.3: DTO Model Process
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left is a schematic diagram of the situation in 2000: how will available raw materials
be converted to meet a certain need?

By “need” the corporate-economic foundation (the market) plays a crucial role.
Current products and production processes have an impact on the environment as
well as having an effect on economic structure and culture. On the right is a view of
the future. The intended technology for the future must be, in DTO terms, a factor of
10-20 more (environmentally) efficient while satisfying minimal needs. New tech-
nology will have consequences for the economy and culture. An R&D agenda must
be established concurrently to indicate the necessary steps for achieving the desired
technology on a large scale.

1.4  Steps / Construction DTO Chemistry

Within DTO chemistry, parallel work has been carried out on the following steps to
determine how needs and solutions mutually influence each other. In the following
outline, these steps will be individually treated with emphasis placed on co-operati-
ve R&D endeavours. These steps are:

Outline future vision DTO Chemistry (backcasting)

Select model processes

Define technology-development ficlds

Start R&D collaborations

LS I O I

=

Step 1: Future vision DTO Chemistry through backcasting

Backcasting is the creation of a vision derived from the following questions:
* What will the (material) needs of society be in 20507

*  What does sustainability mean? In particular in terms of chemistry

* How can the chemical industry contribute to sustainability?

This vision was created in collaboration with a number of prominent representatives
from political, government, scientific, and industrial sectors in the Netherlands. The
latter includes members of both the industrial and financial spheres. It was agreed
that the world population would double in the next 50 years and that urbanisation
and individualisation would increase. Convincing also was the notion that energy
consumption would grow considerably, with an increased need for electricity, in
particular. Agriculture and chemistry will have a greater impact in meeting the
needs for raw materials and energy sources.
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Step 2: Selections of model process

Sustainable developments in chemistry can be described by two approaches:
1 Improvements in society, with challenges for chemistry

2 Improvement in the chemical sector itself

Both approaches are treated in this report.

raw materials d@

Energy/Clchemistry

Processes

il

|

Materials
ﬁ £
~d 4

Five areas for development have been chosen in the discussions for DTO-Chemie:
- Integrated plant conversion (IPC)

Valorisation of plant parts for raw materials and energy

- Biomass conversion (C1 Chemistry)

Technologies for (among others) Cl-based chemicals and energy carriers

- Photovoltaic cells (PSC)

Technologies for the conversion of solar light into electricity

- Process Technology in Fine chemistry (PFC)

Methodology of manufacturing processes for Fine chemicals
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- Sustainable Construction Materials (FRC)

Techniques for using fibre-reinforced composites in construction applications
These areas can be viewed as clusters of technologies, with a strong chemistry and
agricultural component, which are necessary for achieving a sustainable future.
Furthermore, it is important to recognise that technology requires a progressive de-
velopment (technology lifecycle).

The five areas of technology development are tested against a number of criteria:
Sustainability / leap / volume

Horizon 2050

Commitment from industry

Recognisability / example of function

Step-wise approach

6 Technical feasibility / risks

Innovation

Ability to be anchored in the expertise infrastructure

R o R

o0~

Step 3: Development of the areas of technology development

Arzas of Enabling Match ? Starting paints R&D Agenda
technological tachnologies
devalopmant

PR

& &
Leliie
%
&
jr
A
v

<

IR

~_ |

Studies

The five areas of technology development were defined according to a standard
format. Relevant questions are:
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* justification: why can this particular technology contribute to a sustainable so-
ciety? What are the impulses for its development? Drawbacks are also conside-
red.

* description: how do we define this technology? What are the starting points
(technology suppliers and users, intermediaries)? What is the current state of the
technology? What is its economic position?

* long term vision: What is the vision for the future; more importantly, which
paths must we take to get there? What are the ten most important technologies
for achieving this vision (enabling technologies)? To what extent are these tech-
nologies already available? (match with starting points). What barriers need to
be overcome?

*  R&D agenda: What research must be done now to make the long term vision and
the path towards it, possible? It is crucial to initiate selected R&D options and to
keep generating new options. The emphasis of the R&D agenda will be on the
near future, in which the long term will also be investigated. Initially, studies
will primarily be necessary for obtaining a clearer vision of the technology, futu-
re, and the R&D that is necessary to achieve them.

StEP 4: R&D collaborative network

The identification of topics for sustainable technological development begins with a
divergent process: ‘which topics are interesting? What are their technological possi-
bilities? How can a need be translated into technological action?’ It is important, at

- P ‘.\

&
&&

(2%
& 6666666

& &
&&z&&&&&

&

FELERET 1N
&

DIVERGING _ ~ CONVERGING
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some point, for convergence to occur and that a start is made on drafting a clear and
acceptable plan of action. Because the aim is towards a ‘moving target” (the future
is not predictable: what will the needs be, how many people, calamities, what is
technically possible, etc?) this action plan must be continually adjusted in the direc-
tion of the goal. This report should be seen as the first step; the analysis has been
partially carried out and the R&D projects mark the beginning of the achievement of
this goal.

In the meantime, all five areas of development are being managed by forums con-
sisting of representatives from the government, business sector, and academia. This
will lead to an increasing stream of initiatives and precompetitive projects. Gover-
nment subsidies will have an important role to play in this regard.
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Chapter 2:
Sustainable Chemistry

IDENTIFICATION OF TECHNOLOGY DEVELOPMENT DIRECTIONS

2.1 Introduction

Designed not only for those who work in chemistry on a day to day basis, this report
is also aimed at policy makers and others who work in the arca of sustainable deve-
lopments. An overview of chemistry and the chemical industry is given in this chap-
ter. The overlap between sustainable development and sustainable chemistry is
much greater than at first appears: chemistry is the field of material change and the-
refore has a direct connection with material sustainable development.

2.2 What is chemistry?

The figure below gives an idea of chemistry’s relevance to sustainable develop-
ment: Chemistry as intermediary between raw materials and secondary materials.
Chemistry is both an economic factor and a scientific discipline, although it encom-
passes even more than this simple definition.

WASTE, EMISSIONS

AVAILABLE DESIRED
RAW MATERIALS RAW MATERIALS
(MATERIAL NEEDS)
petroleum
gas habitation
air clothing
salt petrochemistry mixing & shaping food
ore transport
biomass basic chemistry industrial processing communication
water education
stone social services
glass, etc.
etc.
energy
(steam, heat, electricity
ENERGY
RAW MATERIALS CONVERSION SYNTHESIS APPLICATION

Fig. 2.1: Chemistry

-
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2.3 Chemical research

The research carried out by the Chemistry departments in Dutch universities and in-
stitutes such as TNO and DLO will not be discussed in detail here. The Survey Con-
sulting Committee (OCV) offers in its report ‘Chemistry in Perspective, A perspec-
tive of the supply and demand in chemistry research’ a description of the scientific
and academic status of the field of chemistry. One of the observations the report
makes is that striving for sustainability and minimising impacts on the environment
have become important prerequisites for all new scientific and industrial activities.
Chemical processes must become cleaner, use less energy, and deliver purer pro-
ducts. In addition, the chemical industry must ensure that products and materials can
be recycled into the production chain in order to decrease stresses to the environ-
ment,

The areas of emphasis as defined by the commission “Future Chemical Research”
(TCO) of the Royal Netherlands® Chemical Society (KNCV) and the Association of
the Netherlands Chemical Industry (VNCI) provide a good indication of the impor-
tant areas in which industrial and university research in the Netherlands will be di-
rected in the future:

= catlalysis

* biotechnology

* material technology

e process technology

* interfaces and thin layers

* separation technologies

* molecular modelling

* design and rheology

* pharmacochemistry

Top institutes for polymers and metals have been established in addition to a Top re-
search institute for catalysis

2.4 Chemistry and the environment

Recently, a great deal of attention has been paid to chemistry and the environment.
Much has been achieved in the chemical sector through so-called care-, end- of pipe
and process-integrated emission reduction: waste and emissions have been drasti-
cally reduced by several tens of percentages. This has all been achieved with exis-
ting technology. In order to reach a reduction by a factor of 10-20, however, new
technologies must be developed. The following is a short summing up of a number
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of recent developments in the Netherlands. for abbreviations see the Glossary.

* Responsible Care - VNCI

* Covenant chemistry with Economic Affairs

* DTO Chemistry and DCO

* Sustainable Chemistry: Association Nature and the Environment, Organisation
Environmental Defence

= Conferences
Nature as a source for chemistry, KNCV 1995 annual conference
Chemistry as a source for energy, KNCV 1998 conference

2.5 Chemical sector

Chemical industry

The chemical industry is concerned with transforming the structure of raw materials
(primarily minerals, metals and hydrocarbons) into manufactured goods and pro-
ducts in response to the needs of other industries and consumers. The chemical in-
dustry is often divided into a number of principal sectors:

* petrochemicals

* specialty chemicals

* fine chemicals

* pharmaceuticals

* agro-chemicals

* synthetic textiles

* inorganic chemicals

* salt/chlorine chemistry

The trade between these sectors is just as large as that with end users. These sectors
(except for inorganic chemicals and salt/chlorine chemistry) are based on fossil ma-
terials.

According to the VNCI, almost 15% of the entire Dutch industrial turnover is the re-
sult of chemical activity. The Netherlands is second in the world in terms of che-
mistry-intensive countries, Belgium is first.

Consumers

Chemistry plays a role in practically all other industrial sectors including agricultu-
re, the electro-technical, pharmaceutical, packing, energy service, and automobile
industries.
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There are numerous connections between chemistry and businesses, establishments,
and other members of Dutch society that at first glance have little to do with che-
mistry. The following paragraphs provide some brief examples.

First, there is society, which continues to put pressure on the chemical industry to
act in an environmentally responsible way. At the same time, society is one of the
primary consumers of chemical products.

The energy and chemistry sectors are profoundly linked. The chemical industry is a
vast consumer of energy and the energy sector makes use of chemical processes.
Furthermore, both sectors use the same fossil-based raw materials.

The connection to the metal industry is clear. Raw materials are obtained from ores
using chemical processes. Blast furnaces are just one example.

There are many links to the agricultural sector. Chemical products such as artificial
fertilisers and pesticides are used on a large scale, but the chemical industry is also a
consumer of agricultural products. Oils and fats are extracted from crops and con-
verted into margarine and other types of shortening. Many raw materials are obtai-
ned from plants and converted into useable medicines. And of course fibres can be
converted to (bio)composites. There are many more examples, too numerous to list
here.

Suppliers
Suppliers to the chemical industry include equipment manufacturers, engincering
firms and the chemistry from semi-factories.

The future

In the future it is likely that the boundaries between the chemical and other sectors
will continue to be blurred. An electricity plant will not only produce electricity and
heat, but liquid and gaseous fuels and raw materials for the chemical industry as
well. The reverse is also likely: a chemical company, in addition to producing liquid
energy sources or plastics, will also provide electricity.

2.6 Raw materials in global perspective
The retrieval and consumption of fossil and mineral raw materials leads not only to
a depletion of these materials, but also to changes in the ecosystem. Unrestricted po-

licies regarding current raw material use, coupled to growing population and con-
sumption, will have far-reaching negative implications for the environment.
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Energy requirements, including transport fuel, are the greatest consumers of fossil
raw materials. Approximately 85% of the current commercial energy needs are pro-
vided by these non-renewable petrochemical materials (ca.40% oil. ca.25% coal,
+20% natural gas). Transport fuels make up a major portion of petroleum oil con-

I

sumption (>50%).

Inorganic materials are often used for construction or specific applications (for exa-
mple: catalysts, conducting materials, and artificial fertilisers).

In addition to these fossil and mineral raw materials, biomass is also an important
source of starting material, not only for food, but also as chemical and construction
material. In the figure below, this is referred to as traditional biomass, due to its tra-
ditional applications.

In the future, the emphasis will be on renewable raw materials and sustainable tech-
nologies. The shift from fossil fuels to biomass raw materials is shown schematical-
ly in figure 2.2. Even though fossil materials will undoubtedly be used in 2050, this
is not explicitly shown in the figure.

petroleum, inorganic traditional NOW
coal, natural gas raw materials hiomass material

l ' Vo

sustainable new biomass

technologies material minerals 2050

Fig. 2.2: Raw materials, now and in the future

The outline sketched below is applicable to the “first world™ (Western Europe, the
United States, Japan, etc.), and the ‘second world” (former eastern block countries,
China, India, etc.). The ‘third world’ (developing countries; large parts of Africa
and South America) has made few strides in industrial development, even though
initiatives have begun in a number of these countries.

Important aspects of sustainability in view of current use of raw materials / chemist-
Ty are:
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1. Inefficient use

Very often raw materials are used for one purpose, resulting in a vast amount of
waste, partly due to the impurity of these materials. An integral approach such as
cascading, for example, is a desirable development. In addition, the cost of trans-
porting the raw materials from their source to the user, processing and consumption,
requires too much energy. Much can be gained by processing materials closer to the
user and by introducing energy-conscious regulations.

It is clear that current methods of utilising raw materials by the chemical industry
cannot be called sustainable. It is not only undesirable to continue in this way, in the
long term, it will be impossible.

2. Depletion as a consequence of using non-renewable sources

Opinions concerning the problem of resource depletion are strongly divided. In the
report published by the Club of Rome, there was little optimism concerning the re-
trievable amounts of fossil and inorganic raw materials. Petroleum oil would be go-
ne by the year 2000 and many metals such as gold, silver, tin and mercury would be
depleted even sooner. Even though the supply of these materials appears to be much
greater than previously assumed, it is clear that scarcities will occur.

According to a variety of sources (Okkerse and van Bekkum, Shell), the economi-
cally retrievable amount of fossil fuels, extrapolating from the current level of use,
will be depleted within 100 years (petroleum oil 40-50 years, natural gas 60-75 ye-
ars, coal >200 years). If yearly consumption increases, then this time frame will be
even shorter.

3. Non-closed cycles (primarily involving carbon)

The enormous consumption of fossil fuels, along with large-scale deforestation in
recent decades, has created a vast disturbance in the carbon cycle in the atmosphere.
The concentration of CO- in the atmosphere has increased from 270 ppm (parts per
million) in the pre-industrial age to 350 ppm currently. (Source: Shell publication).
It is still a matter of discussion whether or not this will lead to a global increase in
temperature.

The schematic concept of the Carbon-cycle is given in figure 2.3:

In several other processes and technologies. namely in the bulk chemical industry,

emissions of CO, are unavoidable. In order not to further disturb the equilibrium, as
well as to avoid the depletion of fossil resources, technology must be created that is
in balance with the consumption and production of CO, (CO, ncutral). Photosyn-
thesis by plants is an example of such a process: CO, is consumed by the plant and
converted to energy or chemical products. The net result is an equilibrium. With the
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Fig. 2.3: Carbon cycle, in Grons of Carbon (Source:Shell)

complete replacement of fossil raw materials by agricultural products, a balance
will emerge in the carbon cycle in the atmosphere, in which the same amount of
CO, is taken up as is emitted by combustion.

4. Pollution during fossil fuel production

The retrieval of petrochemical and other raw materials is often polluting as a result
of leaking oil storage areas and disturbances to the natural environment. Unpredic-
table occurrences such as oil spills with oil tankers, drilling platforms, or terrorism
or wars, can have an extremely damaging impact on the environment. Certainly at
the local level, the consequences for the environment can be extreme (Exxon Val-
dez, Gulf War).

5. Dispersion

All materials that are retrieved from the earth are returned to the environment, either
during processing or after use. These materials are released in dispersed forms. Me-
tals such as copper and chromium, some compounds and gases such as CFCs, CO,,
SO,, NO,, etc. create ecological disturbances through an accumulative effect, resul-
ting in loss of biodiversity, depletion of the ozone layer, acid rain, smog, etc.

6. Biomass availability

The question often arises if there is enough room to grow a sufficient amount of
food (1st priority), for organic raw materials (2nd priority), and to provide for a lar-
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ge portion of energy needs (3rd priortiy).

In an essay by Okkerse and van Bekkum, a detailed start has already been made in a
study of the biomass availablity. From their calculations it appears that there is suf-
ficient room to provide for the needs listed above.

The opinions on this subject are widely divergent and the numbers need additional
corroboration. It is also worthwhile to continue to investigate whether or not there is
sufficient biomass to achieve the necessary goals. The possibilitics of marine and
saltwater biomass should be included. In addition to looking at technical feasibility,
the following must be considered:

= scale size (regional, national, global)

* infrastructure (political / social)

* long term multi-disciplinary approach

= e¢fficiency (optimise through genetic manipulation, etc.)

2.7 Topics for Sustainable Chemistry

In figure 2.4 the field of chemistry has been divided into four segments: raw male-
rials, conversion, synthesis, and applications. By looking at the vision of the future
through the lens of chemistry, one goal per segment is achieved. This can be trans-
lated into model topics, or model processes, in DTO terminology.

In the following paragraphs technologies are described that are critical for the vision
of the future. The areas of technology development, which will be expanded on la-
ter, are presented on the following page:

1. Renewable raw materials: sufficient and clean starting materials (IPC)

It is expected that the need for raw materials shall strongly increase — in spite of the
depletion of resources. Moreover. requirements in terms of recyclability will be
even greater. Biomass as a new and important source of raw materials will coincide
well with these new demands: it is, for the most part, available, suitable for all pos-
sible applications, and renewable. In addition to biomass material as an alternative
for a number of applications is “the inorganic group’. In this regard, it is necessary to
take iron occurrence into account. There are, however, metal ores that are being de-

Explanation (fig 2.4, page 31)
The arced arcas are R&D options for sustainable development. The oval surfaces indicate the area of techno-
logical development. It is clear that there is an overlap: for example, catalysis and seperation technologies

are technologies that are important for several model processes.
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Fig. 2.4: Sustainable chemistry

pleted such as aluminium, copper, zinc and tin. Timely recycling is the solution for
this problem.

Biomass material appears to have one of the greatest potentials as an important new
raw material in the future

2. Energy | Cl chemistry: efficient conversion | depletion, PV cells (C1C, PSC)
Two partially coupled influences play a role in the current energy and bulk chemical
industry: scarcity and non-closed cycles. It is necessary to approach and commer-
cialise energy and materials in a new way, based on a frame of mind that embraces
recycling. On the one hand, this can be achieved by using natural cycles, by using
biomass as a source of hydrocarbon material. On the other hand, hydrocarbons need
to be viewed as both storage and transport media for energy and as starting materials
for products. Depletion and energy services will also play a role by ensuring effi-
cient transport of heat and electricity during production.

Furthermore, PV cells and wind energy need to be developed in conjunction with
storage and transport technology (this can take the form of a battery, but also be an
energy source such as methanol or Fisher-Tropsch gasoline synthesised from bio-
mass material).

C1 chemistry and PV cells have been defined as areas of technology development in
order to provide for the future needs of energy and C1 chemicals. C1 chemistry is
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targeted as a new approach for hydrocarbon conversion. The new chemistry in PV
cells and the usability of specific PV energy in chemical processes have led to the
decision to further investigate the potential of PV cells.

3. Fine chemistry: effective synthesis (PFC)

The fine chemical industry generates an unproportionally large amount of waste in
relation to the desired products. Until now, investments have been geared towards
the development of applications. Process technology has fallen behind as a result.
The optimisation level that can be obtained is still very high. A thorough analysis of
this complex discipline and the establishment of existing and new technologies will
provide a more detailed perspective.

In view of the relatively small process streams associated with the fine chemical in-
dustry, this sector can serve as a model area of technology development for other
chemical and process technology sectors.

4. Materials: sustainable applications (FRC)

A distinction must be made between functional materials (such as photon-conver-
sion materials for PV cells, for example) and construction materials. An important
bulk use for materials is in construction. The current development of bulk materials
is driven by costs and performance improvement in conjunction with sustainability:
less material, increased performance, longer lifetime, recyclability, less energy th-
roughout the entire cycle, advantages in the consumption phase, and lower costs are
all areas that can be optimised. Materials are becoming more high-tech. New mate-
rials are necessary, furthermore, to satisfy the expected growth in material needs.
Moreover, attention must be paid to the establishment of biomass raw materials in
high-tech applications.

Fibre-reinforced composite materials form an arca of technology development in
which these goals are linked.

2.8 Generic Technologies

In the areas of technology development described in this report (part 3) three gene-
ric technologies are constantly mentioned as being key to sustainable development.
Attention is justifiably focused on these topics (in some cases not enough) in a num-
ber of research programmes. These Generic Technologies for Sustainability are:

*  Genetic manipulation

* Catalysis (including biocatalysis)

* Separation technology (primarily membrane technology)
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Chemical as well as bio-technology is included in this sense; these fields are incre-
asingly growing together.

1. Genetic manipulation

Plants need to be optimised to improve crop yields per square meter and to reduce
the use of undesirable insecticides and herbicides. Optimisation can occur by natur-
al selection (a slow process), or at a considerably faster pace through genetic mani-
pulation. Modifying the genetic structure can influence biological processes. Exa-
mples are the insertion of the endotoxin gene from Bacillius thuringiensis for insect
resistance and built- in herbicide tolerance, so that a more selective use of these che-
mical agents is possible. (source: TCO report, 1994).

2. Catalysis

Catalysis is already a focal point of research in the Netherlands, supported by the
IOP Catalysis Programme and the Catalysis Research Institute. The role of catalysis
in future processes will continue to increase. Bio- and chemical catalysis will conti-
nue to overlap.

A catalyst gets a reaction going; it increases the reaction rate and lowers the energy
barrier, without being consumed during the reaction. In nature, the many proteins
that function as catalysts are called enzymes. In recent years catalyst systems for re-
gulating the exhaust from combustion engines have been increasingly improved.
The same applies to the development of shape-specific catalysts, based on zeolites.
Furthermore, important advances have been made with catalysts for oil refining.
Currently, there is a great deal of interest in metallocenes, spatially specific “single-
site” catalysts, in which spatially regulated molecules can be made. Furthermore,
chiral catalysts (for the preparation of medicines and pesticides. for example) and
catalytic antibodies are of importance. The latter can be used for chemical conver-
sions for which there are no enzymes available and which can support the high cost.
(source: TCO report, 1994).

3. Separation technology

Improved techniques are needed, for example, for separating the usable parts of
plants (without causing the rest to be unsuitable for use), as well as for other mate-
rials. Bio-molecular separation techniques, in particular, belongs to an area in which
there is room for development.

A distinction can be made between traditional separation methods and new deve-
lopments. Increasing concern about the environment has created a stimulus for se-
paration technology. The majority of environmental problems can be traced to pro-
blems of separation.

X [y
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Traditional separation methods include distillation, extraction, absorption, evapora-
tion, crystallisation and centrifugation. Research and development in this area are
primarily concerned with optimisation; the basic technology that underlies these me-
thods has remained unchanged in the last ten to twenty years.

New developments in separation technology include membrane filtration, reverse os-
mosis, electrodialysis, paramagnetic separation, ion exchange and chromatography.

In the future, much is expected from membrane separation techniques, in particular.
Membranes are actually a type of filter. The holes in the filter can be adjusted to se-
parate specific molecules. Separation is also dependent on charge, temperature,
pressure, and concentration differences. An interesting example of an application of
membranes is in kidney dialysis, in which harmful waste products are removed from
the blood.

(Source: TCO report, 1994).

Current state of the chemical industry

Of the three economic blocks, Western Europe is the most strongly
oriented towards chemistry. Of the top ten corporations in Europe, eight
are chemical companies. The international market has developed
strongly in Europe, more than half of the OECD export occurs within Eu-
rope.

The US is an equally strong player in the chemical industry. Companies
such as DuPont and DOW are in the top ten largest chemical compa-
nies in the world.

The export share of the US fell sharply between 1980 and 1990, an oc-
currence that can be explained by the strong pull of the domestic mar-
ket. In 1992, the market share increased again. The level of investment
in the US is rather low.

Even though market share is increasing, the impact of the Japanese che-
mical industry is limited to local areas.
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Chapter 3:
Integrated Plant Conversion

VALORISATION OF PLANT PARTS FOR RAW MATERIAL AND ENERGY

3.1 Introduction

To preserve the quality of life enjoyed by modern society, an increase in the use of
natural and renewable raw materials will have to be made. This chapter will define
the characteristics of integrated plant conversion (referred to in this report as IPC)
and the contributions IPC can make to the development of sustainable technologies
and raw materials. IPC anticipates the future scarcity of raw materials and energy
sources, which are now still available in sufficient quantities. Integral use of the
plant and valorisation of the various components (cascading) play a central role in
this approach.

Extensive research has already been done in the area of “agrification’. Further tech-
nological developments will have to be based on this knowledge, i.c., the use of re-
newable raw materials for the production of non-food crops. This chapter will also
present the initial results of agrification.

Compared to petroleum and natural gas, biomass materials are relatively expensive
in western countries. One possible way to lessen this price difference is to make bet-
ter use of the whole plant. Just as the various fractions of oil are used for various
purposes, plants can also be used in their entirety. This is called integrated plant
conversion. IPC is a general term that encompasses various techniques for making
useful products from biomass materials that have a high added value.

3.1.1 Justification

The motivation for promoting IPC as an important technology for a sustainable fu-
ture can be summarised by the following points.

Sustainable supply of raw materials

Renewable raw materials are an alternative not only to petrochemical raw materials,
but to every kind of raw material. Imagine, for example, a car chassis made entirely
of composite materials: rather than using metal for automobiles, composite parts
could replace steel parts, etc. The point is to find an alternative to a whole range of
raw materials used in construction, chemical compounds and as energy sources, etc.
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Chapter 2 highlighted the worldwide sustainability aspects of raw materials.

Added advantage of energy retrieval

After the cascaded retrieval of high- and medium-grade substances from a plant, the
low-grade waste substances can be transformed through gasification or other con-
version procedures (HTU) into gaseous or liquid energy carriers.

New possibilities brought about by biotechnology

Genetic techniques can be used to alter plants in such a way that they produce more
of a desired substance or less of an undesired one. The functionality of desired sub-
stances can also be altered to meet the market demand. Many products can be pro-
duced more easily from biomass material, with the help of enzymes and micro-
organisms, than from fossil fuels through various chemical steps. Moreover, this
production will often result in a considerable reduction in energy consumption and
waste.

New products based on specific properties

By making use of specific chemical, biological and physical characteristics of
plants, new products can be developed.

Certain substances that commonly occur in nature are difficult or impossible to
chemically synthesise (cellulose, fibers, proteins). There are many possible applica-
tions for these substances, but such applications often require extensive research
and sometimes the development of very complex compounds.

An important perspective is offered by the chiral characteristics of vegetable sub-
stances. Unlike in nature, it is not always possible to chemically produce the desired
stereo-isomer of a particular substance. This is particularly relevant for medicines or
foodstuffs, because often only one of the many possible isomers has the desired
effect. The other isomers can even cause undesirable side effects. By allowing these
medicines (or foodstuffs) to be produced by plants or micro-organisms, the desired
stereo-specific molecules can be produced. In this way the required dosage of natur-
al products can be half that of chemically produced substances. Although plant
waste can be problematic, some of its production can be prevented or the waste
products can be used as energy sources.

Environmental impact of plant production processes

An vast number of products are based on plant-derived materials. The environmen-
tal impact of large-scale crop production and processing is often substantial. The
most well-known example is the cultivation of cotton, which relies heavily on the
use of pesticides. The production of viscose from cellulose is another environmen-
tally harmful process. A new improved technology has been recently developed for
this process by Akzo Nobel.
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Agricultural interests

Experience gained so far with agrification has shown that agricultural interests are
not the most important motivation for IPC. The increasing agricultural overproduc-
tion in western European countries is one of the reasons to develop the cultivation of
crops for non-food applications. This transition was promoted in the past by the ag-
ricultural sector, but it has not yet led to the desired effects due to the low price of
petrochemical raw materials. If a shift to the large-scale use of biomass material did
occur, the capacity of the Dutch agricultural sector would be insufficient. Importa-
tion of crops, whether in raw or processed form, would then be necessary.

Biodegradability

One of the characteristics of biomass is biodegradability. Biodegradability as a pri-
mary characteristic is only important if it has a functional advantage cither after or
during use of the product. For many applications good material stability is a prima-
ry requirement. A roof drainage pipe, for example, should not develop holes after 10
years of use due to biodegradability. Efficient collection of refuse will always be
important. Controlled decomposition of biomass is necessary to monitor the forma-
tion of methane. Burning or gassing in the new generation of electrical power sta-
tions is a good alternative. The advantage of biodegradability is largely compensa-
ted for if the recveling of materials is optimised. Examples of products for which
biodegradability has a functional advantage are disposable nappies and certain types
of plastic.

3.2 Description
3.2.1 Biomass

Biomass materials are defined here as all agricultural raw materials, including orga-
nic waste. This means that the term biomass encompasses a large diversity of trees,
plants, grasses, roots, seeds, etc. Non-plant-derived biomass can also serve as a raw
material (such as silk from silkworms and chitin from shrimp), but the (mass produ-
ced) plant is the most relevant source. Each one of these sources has a different com-
position built up from many components. The result is a very complex structure of
raw materials and derivatives. Starch can be extracted from potatoes, corn and whe-
at, among others, and it can be used for the production of glucose or intermediate
products such as coatings and foams. However, wheat can also be used as a source
of cellulose, for the production of paper, textiles and various types of plastics.

Plants can be used in two ways for IPC:
- as a (mini-)factory of chemical products (often for the fine chemicals industry)
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- as a raw material for the chemical and energy industries (often for the bulk chemi-
cals industry)

In the first example, the plant produces substances called (secondary) metabolites.
After being separated from the plants, these substances can be used almost directly
as end products. Biotechnology and classical breeding techniques will play an im-
portant role in this area in the future, as has alrcady been demonstrated by the efforts
of a number of companies in this sector (Monsanto). Competition will always exist,
however, between the various production techniques: chemical synthesis, and com-
plete or partial biosynthesis with the help of micro-organisms or plants.

Plants are obviously a valuable raw material for chemical and production industries.
Parts of plants are already used as industrial raw materials (fibres, oils, glucose,
etc.). The determining factor in deciding whether or not to use plants as a raw mate-
rial will always be their chemical structure in combination with availability and pri-
ce.

An advantage of using plants for the synthesis of products can be the relatively low
production costs (assuming that the concentration of the desired substance is high
enough). A disadvantage is the seasonal character of crop cultivation and proces-
sing. In some cases it can be better to produce the desired substance in the plant’s
seeds, because they are easier to store. In this way the direct link between raw mate-
rial production and processing can be severed, which is particularly important for
the potential role of the Netherlands (see 3.2.3 and 3.2.4).

Some obvious possibilities for using biomass as the supplier of raw materials are va-
rious bulk applications such as the use of straw, hemp and flax fibres in composites
and using oil from rape seed.

biomass —®= specific materials :
cascading

= commodities

- cattle feed/food

2= fibres/carbohydrates
logistics

= energy raw materials

recycling

Fig. 3.1: Integrated plant conversion (IPC)
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3.2.2 Integrated plant conversion

There are five possible approaches to using biomass as a raw material, in which the
goal is always to achieve added value. These are presented graphically in figure 3.1.

Integral yield

By looking at the plant as a whole and splitting it up into its useful parts, the whole
plant can serve as a raw material for various applications. One part of the plant could
be used as a foodstuff, one part as cattle feed, one part as a raw material for the che-
mical industry, and the rest for gasification or fermentation. In this way, the entire
plant becomes more valuable, which makes its use more economically attractive.
Sugar beets, for example, can be processed into sugar, cthanol and cattle feed.
Transforming the by-products into energy through incineration or gasification is al-
most always an option, but it does not always yield enough profit.

Certain secondary metabolites could serves as raw materials for the fine chemical
industry. This is a risky undertaking, however, if the plant is not economically pro-
fitable without this retail market. Valorisation of the plant as a whole for the fine
chemical indusiry, and especially for the pharmaceutical industry, is less afttractive
for two reasons:

First, the production volumes are too small to give a substantial added value to bio-
mass material. In the fine chemical industry products are produced with a maximum
volume of 1,000 tons per year. Second, the danger of alternatives is large, for exa-
mple through fermentation or through the valorisation of waste streams with the
help of micro-organisms. The danger of alternatives makes the risk high if a plant is
cultivated for only one specific purpose.

Figure 3.2 illustrates the division of the hemp plant into separate useful parts.

Direct routes

One example of this approach is the use of unprocessed seeds, pits, or fibres as a
shock resistant substitute for polystyrene foam. This area is not widely developed
because quality has not been consistent.

Cascading

If the product stream can no longer be used in its present application, processing
will be modified to achieve another high-grade or different lower-grade application.
Eventually it can serve as a raw material for energy retrieval. Every resource in an
agricultural product will have to be utilised. In effect this makes use of the ‘ladder of
Lansink’™ (a method for weighing the advantages and disadvantages of possible ap-
plications) formulated by a member of the Dutch parliament, A. Lansink. In this
way the highest possible yield can be obtained from a raw material.
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Fig. 3.2: Hemp fractions
(courtesey dr. H.J. Huizing, ATO-DLO)
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New competitive properties

IPC can also be promoted by looking for new applications in which the plant-deri-
ved form of a product performs better than the “traditional” form. One example of
such an application is a new (improved) type of glue that can be produced from lig-
nin.

Efficiency of conversion

The steps required to convert biomass into raw materials for further processing can
in some cases pollute the environment. This negative impact can be lessened sub-
stantially by improving these technologies. One good example of this problem is the
extraction of ethanol from sugar cane in Brazil.

N.B. Biomass crops can also have a useful application in the cultivation stage (re-
creation, natural sound barrier, etc.)

3.2.3 Economic significance

A number of products currently produced by the chemical industry are based on in-
tegrated plant conversion.

For many rcasons (cost of raw materials, small-scale businesses, etc.) the Netherlands
is not a suitable location for the large scale production of inexpensive agricultural raw
materials intended for the chemical industry. The Netherlands will always be at a dis-
advantage, therefore, in cultivating agricultural products on a large scale for bulk che-
micals and energy use. This is not the case, however, with respect to chemicals that
have limited production volumes and high costs (fine chemicals, pharmaceutical pro-
ducts...). The Netherlands can build on its strengths in this area, namely an agricul-
tural sector that includes agro-processing and chemical engineering. The Netherlands
has a particularly strong position with respect to seed improvement and biotechnolo-
gy. This position should be strengthened further through development projects on a
pilot-plant scale. Unfortunately, the chemical industry has traditionally not had very
much contact with the agricultural sector, which is governed by a different set of ru-
les (e.g. EU agricultural regulations). Moreover, the availability and composition of
the raw materials are less consistent than those from fossil sources.

Cooperation between these two sectors would be very useful. The agricultural firm
would then perform the functions of collection, transportation and storage, and pos-
sibly pre-processing. It must be noted, however, that this type of industry is being
promoted in other countries as well, and that Dutch firms do not necessarily have a
head start in this field.

The fact that the Netherlands cannot become a cheap supplier of raw materials can
mean that the processing of these materials will be split into a primary process car-
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ried out in the producer country and further processing carried out in the Nether-
lands. This occurs already with grains and soy beans, for example.

Some current small and medium scale biomass applications are the oleochemical
market, consisting of cosmetics, surfactants and esters for lubricants. Large scale
use of agricultural products is already underway in this area. Bio-plastics can be ma-
de from agricultural products, such as starch, sugar, and cellulose. Biopol is an exa-
mple of a commercial product used for the production of shampoo bottles (Wella)
and nappies (Procter and Gamble), among other applications. Avebe, which specia-
lizes in starch products, has brought a number of bio-plastic products onto the mar-
ket in addition to coatings for the paper industry and various types of glue.

Unichema produces many products from triglycerides (oils), such as detergents and
cosmetics. One example is an anti-adhesive used in the refuse bags that Unichema
produces from eruca acid (derived from rape seed or crambe). Purac-CSM produces,
among other things, cosmetics and medical products with the help of polylactic acid
based on sugars from sugar beets. Purac also produces, together with Cargill, coatings
and plastics from polylactic acid. These have many applications, including serving as
surgical aids and as soluble coverings for medicines. A joint venture of Dow Chemi-
cals and Cargill is actively involved in this area. Benuline, a subsidiary company of
the Suiker Unie, uses inuline from sugar beets to produce phosphate substitutes for
detergents. Both the costs and the techniques involved have been satisfactory.

3.2.4 Current technology

Thanks to many research programmes on integrated plant conversion (e.g. the FAIR
programme of the European Union, and the PBTS, BTS and EET programmes of
the Dutch Ministry of Economic Affairs), more is now known about its possibilitics
and the chances for its success in various possible applications. As part of a policy
to promote ecologically sound agrification, the Dutch Ministry of Agriculture, Na-
ture Management and Fisheries has devoted one hundred million guilders for re-
search in this area, one quarter of which was subsidised.

In the past, such research was carried out mostly by agricultural interests. However,
this proved to be the wrong approach. Too much attention was paid to the potential
products of agricultural crops, rather than to the actual needs of the application-
oriented industries. Although the agricultural products developed could not compe-
te successfully with existing products, this research did lead to increased knowledge
and a greater faith in the technical possibilities of agricultural products.

Current efforts and developments are increasingly based on sustainability conside-
rations. Short term initiatives are often taken by the industry, while more structural
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long term programmes are initiated by the government.

In 1991 (Brouwer) the possibilities for the production of engine fuels and bulk che-
micals appeared to be very limited. The chances looked somewhat better for fine
chemicals and ‘performance’ products, thanks to the specific characteristics and
structures of plant-derived raw materials, However, it must be noted that this usual-
ly involved only a very small part of the plant. The chances of success for agrifica-
tion with respect to energy generation, bulk chemicals and engine fuels seem to ha-
ve improved in the meantime. An increasing amount of research is being carried
out, both by research institutes and commercial firms, on this form of agrification.

In addition to a positive economic base (see previous paragraph), the Netherlands
has a very good technological base for IPC. Research institutes have already inte-
grated IPC into their research, such as Leiden University in the area of biotechnology,
University of Twente on biopolymers and, of course, Wageningen Agricultural Uni-
versity, ATO-DLO also plays a central role in this area. It must be noted again that
these developments are occurring rapidly in other countries as well.

An evaluation carried out by Okkerse and van Bekkum showed that currently availa-
ble technology is already capable of producing the ten most important synthetics (PE,
PP, PVC, etc.) from biomass material.

The following section presents the ‘state of the art’ technology for significant plant-
derived components. The discussion [ocuses on what is, and what is not (yet), techni-
cally and economically possible in each area, and on products that are already being
produced on a commercial scale through integrated plant conversion. The intention is
not to be comprehensive, but to give an idea of the possibilities of this sustainable
technology. The individual areas are (ligno) cellulose, starch, sugars, oils and fats,
proteins and fibres.

Glucose is the most important building block of the polymers formed in plants. It can
be seen as a building block for many plant-derived products, just as ethene and me-
thanol are building blocks for products made from petrochemical raw materials.

Cellulose and starch, the most important carbohydrates, are polymers that are composed
of the monosaccharide D-glucose. In other poly- and oligosaccharides, different monos-
accharides are present, such as fructose, xylose or galactose. In forming polymers, the
monomers can be linked in various ways. Thus, out of the same monomers, various di- or
polymers with completely different characteristics can be formed (e.g. an unbranched cel-
lulose polymer or a strong (amylopectin) or weak (amylose) branched starch polymer).
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Current technology involving the most important plant-
derived components

(Ligno)cellulose

Lignocelloses (cellulose, hemicellulose and lignine) are the most impor-
tant components of trees and plants, of which cellulose makes up the
majority and has the most applications. Hemicellulose and lignin are
by-products that, due to their useful application, can make the produc-
tion of cellulose efficient. Lignocelluloses (from wood, straw, plants
GFT waste, etc.) are the cheapest and largest source of biomass material
and are, therefore, of primary use compared to most other biomass raw
materials.

Cellulose belongs to the group of carbohydrates that are built up from
mono-saccharides. Cellulose consists of a matrix of long chains of glu-
cose monomers. Mannose, xylose and fructose are less frequently oc-
curring saccharides that occur in hemicellulose. The structure of cellu-
lose is extremely strong and is insoluble in water. For these reasons, lig-
nocelluloses are almost always hydrolysed to give solid lignin and dis-
solved sugars (except in their application as fibres, see chapter 7). For
glucose extracted from cellulose (cheaper than from sugar or starch),
many applications are already possible such as conversion into ethanol,
polyesters, acetic acid and nylon-6 (see ‘sugars’). Lignin and hemicellu-
lose also hold great potential, even though development of these appli-
cations is less advanced than it is for cellulose products. Traditional ag-
ricultural crops appear to be less suitable as suppliers of cellulose. The-
re is greater potential in other high efficiency and fast-growing annual
crops such as hemp and flax, and perennials such as poplars and elep-
hant grass.

Starch

Starch is also made up of glucose chains. They are, however, much we-
aker than cellulose fibres and are soluble in water. The two principal
components are the polysaccharides amylose and amylopectine. These
act not as construction material in plants, but as storage material. Starch
is primarily found in seeds (corn, wheat, rice, peas) and bulbs and roots
(potatoes, tapioca). Approximately half of this carbohydrate produced is
using in the food sector. In addition, it is used in the paper industry, glu-
es, the textiel industry, biodegradable plastics, lubricants and coatings.
For a large scale application in competition with the petrochemical in-
dustry, starch is not, however, useable, partly because the moisture con-
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tent in the raw material (potatoes) is high and the concentration of use-
able material is low. The advantage of using starch in the non-food sec-
tor is that there is already a good starch infrastructure, due to the appli-
cations in the food sector. Starch is primarily used in specific products
(paper coatings, bio-plastics, adhesives), in which a number of com-
mercial products are being produced.

Other sugars

In nature, mono-, di-, and polymer sugars occur. Table sugar, saccharo-
se or sucrose, is a dimer of glucose and fructose. Sugars are primarily
extracted from sugar cane, sugar beets, chicory, grains and grasses. A
byproduct of sugar that is of lower quality, but cheaper, is molasses. Li-
ke cellulose and starch, sugar is mostly processed by first converting it
into soluble simple sugars, of which several applications are possible,
including ethanol, polylactic acid, biodegradable plastics and foam.
Although the demand for biodegradables is not increasing as quickly as
was predicted in the 1980s, the number of commercial applications is
growing steadily. A major bottleneck is the high cost. There is no shor-
tage of commercial initiatives, however (laundry soaps Suikerunie, bio-
ethanol in Brazil and buses in Groningen).

Fats and oils

Fats and oils are esters of gylcerol and fatty acids that have different
lengths and degrees of unsaturation. Only 20% are used in the non-food
sector, of which tallow is an important source. A few other sources are
soy bean oil, rape seed oil, palm oil and castor oil. The four important
industrial application areas are lubricants, paint, soap and oleo-che-
mistry. The latter two are the most important. In addition to fatty acids
for cosmetics, lubricants, plastics and cleaning products, the oleo-che-
mical industry produces glycerol for the pharmaceutical industry, cos-
metics, tobacco and resins. In addition to glycerol, the soap industry
produces fatty alcohols that are primarily used for laundry and cleaning
products. The most commonly used lubricant is ester oil. This plant-de-
rived ester oil is, however, four to five times more expensive than petro-
chemical lubricant. This is an important reason that only 1% of the lu-
bricants is derived from natural materials. For paints and lacquers the
portion of (non-natural) fats and oils is traditionally high, but is now in-
creasing due to the increasing demand for water-based paint. This por-
tion may increase by using better and cheaper natural oils. Linseed oil
appears to be a good alternative. Different oils can potentially be used
as fuels in diesel motors such as soy bean, sunflower, rape seed and
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palm oil. The most familiar of these is rape seed methyl ester (KME), that
results from the de-esterification of rape seed oil. Diesel motors can use
this material without problems as a fuel. Again, the greatest disadvanta-
ge is the high cost. Due to their chemical versatility, fats and oils are
currently found mostly in specific applications such as lubricants for air-
plane motors or as ink derived from soy bean oil (U.S.A.).

Proteins

Proteins are polymers of amino acids. In an organism they have several
functions including enzymatic catalysis, transport, structural support
and hormonal influence of the metabolism. Many of the proteins pro-
cessed in the Netherlands have as their source, potatoes, grain, peas, hi-
des, bones, muscle tissue or milk. One of the major problems in the pro-
cessing of proteins is the loss of function. This can happen due to a che-
mical reaction or by heating. The possibilities for using proteins are
enormous.

Currently, proteins are mostly still produced as a by-product and pro-
cessed into cattle feed or thrown away. By using better separation tech-
niques and by actively seeking applications, these proteins can contri-
bute to the cascading of biomass material and in this way contribute to
sustainability and the valorisation of the total crop. Protein applications
can be divided into food and non-food applications. Examples of food
applications are: coating of food, texture improvers, protein sources in
food stuffs and fat replacements. Examples of non-food applications are:
biomedical applications, crop protection, cosmetics, biopolymers and
photographic applications.

Fibres

Natural plant-derived fibres are built up of cellulose. Due to increasing
research, the properties for construction applications are continually
being improved. A number of important sources of natural fibres are
cotton (textiel), hemp (textile and paper), flax (many applications) and
sisal (paper, rope). The climate in the Netherlands is only suitable for
the cultivation of reeds, flax and hemp. In order to be able to use the fi-
bres from the plant, these must be unlocked, so that the cellulose fiber is
released. For wood and most other plants, this is a complex and envi-
ronmentally polluting process. Currently, the most important applica-
tion of plant-derive fibres is rope, paper and textiles. In building and
construction materials, the use of these fibres is increasing. New appli-
cations are geotextiles and as asbestos replacements (triplex and fiber
board). In particular in places where biodegradability is important,
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plant-derived fibres can be used.

In the Netherlands, much research into the application of different types
of natural fibres, primarily at DLO (ATO). Tests are being made with flax
for cardboard, non-wovens and tissues, with hemp for the production of
paper and cardboard and with cotton for the production of bank notes
(see also chapter 7).

[References: Brouwer, articles, annual reports]
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3.3 Long term view

3.3.1 A look at the future

Based on the starting point of sustainability. the long term goal for IPC is to replace
all of the raw materials humans use with sustainable raw materials, based on natural
recycling. Most likely, however, a combination of technologies will be used in the
future, and fossil fuels will continue to play a significant role. It is actually even pre-
ferable that we develop and use many technologies, so that we do not become de-
pendent on only one option.

3.3.2 Enabling technologies

A number of technological developments that are relatively important for optimi-
sing IPC are summarised below.

Integral technology

A chemical description of a crop (also figure 3.2) should provide better insight into
its possible (commercially feasible) applications. Pilot projects can be set up based
on these insights.

Agricultural sciences

Increasing agricultural yield per hectare, extending cultivation areas and improving
harvest methods all translate into specific technologies that are needed to produce
agricultural raw materials at less cost and with less environmental impact. This sub-
ject is receiving much attention in relation to agricultural production for consump-
tion.

Genetic technigues

Genetic techniques appear to play a crucial role in the economic feasibility of IPC.
With the help of genetic techniques, the supply of specific components can be better
attuned to the demand for them. Topics in this area include increasing or decreasing
the yield of a selected substance in a crop, and improving the quality of a desired
substance.

Crop separation techniques

Improved industrial crop separation techniques are needed to optimally split the
component parts. One possible method is the preparation of raw materials at the
farm.
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Logistics and storage technology

As an increasing number of agricultural raw materials are used, a different logistics
system will be needed (‘contribution logistics™). Storage technology will also play
an important role because of the seasonal supply and perishable nature of the crops.

Biomolecular separation techniques

Extraction of desired substances from a plant requires separation techniques at the
molecular level. This technology is also needed to improve the processing steps and
the valorisation of specific (waste) streams. This is a very new subject area.

Application development
The success of [PC depends largely on the development of applications. This should
be the first step in the IPC process.

Fermentation technology

The conversion of bio-substances into desired products and partially manufacture
goods is still a relatively small scale technology. Greater knowledge of these bio-
logical processes is needed for optimisation and extension.

Furan chemistry

Controlling the chemistry of a raw material based on C5 molecules (furan chemistry
produces paints, surfactants, etc.) offers a base upon which to develop other types of
chemistry.

Closure of the nutrient cycle

Supplying a recyclable solution for minerals and nutrients (K,P,N...) present in bio-
mass materials is a desirable parallel development. As yet, very little attention has
been focused on this area.

3.3.3 The road ahead

It is generally assumed that for the next 50 years no major shift will occur in the fo-
cus of fundamental chemistry from fossil fuels to agricultural raw materials. Accor-
ding to Shell, fossil fuels will continue to be our main energy source, especially with
respect to engine fuel. Nevertheless, the desire in developed countries to achieve a
sustainable future makes it seem increasingly likely that fossil fuels will be replaced
with substitutes that are not as harmful to the environment, even before it becomes
economically imperative to do so. Governments will play an important role by sti-
mulating sustainable technologies. This is already the case in Sweden, where the
ecotax, a tax on fossil fuels, has been initiated with the goal of limiting carbon dioxi-
de emissions.
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Integrated plant conversion will have the greatest chance of succeeding in the co-
ming decades in areas for which the petrochemical industry does not have an auto-
matic advantage. Some examples are

-products that are safer for humans, animals and the environment,

-specific, high-quality products that have a complex structure,

-products and energy from organic waste streams and organic waste with a low or
even negative value (GFT, wood waste, straw, corn stalks, manure...).

Dutch firms will primarily supply products that have a high added value. Only a
small part of biomass materials will originate in the Netherlands; the majority will
be imported. There is great potential for Dutch seed improvement firms to play a
leading role, because this sector can record software (knowledge) in reproducible
and sellable hardware (seeds for the agriculture industry).

[PC will be most attainable in the coming decades if applied to existing (waste) stre-
ams of previously scaled-up crops. The highest added value can be obtained for stre-
ams that already have some value. A continuing cffort should be made to utilise the
whole plant for various applications, so that an ever-decreasing portion of the plant
will be left over.

3.3.4 Requirements for technology

Despite the advantages of IPC as described above and the generally accepted need
for environment-friendly industries, biomass material does have a few important
disadvantages and obstacles, which will prevent a large breakthrough from occur-
ring within the next decade. These barriers are summarised as prerequisites for suc-
cess. The most important question is whether it will be possible to produce suffi-
cient biomass at the right time and place (see chapter 2).

An important point to consider is the improvement of photosynthesis efficiency.
Another is the social acceptance of biomass products that may have been modified
by means of genetic techniques. There are also a number of economic and technical
barriers that must be addressed. A great deal can be accomplished with existing
technology, but not enough to achieve a real breakthrough. To move beyond the re-
maining barriers, new technologies will have to be developed.

Sufficient biomass that is available at the right time and place

Chapter 2 focused some attention on the availability of biomass. Although this does
not appear to be a problem, it should be studied and discussed more thoroughly.
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Social acceptance of genetic technology

Although genetic modification of crops has existed for centuries in the form of
crossbreeding and natural selection, genetic technology is a subject that has sensiti-
ve ethical aspects.

A competitive price

Regardless of the application, the cost of raw materials must be as low as possible.
This is especially true for the production of bulk products. At the moment there is
still enough petroleum, natural gas, coal and inorganic raw materials available, so
the basic chemistry industry, in particular, is not likely to switch over to new and
relatively expensive raw materials and unproven technologies. Calculations vary.
but it is generally agreed that the price of petroleum would have to be $25-45 per
barrel (the current price is $10-14) before it would become economically feasible to
substitute it with agricultural raw materials. When comparing agricultural raw ma-
terials and fossil fuels, it must be noted that cost and market prices are often used in-
terchangeably. The comparison can never be complete anyway, because the CO’
effect of petroleum raw materials is not (yet) taken into account.

Quality guarantee and reproducibility

Climatic changes have a great impact on the supply and quality of raw materials and
therefore also on their price stability. Different and varying growing conditions
(type of soil, weather, retrieval methods, etc.) can alter the composition of agricul-
tural products, which can have serious negative effects on the product and conse-
quently complicate the production process. If a product becomes more perishable,
its quality suffers as well.

The biodegradability of biomass material can be either an advantage or a disadvan-
tage, depending on the application. Many biological products are not resistant to mi-
cro-organisms, moisture and changes in temperature and acidity.

Improvement of the production characteristics

Despite the fact that they have superior characteristics for some applications. natur-
al products are less suited than synthetic or artificial products for a great number of
other applications. Cellulose fibres, for example. are naturally very hygroscopic and
they adhere poorly to other materials.

The high moisture content of biomass material and the difficulties that can be
encountered in separating its component parts, make it a very complicated material
to work with (separation of cellulose, hemicellulose and lignin in pure components).

Integral use of crops

The various aspects of an integral approach have already been mentioned. It will al-
most always be impossible to use the whole plant for one particular application. The
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by-products will, therefore, also have to have a useful application to make cultiva-
tion of a crop profitable and to prevent an increasing volume of waste. Energy
retrieval is a good option for biomass materials, if the potential profit is not too low.

Supportive political climate

Current regulations make it impossible for agricultural non-food products to com-
pete with existing raw materials, especially because cheaper import products from
third world countries are not allowed to compete on a free market basis.

Smooth transfer from petrolewm raw materials to agricultural raw materials

The entire industry and infrastructure is based on the use of fossil fuels. The transi-
tion to agricultural products is a very costly process. Moreover, the petrochemical
industry starts with a relatively homogeneous raw material that has a limited
number of retrieval locations, while biomass production starts with heterogeneous
materials that have complex cultivation logistics.
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Pathway in the development of IPC

In order to characterise the pathway of IPC, it is necessary to look back
at the past. A distinction is made between the following phases:

Phase 1: Traditional biomass material
When the petrochemical industry was still undeveloped, biomass mate-
rial was the most important raw material.

Phase 2: Petrochemistry

The current situation is dominated by the petrochemical industry. The
consumption of biomass materials is still high, for example in develo-
ping countries and for particular applications such as in wood for con-
struction.

Phase 3: Niches

There is already a large number of examples of niches in which biomass
material has an added value (clay pigeons, french fry containers, etc.).
This will increase. At the same time, agricultural as a complete concept
will have to be developed (including the optimisation of agricultural
practices). The niches must make use of agriculture crops that have alre-
ady been scaled up. The scaling-up of a new crop is a long process. New
crops should be judged on their potential usefulness. Scaling-up needs to
be initiated, so that new biomass applications will later be possible.

Phase 4: Large-scale biomass, 2 possibilities

1 Active: large-scale IPC in 2050 is established as a goal

2 Passive: Use of minerals is no longer economically attractive; around
2050 it appears that this will be more of a reality, although that is diffi-
cult to predict due to:

-recycling, increasing dematerialization of energy, new sources and ef-
ficiency

-population growth and increased well-being is propelled in the other
direction

Special considerations with respect to IPC
petrochemical raw materials used exclusively for the chemical industry

Some people support the idea that the earth’s limited supply of petro-

chemical raw materials should be exclusively reserved for specific che-
mical applications, and that it should not be exhausted through conti-
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nued use as an energy source. If dematerialisation in the energy sector
and of large scale applications continues (see chapters 4 and 5), the th-
reat of exhausting all petrochemical raw materials will be dramatically
reduced. The ratio of energy to chemistry, which is now 90:10, will be-
come 10:90 in the future.

The necessity of working on IPC due to a physical scarcity of fossil fuels
would then no longer exist. It must be noted, however, that an econo-
mic scarcity of petrochemicals could occur because prices may increa-
se due to the reduction in scale. It is not possible to make accurate pre-
dictions at this point.

Rational choice

The choice to use biomass as a raw material and/or energy source must
always be made after a rational consideration of all possible options.
Biodegradability can be important for a detergent, for example, if waste
water is discharged at surface level, but the biological source of a PET
bottle’s raw materials can be less relevant if a recycling system is cre-
ated and energy reuse is achieved. A Life Cycle Analysis (LCA) can help
in making such choices.

Plastic pencils

A good illustration of a step made in the opposite direction is provided
by a pencil manufacturer who decided to stop using biomass material
for environmental reasons. Wood and glue were leplaced by synthetic
resin that is pressed directly around the graphite rod. The air-tight fit
prevents the rod from fracturing and thereby greatly increases the pen-
cil’s durability. An article written about this pencil concluded: “An ad-
ded advantage is that the production of these pencils is good for the en-
vironment because no more wood is used”.

SALINE AGRICULTURE: THE POTENTIAL OF
SUSTAINABLE AGRONOMY AND TECHNOLOGY

Saline agriculture uses seawater for the irrigation of coastal deserts. Salt
tolerant crops are sown, cultivated and harvested using modern agricul-
tural equipment, including conventional combines.

In the Middle East saline farming is practiced using pivots with a length
of 400 meters. Seawater is pumped in and used to irrigate circular plots
with an area of 50 hectares (50.0000 m?). Currently, practical and rela-
tively large-scale experience has been acquired with the saline agricul-
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tural cultivation of a Salicornia crop. In coastal desert systems with san-
dy soils, irrigation water is returned to the sea after having passed the
root system of the Salicornia crops. There is no problem of salinisation
of the soil nor of salinisation of fresh water aquifers. Fertiliser may be
used, but so far no pesticides have been applied

At the end of the growing season, the aerial parts of the Salicornia crop,
reaching a height of up to 1.00 meter, are harvested. Tips of shoots and
branches of Salicornia are harvested separately and sold as a vegetable
crop for human consumption.

The total yield of aerial biomass of saline pivot farming in the Middle
East is 15 tons per hectare. The yield of tips is 2-4 tons per hectare. In
addition, 0.8 tons of Salicornia oil is obtained from the harvested seeds
(1.6 tons of oil per hectare is obtained with the conventional non-saline
cultivation of Rape (Brassica napus).

In a US-Dutch co-operative programme various saline agricultural op-
tions are being tested on a saline farm along the west coast of northern
Mexico.

Saline agriculture is being practiced nowadays in Saudi Arabia, Austra-
lia, India and Pakistan. New saline farms are being developed in South
Africa and South America.

Currently, annual saline crops are being cultivated on salt farms. Re-
search has been started to determine the agricultural potential of peren-
nial salt tolerant crops, including salt bushes and mangroves.

The potential of saline agriculture is high. Fresh water is a scarce re-
source and will be primarily used for human drinking water. World-wi-
de the use of fresh water for irrigation in conventional (fresh) water agri-
culture will decline, alongside a rapidly growing world population. In
addition, with the current rates of economical and industrial develop-
ment, the availability of other natural resources such as natural gas, co-
al and petroleum, is rapidly decreasing.

With extensive areas of the earth being appropriated for saline agricul-
ture, the harvesting of bulk amounts of saline crops will provide bio-
mass for biofuel and fodder. Fibre obtained from the Salicornia straw, in
combination with a resin, is being processed into a patented, high quali-
ty “MDF-like” eco-hardboard. In this way, building material will beco-
me available in areas with saline agriculture.

In a saline biocascade approach, linking various industrial interests, it
may be feasible to exploit the various resources of halophyte biomass in
new agro- and chemo-technologies. Thus, the exploitation of renewa-
ble resources, supplied by saline agriculture, will form the basis of new,
sustainable agro- and chemotechnologies.
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3.4 R&D Agenda

The previous section promoted the development of large-scale technologies for [PC

based on various niches. How this transition should actually proceed is still unclear,

and requires further research. Uncertainty still exists in non-technological areas and

there is a great need for:

* studies to support decision-making and priority setting, etc.

 information transfer: demonstrations of what is technically possible and what is
needed for particular applications

*  ‘just start’

An actual R&D agenda is not suggested here, but elements are presented that should
play a role in such an agenda.

3.4.1 R&D Agenda

Crop analysis

Comparative research will have to be done to determine which crops are potentially
suitable for IPC. The Biocascade project. which was financed as a pilot project by
the Dutch EET programme, is an example of such a study. Further progress must be
achieved in the short term based on crops that have already been scaled up, taking
advantage of the learning curve of crop scaling up. Moreover, improvement know-
ledge for these crops (including genetic modification) is already present, machines
for cultivation and harvesting are available and a useful application has already been
established for a part or all of the plant. Progress could thus be made with respect to:
* an oil/protein crop (e.g. rape seed)

* afibre crop (e.g. hemp)

* acarbohydrate crop (e.g. potato, beet)

These crops can already be cultivated and processed, they are genetically accessible
for fine-tuning the supply of raw material streams, they can be combined with other
agricultural products (i.e. rotation schedules), they are annuals and they comple-
ment each other with respect to product streams.

The aspects of these crops that should be compared are:

*  Ccosts

* biomass yield (per hectare)

* characteristics (fibre source, cellulose...)

* agricultural advantages and disadvantages

* workability

* climatic conditions (can it be produced in the Netherlands?)

The most suitable crops for the Netherlands appear to be hemp, as a source of fibre,
high-grade cellulose and oil; and potato, as a source of C6 and C5 raw materials.
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This is currently being researched in the biocascade project. Eventually, the know-
ledge gained with hemp and potato will be used for further analysis of other crops.
Potato is a carbohydrate crop that can be valuable in the short term as a raw material
for IPC. Potatoes supply starch, which has been an important raw material for
industry for a long time. In modified form it can be used as a surfactant or as a
phosphate substitute (a better zeolite and acrylate substitute) in detergent or as a
super-absorber in babies” nappies. Through improvement, potatoes could be taught
to produce C5 rings. The potato’s production of biomass is high: up to 50 tons per
hectare (wet weight)

Hemp can also become a IPC crop in the long term. Hemp provides fibre, oil and
high-grade cellulose with a high alfa cellulose content. The oil is unsaturated and
lends itself well to technical applications in coatings and thermosets.

Application project (information transfer)

Integrated plant conversion is at the outset dependent on application oriented deve-
lopment that focuses on product/market combinations and a valuable product in a
lucrative market. This will ensure that the prospects for a project will be attractive
enough. First, uses (fibres for composites, biopolymers etc.) have to be developed
further and made (commercially) suitable for application. Expectations are good for
this stage. Next, a specific crop must be chosen, and the appropriate technologics
must be developed for production and processing. Cooperation between industry
and research is essential for the achievement of market-oriented agrification re-
search. In the end, application development will amount to strictly following the
steps outlined in the schedule below. A clear description will have to be given of the
physical-chemistry of the crops and their agricultural and cultural aspects, and of the
genetic technology and molecular separation techniques that will be required. This
will make comparative research on the suitability of the crops possible, so that the
right choice of crops can be made. Eventually it will have to be demonstrated
whether potato and hemp are the right choices. In choosing crops for non-food ap-
plications, preference will have to be given, if possible, to:

« accumulation of desired products in seed (for ease of storage)

* existing scaled-up agricultural crops

Availability of biomass materials

[n chapter 2 the availability of biomass materials has briefly been mentioned. A po-
sitive picture was presented in an essay written under the auspices of DTO Chemis-
try (Okkerse & van Bekkum) on this subject. However, further discussion and de-
tails are still needed.

Plan for transition to a society based on biological raw materials
This chapter has not presented a clear plan for the transition to a society based on
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biological raw materials. Clearly, a number of niches must be developed in the short
term. However, further discussion is needed to determine how a large-scale change
can be initiated. The political sector can stimulate this research through a target-
oriented programme (e.g. the EET programme of the Netherlands™ Ministry of Eco-
nomic Aftfairs).

Effects of IPC
The economic. cultural and environmental-technical effects of IPC must be deter-
mined.

Effects of genetic engineering

A list of demands for genetic engineering must be established. Aspects to be consi-
dered include consistent quality, resistance, ete. A study should also be done on the
social acceptability of genetic modification. If it was found to be unacceptable, then
the possible repercussions should be investigated, as well as the possibility of influ-
encing public opinion through the dissemination of information.
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Fig. 3.3: Crop-application matrix
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Hemp as a test case

As previously discussed, hemp appears to be a suitable crop for providing fibres and
cellulose. A study in which hemp is separated into various parts would help esta-
blish the possibilities for its integral use,

3.4.2 R&D options

Optimisation of agricultural technologies

To make IPC possible, the following technological areas must receive special atten-
tion:

- Improvement and genetic techniques

- Agronomy (including vield improvement, cultivation of brackish soil. etc.)
- Harvesting methods

- Logistics and storage technology

- Separation techniques

- Conversion technology including termentation

- Preservation without the use of harmful pollutants

N.B. This is not a prioritised list.

One way of producing products for the chemical industry out of a varied supply of
biomass raw materials is to use a biomass refinery with an integrated circuit of pro-
cesses in the whole progression from raw materials to various products. How pro-
fitable such a biomass refinery would be, on what scale and for which raw materials
and applications it would be suitable must still be determined. These processes must
be developed further before additional biomass conversion processes can be inte-
grated in a factory.

R&D of cluster valorisation of (existing) organic waslte streams

Another important area is the development of separation technology to increase the
value of waste streams. For example, in the production of oils (triglycerides) from
biomass materials, many unsaturated fatty acids and anti-oxidants are still not valo-
rised because they are not separated. New separation techniques create new valu-
able substance streams out of the waste stream. In addition, the waste can be pro-
cessed much more easily after removal of problematic components. Separating
components is easy to do on a small scale in a laboratory. However, it is not yet pos-
sible to do this on a large, economically profitable scale.

In the long term, it will be possible to increase the value of a plant by ensuring that
it produces the desired substances through genetic manipulation. Genetic improve-
ment of waste streams is definitely justified because of the large amount of material
and the fact that the streams already exist. The added value gained by genetic modi-
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fication is greatest for existing streams. Aside from molecular separation technolo-
gies, better crop separation technologies will also have to be developed that will
make it possible to split plants into the desired main streams (e.g. the retrieval of fi-
bres) in a way that is economically profitable.

Development of furan chemistry based on C5
As mentioned above the development of niches is important. C5 chemistry is one of
the critical areas for the further development of IPC.

Unsaturated fatty acids
The use of unsaturated fatty acids in coatings is a good example of a development
area directed towards the creation of bulk products based on IPC.

Carbohydrates | starch | cellulose

Our basic knowledge of vegetable substances requires more research with respect to
both organic chemistry and material technology. Some research is already under-
way to optimise the possibilities such as for the use of polysaccharides as environ-
mentally safe surfactants or cellulose as a raw material for fibres and biodegradable
plastics and foils.

3.5 Conclusion
3.5.1 Conclusions and recommendations

[PC will definitely play a role in the future. However, there is still some reasonable
doubt about the likelihood of large scale application of IPC. If alternative energy
sources are tapped (such as wind, sun, etc.), enough fossil material would remain to
satisfy the needs of the chemical industry for a long time. However, wind and solar
energy could never completely satisfy all of our needs, so many possibilities exist
for biomass materials.

Although much can already be accomplished with existing technology, more deve-
lopment is needed to achieve reproducible. quality products. The price of biomass
materials may be more competitive with that of petrochemical raw materials if the
technology becomes more commonplace. Unfortunately, competition with petro-
chemical raw materials will remain difficult, because the costs of the two sources
are not measured equally (e.g. discounting the CO, effect).

The large and growing interest of the industrial sector in IPC projects is strongly
directed at commercial niches and possibilities (flax in bumpers, bio-nappies, etc.).
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This development is consistent with the view outlined in this chapter of a sustaina-
ble future. It is especially important that we build on experience already gained with
specific scaled-up products.

Whether IPC becomes a large-scale technology or not, it can still be competitive in
certain niches. A competitive edge is possible through initiatives from abroad
(USA, UK, France, Germany, Sweden, Indonesia, India) and governmental support.
Developments in these areas should be followed closely.
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Chapter 4:
Biomass Conversion
(C1 Chemistry)

TECHNOLOGIES FOR (AMONG OTHERS) C1-BASED CHEMICALS
AND ENERGY CARRIERS

4.1 Introduction

In this chapter, attention is focused on energy sources and chemical raw materials
based on hydrocarbons. How can hydrocarbons — from both plant-derived and fos-
sil origin — best be utilised? The energy sector is the largest consumer of these raw
materials. The chemical industry uses less than 10% of fossil materials and will the-
refore go along in the wake of the changes that occur in the energy sector. In this
chapter, techniques concerned with C1 chemistry are described. C1 chemistry is ba-
sed on molecules with 1 C-atom (CO. CO,, CHy, etc.). An important example is
Green Synthesis Heat Power Coupling (GSHPC). Simply put, this is an electricity
plant that is capable of delivering methanol or other C-containing compounds in ad-
dition to heat and power. In this regard, the gasification of biomass materials plays a
significant role.

4.1.1 Justification
Importance of closed hydrocarbon conversion:

Sustainable aspects of (fossil) raw materials

In spite of the fact that stores of petrochemicals are still extremely large, an end to
this supply will eventually occur. As previously mentioned, the economically retrie-
vable amount of fossil fuel, extrapolated from current use, will be consumed within
100 years (petroleum 40-50 years, natural gas 60-75 years, coal >200 years). It is
expected, however, that energy consumption will continue to grow. Okkerse and
van Bekkum estimate that energy needs in 2040 will be 2.5 times greater than cur-
rent needs.

In scenarios described by Shell (see figure 4.1) an increase in energy needs has been
taken into account. The scarcity of fossil raw material needs to be examined with
subtlety, however, because new oil fields are continually being discovered, albeit
with stores and retrievability below expectations. In addition, regulations concer-
ning energy reduction play a role.
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Fig. 4.1: Possible energyscenario, courtesy of Shell

Optimisation of raw material and energy stores

Energy and raw material supplies need to be estimated in a more optimal manner. A
raw material consists of both a material and an energy component (oil is both an
energy source and a supply of material). Currently, raw materials are often viewed
as being one or the other, depending on their application.

For example: In power stations, hydrocarbons are gasified for energy generation.
By-products are CO, and H,0. If these compounds were to be oxidised to CO and
H, (partial oxidation to give Synthesis gas). then the situation would be completely
different. In addition to the energy released, this gas mixture can be used as a raw
material for the chemical industry.

A second possibility is to use the CO, released during combustion in green houses;
this already occurs in greenhouse cultivation: the power station provides electricity,
heat and CO-.

One way of reducing the net release of CO, is to make use of alternative energy
sources that are available from material sources such as PV cells and wind energy.
Energy sources must be used, however, in a sensible manner. An integral evaluation
of the positive and negative elements of energy sources (geothermal heat, nuclear
energy, solar energy, heat pumps. magnetism, etc.) is always of importance. Nuclear
energy is included because this form of energy is still an important source in many
countries. This type of energy is not relevant in the Netherlands. Energy must be
considered not only from a quantitative standpoint, but from that a qualitative stand-
point as well (exergy).

Storing fossil raw materials for use in the chemical industry

If substantial alternatives for fossil raw materials become available as a source of
energy, the depletion of fossil raw materials will be drastically reduced; as a conse-
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quence, growth in the chemical industry will increase. This will be reflected in
higher prices for chemical raw materials because the costs of oil exploitation will
increase. The “economy of scale” decreases, however. Alternatives on the basis of
agricultural products and biomass materials will. therefore, achieve a more constant
price level, providing more continuity in the chemical industry.

4.2 Description

C1 chemistry is based on molecules that contain only one carbon atom (carbon mo-
noxide ‘CQO’, carbon dioxide ‘CO,’, methanol ‘CH;0H, ete.). In principle, all car-
bon-rich materials can be viewed as raw material for these Cl-molecules. Methane
‘CHy’ is, for example, a C1 molecule, but biomass materials and polymers consist of
extremely large molecules. As an illustration, glucose has 6 C-atoms and polymers
can be made up of more than 1000 C-atoms. Biomass materials and polymers can be
broken down to C1-molecules in a gasifier, for example. Typical gases that result fr-
om this process are: CO, CO,, H») and H,. A mixture of one part CO and two parts
H, are known as Synthesis gas.

C1 chemistry based on biomass materials was established on the foundation of coal
chemistry, which was developed in Europe between 1945-50. One of the most im-
portant processes was the synthesis of gasoline by the Fischer-Tropsch method, de-
veloped by the Germans during the Second World War and used on a large scale.
This process is still being used in South Africa (SASOL). With the help of special
catalysts, it is possible to build up a significant number of organic chemicals from
Synthesis gas, including the most important plastics and rubbers.

The energy sector uses carbon raw materials for the production of electricity and li-
quid energy sources (gasoline, kerosene, etc.). This aspect concerns the energy con-
tent of the raw materials. The most important products of the (organic) chemical in-
dustry are various types of plastics.

An outline of the concept of C1 chemistry is given in figure 4.2. It consists of two
parts:

* The conversion of hydrocarbons to Synthesis gas

* The conversion of Synthesis gas to the desired hydrocarbons

Conversion of biomass material and methanol production are further put into focus.
By examining figure 4.2, it can be seen that transitions can exist next to each other:
in addition to biomass materials, Synthesis gas can be produced from fossil sources.
DME and gasoline can also be produced in addition to methanol. Gasification is not
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Fig. 4.2: Cl-chemistry

the only potential conversion technology: other routes, such as fermentation, are
possible for producing ethanol or biocrude from the Shell HTU process. Initiatives
have been made to replace hydrocarbons as energy source by hydrogen alone (par-
tial oxidation).

4.2.1 Current technology

Essentially, the goal of the technology is to convert, as efficiently as possible, the
available hydrocarbons into desirable materials (such as plastics) and energy forms
(diesel, heat, electricity, etc.) via an intermediate C1 basic product. For sustainable
considerations, a recyclable process must eventually be developed.

The current hydrocarbon sector is dominated by the petrochemical and the ener-
gy/electricity sector. Until recently, combustion and subsequent gasification were
the large-scale technologies used for electricity generation. In order to optimise the-
se processes, a number of research initiatives were set in motion. In this discussion
they have been limited to the three relevant options.
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Developments in biomass conversion:

Biomass conversion as an alternative is not a new concept; there are already many

operational examples, but the scale to which they are applied concerns only a frac-

tion of the petrochemical industry.

Examples are:

* Waste wood consumption and gasification in Dutch electricity-producing com-
panies

» Sugar beet projects in Brazil (BG/STEG)

» Wheat and corn fermentation to produce ethanol as an additive in gasoline in the
United States

Developments in the area of methanol production:

Methanol is given special attention because it is expected that in the future methanol
will be a good intermediate C1-hydrocarbon (intermediate between available hydro-
carbons). Methanol must also be viewed as a manageable H, source.

Development of fuel cells

The fuel cell is based on the controlled reaction of H; and O; to give H,0. In this
process an electron stream is released through which an electron can travel. H; from
gasified biomass, methanol (after catalytic conversion of H, and CO,) or Fischer
Tropsch gasoline (after partial oxidation) are significant factors in these develop-
ments, Mercedes, Volkswagen, and Chrysler are carrying out extensive experiments
in cars.

4.2.2 Economic significance
The technology area described in this chapter is concerned with three sectors:

Petrochemistry/energy:

In view of the fact that the current economy is controlled for a large part by the need
for fossil raw materials, a switch to biomass materials will not be without conse-
quences for the global economy. This influence applies not only to the supplier mar-
ket for energy, but also for consumers: energy is an important production factor.
The most important participants in the hydrocarbon market are the petrochemical
sector and the energy/electricity sector. Concurrent with the trend towards sustaina-
ble development is the liberalisation of the electricity sector in many countries. In
this regard, it is becoming more attractive for companies, especially for the large
transnationals that are concerned with supplying energy, to speculate in this area.
For example, Shell has plans to expand into the electricity sector in the near future.
The hydrocarbon market has a strong international bent.
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Agriculture:

Agricultural expertise is currently more relevant than production capacity. The cul-
tivation of energy crops followed by compacting will take place in countries that ha-
ve more agricultural capacity. Biomass materials can subsequently be transported to
regions with harbours and conversion capacities.

Methanol

The current world market for methanol is 25 million tons. Europe accounts for 6
million tons of the total, half of its needs are primarily for the production of formal-
dehyde and acetic acid. The production process relies mainly on Synthesis gas cre-
ated from natural gas. If methanol becomes a significant factor in new processes,
this will mean an enormous growth in the methanol sector.
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Production methods of C-raw materials

Gasification

One method of producing C-raw materials is by the gasification of bio-
mass materials to give Synthesis gas. The majority of organic chemicals
can be derived from this method.

Gasification of the biomass is comparable to the way in which gas was
produced from coal. That process has been exploited since the sixteenth
century, first for the production of coke for blast furnaces, later, in the
last century, to supply houses and factories with gas (city gas, a mixture
of carbon monoxide and hydrogen). At the end of the last century, a
chemical industry based on producing gas from coal was created.
Before and during the Second World War, Germany was at the forefront
of C1-chemistry. With the arrival of cheap petroleum, C1 chemistry lost
ground in relation to the ethene-based C2 chemistry.
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Fig. 4.3: Biomass processing techniques [J. van Doorn, 1992}
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Because the gasification process releases a great deal of energy, it is a

good method for the co-production of energy and Synthesis gas. For this

purpose, a collaboration between the energy sector and the chemical
sector in their search for alternatives to fossil raw materials is necessary.

Gasification of biomass materials can be done in two ways:

o with oxygen, at temperatures of 900 °C (biomass) to 1300 °C (coal), to
produce Synthesis gas that can be further processed to give methanol
and hydrocarbons, from which electricity is produced.

e With air, at temperatures of 600-900 °C to make fuel gas, from which
electricity and heat can be produced.

If the goal of the production of Synthesis gas is additional processing to
produce basic chemicals, it is better to carry out the reaction with pure
oxygen, due to the large amount of nitrogen in air. Pure oxygen, howe-
ver, is more expensive than air. Therefore, to produce Synthsis gas
(2H2, CO), extra H2 must be made. This is achieved by spraying high
temperature water into the system. The water decomposes to H2, in
which CO is converted into CO2 (Water-gas-shift). This reaction requi-
res heat.

Gasification of biomass materials is an environmentally friendly process
in which the efficiency for conversion to electricity is high. An example
of a promising and modern process is the circulating fluid-bed reactor
(CFB). Currently there are ten of these in use in Europe, most of which
are used for the production of energy on a small scale. Large installa-
tions are still in the planning phase. In combination with steam turbines,
in which the gas produced is converted into electricity, a system is cre-
ated, the so-called BG-STEG (biomass gasification with steam turbine).

Combustion

The class method of biomass conversion is by combustion. Biomass ma-
terial is burned either in a columnar bed, on a grate or in a powder fla-
me. Steam, created from the heat generated, is used to drive a steam tur-
bine and an electrical generator. The net efficiency of combustion is re-
latively low. This technology is well developed and is frequently used
even though the potential for large-scale application is limited.

HTU process

HTU is an abbreviation for Hydro Thermal Upgrading and is a process
that is similar to the natural occurrence of oil from biomass material.
Biomass material is treated as a watery slurry at 200 °C and 30 bar. Sub-
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sequently, it is converted to “biocrude’ in a series of reactors. This oc-
curs at 330 °C and a pressure of 200 bar. In this way, a process that
would normally take millions of years is complete in a few minutes. The
efficiency of the conversion is approximately 40%. The ‘bio-petroleum’
contains little oxygen, nitrogen and sulfur. It is easily converted to diesel
oil (for transport), but also into high quality naphta, a raw material for
basic chemicals. From this naphta it is possible to produce the same se-
ries of chemicals as from the naphta derived from petroleum. An added
advantage of the procedure is that different types of biomass materials
can be used including wood, GFT and sewerage.

Pyrolysis

In pyrolysis, biomass material is thermally decomposed in the absence
of air, steam, or other materials. In this way, the organic material is con-
verted into charcoal, bio-oil and pyrolysis gas. Bio-oil can be used as a
fuel oil after the necessary adjustments to combustion facilities. The bio-
oil contains a large assortment of chemicals such as acids, alcohols, al-
dehydes, ketones, aliphatic and aromatic hydrocarbons, furans, naph-
tans, and phenols. A number of these products are of interest from an
economic standpoint. The yields of these products can be influenced by
varying the process parameters or by using appropriate catalysts. Inves-
tigations are underway to determine whether or not this bio-oil can be
processed in a conventional oil refinery. Pyrolysis, is still quite expensi-
ve, however, particularly in hydrogenation processes, and the conver-
sion efficiencies are disappointing.

Yeastification

Another method for producing basic chemicals from biomass material is
by anaerobic yeastification to produce methane. In this process, CO2 is
also formed.

Fermentation

A third route from biomass to basic chemicals is by fermentation. In this
process biomass material is converted by micro-organisms in a solution
of 10% ethanol in water. Further separation by distillation, membranes,
or zeolites, can yield pure alcohol.
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4.3 Long term view

4.3.1The future

The long term view is complex. As described in paragraph 4.2 there are several
potential ways of converting biomass material into energy or raw materials for the
chemical industry. It is difficult to say at this time, however, which method is best.
A starting point for the future is the decision to concentrate on supplying raw mate-
rials and energy that are completely independent of fossil raw materials. A system in
which both of these aspects are combined is the GSHPC (see 4.3.2). An important
point to consider is the relation between energy source and the role of raw materials
for the chemical industry.

4.3.2 GSHPC

The GSHPC (Green synthesis heat power coupling) is suggested as a potential
system for future energy and raw material supplies. This model has not been
completely thought through, but is a concept for further development.

In general, in can be stated that the overall efficiency can be improved by optimising
a number of integrated technologies, in comparison with the optimisation of separa-
te technologies. GSHPC enables the production of energy (biomass gasification
with heat power coupling) integrated with the synthesis of a C1 raw material (me-
thanol), see figure 4.4, This C1 raw material can subsequently serve as a raw mate-
rial for the chemical industry, a storage medium for energy or as a transport fuel.

What is the idea behind GSHPC?

GSHPC is a concept for large-scale energy and raw material production. Combina-
tion with decentralised small scale installations is possible (it is expected that the in-
crease in decentralised energy generation will be large).

Biomass (imported, due to insufficient space in the Netherlands, reason for the im-
portance of having a good harbor) is gasified through the combination of water-gas-
shift to yield Synthesis gas.

Synthesis gas can be converted for example into methanol that can serve as the star-
ting material for important basic chemicals such as ethene, propene. and butene.
Furthermore, methanol can act as a starting material for dimethyl ether (DME, a fuel
for diesel motors), Methyl-tertiary-butyl-ether (MTBE, a lead replacement for gas-
oline), formaldehyde and acetic acid.

By splitting water electrolytically, hydrogen and oxygen can be obtained. The
oxygen can be used to gasify biomass material and the hydrogen can be used to
improve the quality of Synthesis gas. The energy needed for the electrolysis could
come from PV cells, (off-shore) wind energy, water power, etc.
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Fig. 4.4: Schematic diagram of GSHPC system

4.3.3 Enabling Technologies
The following list is a summary of technologies necessary for achieving GSHPC.

Integral technology
The GSHPC concept, as introduced in this chapter, needs to be detailed and evalu-
ated on the basis of its subsystems.

Biomass conversion, primarily gasification

Technologies for the conversion of biomass material for the production of Synthesis
gas (or fuel gas). Gasification of biomass material is one of the most important me-
thods for success. Biomass energy will only be efficient when it is integrated with
the production of other products derived from biomass material (integral yield ap-
proach and cascading, see Chapter 3, Integrated Plant Conversion). Establishing
crops purely for energy production is less efficient in this country. In countries with
soft currencies (no dollars), the situation is completely different. The production of
energy from rape seed, after 35% of this crop is used as oil, offers, however, a good
and efficient possibility for use of the whole plant. In this way, the waste is valori-
sed, for example by gasification of the HTU (Hydro-Thermal Upgrading) process.
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H> and O, production, primarily the electrolysis of water

For the production of H, and O, necessary for the gasification process and the en-
richment of Synthesis gas, the electrolysis of water is an important technology. Cur-
rently, however, it is too expensive. The previously mentioned water-gas-shift, the
endothermic splitting of water in the presence of CO, will be the most practical me-
thod in the near future.

Methanol production

The large scale production of methanol from Synthesis gas is an existing technolo-
gy. Methanol will probably be an important source of energy and therefore it is cru-
cial to develop new methods for its production.

Storage of H», O, and methanol
Safe storage technology is an important topic for the future.

Processing of methanol to vield other products
The processing of methanol (as a new basic material) into plastics such as PE and
PP is already known.

PV cells

One of the aspects of the GSHPC concept is the coupling of decentralised sustaina-
ble energy sources, such as wind energy and PV cells. In the long term it is expected
that PV cells will have increasing importance. The PV electricity is either used di-
rectly or used for the electrolysis of water to produce hydrogen. The hvdrogen can
be stored to make methanol or Fischer Tropsch gasoline that can be stored in exis-
ting tank facilities.

Silt/slag processing
In the future, it will be necessary to have adequate methods for processing by-pro-
ducts such as silt and slag that are produced in the gasification facilities.

Biomass compacting
For the transport of biomass materials over long distances, compacting of the mate-
rial is of great importance in view of the need for a low storage weight.

4.3.4 The road to the future
There are two parallel pathways of development, namely the long-existing develop-
ment of the conversion technology for fossil fuels and the more recent development

of sustainable energy conversion. On the basis of biomass materials, both pathways
can reinforce each other.
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In the development of electricity production from fossil raw materials a number of
efficiency improvements can be reported: with combustion, a changeover to gas tur-
bines has been made, in which STEG and the HPC (heat power coupling) were ma-
de possible.

The route of coal gasification with consequent electricity generation was also ope-
ned up. The next step is to produce methanol or gasoline in addition to heat and po-
wer. In the parallel route, coal is slowly replaced by biomass materials; the same
route is further followed by STEG, HPC and co-production of renewable energy
sources. In figure 4.5, the development over time is plotted against the sustainabili-
ty contribution. It is clear that both pathways can lead to GSHPC. Further develop-
ments of the old combustion process should not be neglected, however. For a time,
it will remain an important competitor.

4.3.5 Technological prerequisites

For the development of GSHPC, a number of technological prerequisites must be ta-
ken into account:

* Technologies must be rationalised and developed from an integrated systems
standpoint, using water, carbon dioxide, oxygen and sunlight as essential buil-
ding blocks.

¢ The underlying connection between the subsystems (PV, H2, biomass, Syngas,
etc.) is crucial.

* A mega-system is vulnerable. Decentralised units are important and fit into the
GSHPC concept.

* For the development of these technologies, the size of the scale must be taken in
to account. For the supply of electricity, the macro-scale (biomass gasification),
the micro-scale (PV cells) and the meso-scale (those that fall in between) are of
importance.

¢ The system must be dynamic to be able to handle fluctuations in energy/electrici-
ty demands (day/night; summer/winter). Storage technology is, therefore, an im-
portant point of consideration in the development phase.

* The system must be able to be modified and added to according to geographic re-
gion, independent of available resources, energy demands, infrastructure, etc.

= Central to this system is the production of methanol. A critical topic is the coup-
ling of methanol/Synthesis gas. It is important to obtain a better idea of the possi-
bilities and limitations of methanol production and processing.

* Optimisation of energy and exergy production of the whole system deserves at-
tention in relation to determining the temperatures required by the various gasifi-
cation processes.

* The limited availability of space must be taken into account.
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Fig. 4.5: Development of the GSHPC process from fossil and biomass material combustion

* The system must be feasible in the short term in terms of the individual technolo-
gies (PV for electricity) and be able to be integrated into the system in the long
term (PV for hydrogen production, among other things).

* For the GSHPC concept, all the necessary building blocks (biomass, water, sun)
must be available in sufficient quantities at the same place.
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4.4 R&D Agenda

The R&D agenda was established to evaluate the feasibility of GSHPC and its sub-
elements:

4.4.1 Studies

Svstem study GSHPC

Development in the U.S. (Liquid Phase Methanol Process on the basis of coal gasi-
fication) and the numerous initiatives that exist in the area of biomass gasification
indicate that GSHPC has a strong potential for supplying energy and raw materials
in the future. In a system study, the current GSHPC scenario must be further deve-
loped. An energy/exergy analysis is of great importance in this regard. In addition,
the scale size must be taken into account. The already existing process develop-
ments must be built upon. A combination of the bio-STEG with the LPMEOH could
already be a GSHPC.

Comparison of H> production technology

In the GSHPC process biomass material is gasified with pure oxygen and hydrogen
is added to the gas. For enriching pure H, and O, the electrolysis of water has been
proposed. An investigation will be carried out to determine if this is the best method.
There has already been evidence for the feasibility of the water-gas shift and also
developments with photo-catalysed conversion of water with Pt/TiO, as catalyst.

Internationally co-ordinated R&D of sustainable energy

In the Netherlands NOVEM is a focal point for sustainable energy. A number of
universities and the institutes ECN and TNO-MEP have relevant research in this
area. In the fifth programme, sustainable energy has been identified as a focal point
(EU-Joule). The following is a brief description of developments in the Nether-
lands:

The energy policy of the Netherlands recognises three main areas:

 reduction of energy use

* development and application of sustainable energy sources

¢ infrastructural system integration

The goal is to achieve a 33% improvement in energy efficiency by 2020 compared
to that of 1995 and for a contribution of 10% to come from sustainable energy. In or-
der to achieve these aims, an ambitious European policy is a necessary prere-
quisite.

For electricity production, several possibilities can be considered:
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* concurrent heating of biomass material in coal installations

* concurrent heating of biomass material (after gasification) in gas installations

» gasification and combustion of biomass material in new independent installa-
tions

= on shore wind energy

* off shore wind energy

e PV cells

* increasing energy retrieval from waste

® walter power

e environmental heat

Due to the limited amount of space in the Netherlands. importation of cultivated
crops for biomass material will be an important consideration. In this regard, it must
be emphasised that a great deal of logistical and technological research is necessary.
For wind energy an increase of power of 100 MW is expected to occur each year to
approximately 1500 MW (200 to 300 turbines). The bottleneck is space. The poten-
tial of external wind energy, perhaps in an international context, must be examined.

For the long term, the highest expectations are with PV cells, primarily as a result of
decentralised use by current homeowners. The potential for the Netherlands is esti-
mated to be several thousands of MW. The main focus rests on research, develop-
ment and pilot projects directed at cost reduction, efficiency improvement and
increasing production volume.

For the supply of heat, there are several possibilities:

— thermal solar energy

— geothermal heat and heat pumps in combination with storage in aquifers

—heat from biomass installations, waste combustion installations and electricity
plants

In view of the fact that sustainable energy at present is relatively expensive, there are
regulations necessary to promote an accelerated introduction of these technologies.
The regulations that have already been put into effect are insufficient, however, to
reach to target of 10% sustainable energy by 2020. Therefore, the Plan of Action for
Sustainable Energy is being developed. The plan creates a stimulus for investment
in sustainable energy and methods for creating the necessary infrastructure. The
goal of the plan is to increase the contribution of sustainable energy to the energy
supply in the Netherlands to 10% of the total use by the year 2020.

Intrinsic cost analysis of ethanol, methanol, bio-oil, etc.
It is still not clear what the best choice is for the carbon source / energy source of the
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future. Methanol is a good option in many instances, but whether or not it is always
the best choice requires an extensive cost analysis study. It is important to develop
several options at the same time. Other interesting options (non C1) are ethanol and
bio-crude (produced through the previously mentioned HTU process). The potential
of processing raw materials for the bulk chemical industry (ethene, propene) must
be taken into account, as well as storage possibilities for the energy sector. In addi-
tion, connecting the supplies to the transport sector is an important factor that needs
to be investigated.

4.4.2 R&D options

Pilot projects GSHPC
On the basis of the system study of GSHPC (see 4.4.1), it can, on a pilot scale, be
coupled to and tested in already existing installations.

Storage technology

The supply of energy, in the form of PV energy, wind energy, and biomass material,
will vary strongly over different periods. There are day/night differences, sum-
mer/winter differences and variations in quality. Furthermore, the energy sector
must deal with variable patterns of demand. Due to this highly variable supply and
demand situation, there is a great need for the storage of energy. For this purpose,
various methods have been investigated (aquifers, weirs, etc.). An interesting way
of storing this energy is in the form of a liquid such as methanol, ethanol, pyrolysis
oil and biocrude, that can be stored in existing tanks. The storage technology of H,
must be further developed.

Biomass gasification to give Synthesis gas

The reactions given for Synthesis gas (see p. 83: Methanol) are completely different
and occur at different temperatures. This has an effect on the gasification process.
The whole process of converting biomass to methanol (or Fischer-Tropsch
gasoline) must be optimised in an exergetic way.

A step in which much is still unknown is the introduction of biomass material into
the reactor. A number of projects have begun in which biomass material is mixed in
with fossil fuels during combustion.

Other problems are caused by nitrogen, sulphur, and phosphorous compounds as
well as metals that are present in biomass material. Even though the concentrations
of these elements in the biomass are fairly low, the absolute amounts can quickly
add up. The possibility of NO,, SO,, phosphorous, and heavy metal exhaust, caused
by the presence of these spoor elements must be examined.
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Optimisation of methanol synthesis

There are several ways of making methanol: from CO/H,-gas, through dry-forma-
tion and by means of electro-chemical production from CO,. The production of me-
thanol from CO/H,-gas is the most popular method. This occurs, for example, at
Methanor in Delfzijl (the Netherlands) and at the Air-Products/ Eastman LPMEOH
process in Kingsport (U.S.A.). It is important to choose the proper route. For this
purpose an initial screening of the most promising routes is necessary. The produc-
tion of methanol will probably take place with the help of newly developed catalysts
and reactors. Because this involves an exothermal process, a high temperature con-
version is desirable. In the development of catalysts, this must be taken into account.
This goes against the trend of low-temperature catalysts.

Conversion of methanol into raw materials for the bulk chemical industry

The end product of the GSHPC process must be able to serve both as an energy
source and a raw material for the chemical industry. It is naturally extremely impor-
tant that the right product is chosen for these ends. The new raw material will even-
tually be a replacement for the currently used fossil raw materials. The chemical
production that is currently used must also be able to be produced from the new raw
material. Methanol appears to be a good possibility. From the study, it will become
apparent if this is the case.
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Methanol

Types

A distinction can be made between methanol as a raw material for
electric energy, transport fuel and chemistry. Methanol as a chemical
raw material must be of very high purity. Methanol as an energy source
is not further purified. Small amounts of water, higher alcohols and
organic impurities are acceptable. Methanol used as fuel is a mixture of
higher alcohols and can be used as an additive to gasoline without
resorting to expensive purifying procedures. Methanol should be
thought of as a good way of transporting H, that is deliverable upon
demand by simple catalytic conversion.

Routes:
Methanol ‘CH;OH’ can be made from Synthesis gas. The conversion of
Synthesis gas into methanol is described by the following reactions:

CO +2 H, = CH;OH
CO, + 3 Hy = CH;OH + H,0

A number of side reactions occur, namely:

CO + 3 H, = CH, + H,0 (methane formation)

CO, + C = 2CO (Boudouard reaction)

CO + 2H, = (-CH,) + H,O (Fischer-Tropsch reaction)

Due to the large number of side reactions and by-products, the choice
of catalyst is important for achieving an optimal process. In addition,
natural and process conditions such as temperature and pressure play
an important role. These are dependent, however, on the choice of
catalyst.

A promising new process is:
Liquid Phase Methanol (LPMEOH ™) Process

The LPMEOH process was developed in the 80s in the United States by
the Eastman Chemical Company and Air products. The process uses a
slurry bubble column reactor to convert CO-rich Synthesis gas into
methanol. The process can be combined with an ‘Integrated Gasifi-
cation Combined Cycle (IGCC) electricity plant. The process converts a
part of the CO-rich Synthesis gas into methanol, and the non-reacted
gas is conducted to the gas turbine with ‘combined cycle.” The com-
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bined IGCC with LPMEOH allows for energy storage, peak leveling, cle-
an fuel for export and/or the sale of methanol. The concept has been tes-
ted in a factory with a capacity of approximately 100,000 tons/year of
methanol in Kingsport, Tennessee in the United States. Using this pro-
cess it is possible to produce methanol at a cost of 46-50 $ct per gallon
(US).

gas bubbles liquid gas bubbles

2H:

—» (H30H

catalyst
De reaction takes place
co on the catalyst
in the liquid phase
pressure: 50 - 100 bar

Fig. 4.6: Principle of the liquid phase Methanol (LPMEOH™) Process

Fuel cells

In a fuel cell chemical energy is directly converted to electrical energy
by electro-chemical reactions. During the generation of energy, no pol-
luting materials such as carbon monoxide, sulfur dioxide or NOx are re-
leased. In addition, the fuel cell can operate quietly.

Currently, fuel cells are used in space vehicles, decentralised energy ge-
neration and co-generation of heat and power. Examples of fuels that
can be used in a fuel cell are: methanol, natural gas, coal and gasoline.
The fuel is first converted to hydrogen (Hj,), then subsequently oxidised
with O, in which water is formed (H,0). As a result of this electro-che-
mical conversion, energy is released in the form of electricity.

Compared to what happens in a conventional combustion chamber, in
a fuel cell the fuel and oxidiser do not come into direct contact with
each other, but are separated by an electrolite. A number of subsystems
are necessary for a fuel cell to function. One of these systems is a fuel re-
former, which converts the fuel into hydrogen by coal gasification or
steam reforming, for example.
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Fig. 4.7: Operation of a fuel cell

The ion exchange between fuel and oxidiser creates a charge difference
between two electrodes; furthermore, heat is created as a by-product.
By connecting the two electrodes the charge can be used. The by-pro-
duct heat can be used as a high value process heat for a high tempera-
ture fuel cell or be used for heating a low temperature fuel cell.

r
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4.5 Conclusion
4.5.1 Conclusions and recommendations

In this chapter the concept of GSHPC was introduced. The concept is characterised
by an integral approach. The GSHPC process proposed here will not be achieved all
at once. The individual parts, however, can be tested on a pilot scale. In the U.S.A. a
pilot project has already begun for the co-production of methanol and electricity,
power and heat on the basis of fossil raw materials. With this process, methanol can
be produced for a considerably lower cost then in conventional units. In England, a
pilot project has begun for the gasification of biomass material in an electricity
plant. The combination of these two projects could constitute a GSHPC.

4.5.2 References

To obtain and idea of the view regarding hydrocarbons, a number of sessions were
held with experts in the area of energy with a chemistry coupling. The ideas from
these sessions contributed an extra dimension to the current initiatives in the area of
sustainable energy, especially regarding the integral approach, the development
pathway and storage technology. In addition, a number of sources have been con-
sulted:

Reports:

* Derde energienota, 1996, vergaderjaar 1995-1996; Tweede Kamer der Staten Ge-
neraal.

* Duurzaamheid en chemie, Een bundel essays; Interdepartementaal onderzoek-
programma Duurzame Technologie; 1996.

* De haalbaarheid van de productie van biomassa voor de Nederlandse energie-
huishouding, NOVEM, 1992.

* The Shell hydrothermal Upgrading Process, a Shell/Comprimo publication, Jan.
1995.

Various articles:

* Biomassa tussen zon en wind; Gas; May 1995.

* Vergassing en synthese voor energievoorziening op middellange termijn; NPT
Procestechnologie; Feb. 1995.

* Abrado M., Air Products and Chemicals Inc. V. Khurana, Kinetics Technology
International Corp.; Hydrogen technologies to meet refiners’ future needs; Hy-
drocarbon Processing, Feb. 1995.
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= Drown David P., et al., Fuel and power co-production, The Liquid Phase Me-
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Chemicals Inc., Air Products Europe, Eastman Chemical Company, U.S. Depart-
ment of Energy; Fifth annual DOE Clean Coal Technology Conference, Tampa,
Florida; January 7-9, 1997.

= Tindall B.M., M.A. Crews Alternative technologies to steam-methane reforming:
Howe-Baxter Engineers, Tyler, Texas; Hydrocarbon Processing; Nov. 1995.

* Trimm D.L., Methanol synthesis and water-gas-shift reactions on raney copper
catalysts; M.S. Wainwright; pp. 29-42; Catalysis Today 23; 1995.

* Xiaoding Xu and J.A. Moulijn; Mitigation of CO, by chemical conversion: plau-
sible chemical reactions and promising products; Energy & Fuels, volume 10,
number 2, pp. 305-325, 1996.
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Chapter 5:
Photovoltaic Cells

TECHNOLOGIES FOR THE CONVERSION OF SOLAR LIGHT INTO ELECTRICITY

5.1 Introduction

The sun is an important energy source. The development of economically feasible
methods for using solar energy on a broad scale has attracted intense interest. In this
chapter, the techniques behind the current application of photovoltaic (PV) solar
cells are described. It is clear that solar cells have a future, but to what extent and
what role they will play, is not yet certain. The vision of the future for solar energy
is outlined in paragraph 5.3. The R&D agenda is based on existing lines of rescarch
in the field of PV solar cells.

5.1.1 Justification

From a chemical standpoint, there are a number of reasons for focusing on the pho-

tovoltaic (PV) effect:

* developing solar cells for energy will reduce the use of (dwindling) fossil fuels;

* the chemical industry is a potential producer of the starting materials for solar pa-
nels or even for the cells themselves; chemistry is used in the production of solar
cells;

* the chemical industry consumes a great deal of energy; solar cells could provide
a large fraction of the energy necessary, or even lead to the selective addition of
energy to chemical reactions;

* the possibility of producing
H, with solar cells for the
production of  methanol
(long term option);

* (indirect) reduction of CO-.

Fig. 5.1: World sunshine map - kWh/
year must be read as KkWhim’ [vear
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5.2 Description
5.2.1 Solar energy

The energy received by the earth from the sun is thousands of times higher than the
amount of energy consumed. It is therefore of considerable interest to make use of
this sustainable energy source. There are many ways of converting solar energy in-
to usable energy:

* Photosynthesis, such as that which takes place in plants. The efficiency in which
plants convert sunlight into biomass that can be used as a chemical building block
is low (0.5%); on the other hand, they are spread out over a large surface area;

= Solar collectors, in which solar energy is converted into heat;

« Chemical reactors, in which the energy from sunlight is converted into chemical
energy, for example for the production of fuels, H, or other (temporary) energy
carriers;

* Photovoltaic cells, in which electricity is made with the current (record) efficien-
cy (depending on the material used) of 25-34%.

One of the most elegant and potentially interesting sources of sustainable energy is
the last option, the conversion of sunlight into clectricity with the aid of photovol-
taic solar cells.

The various sources of data regarding the amount of solar radiation and worldwide
use of energy are not in agreement with each other. These divergent data are shown
in table 5.1.

Even though the data presented below do not differ that widely from each other —
the NOVEM estimate of radiant energy concerns that which reaches the surface of
the earth, i.e., the radiant energy minus the absorbed and reflected energy — there is
still no agreement by scientific experts concerning the amount of sunlight that, wit-
hin a reasonable assumption, can be trapped and used. Estimates concerning these
numbers range from 600 to 3000 EJ/y (1EJ = 1x 10'8 J). In general, it can be

Okkerse & van Bekkum Turkenburg Novem
incoming radiant energy 2,8¢10° 30°10°¢ 0,54=10°¢
world energy consumption 350 400 338

Table 5.1: Incoming radiant energy and energy consumption, global, in Ely.
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argued that PV is capable of contributing greatly to world energy production.

The amount of incoming radiant energy is not the same everywhere on earth. The
“world sunshine map” is shown in figure 5.1 from which it can be seen that the
amount of radiant energy per square meter per year is the highest in the Sahara and
in parts of North and South American and Australia. That doesn’t mean that it is not
possible to make use of radiant sunlight in other parts of the world. Even with limi-
ted radiant sunlight, energy supplies are sufficient; in addition, indirect sunlight (for
example, on a cloudy day) provides energy. In the Netherlands, 60% of the energy
comes from indirect radiation. The total yearly sun availability in the Netherlands
amounts to approximately 3600 MJ/m”. This is approximately 45 times the total
energy consumption in the Netherlands and approximately 500 times the country’s
electricity consumption.

5.2.2 Solar cells

In general, PV cells can be divided into two types: organic and inorganic. These two
types can be further divided as shown in figure 5.2. The current generation of solar
cells is based on inorganic materials.

A standard silicon solar cell is made up of a layer of p-type silicon and a thin top lay-

monocrystalline
crystalline polycrystalline
group )
monocrystalling,
y thin film
— silicon iher
___inorganic __| arr:;t:]rphous
solar cells group
Il VI group
solar cells < I_ composite
semiconductor -V group
other
organic 1l
= so!lJar cells dye-sensitised
surface / layered
bulk heterojunction

Fig. 5.2: Distribution pv cells
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er of n-type silicon. Excitation of an electron by a photon transforms an electron
from the valence state to the conducting state. In the p-type crystalline silicon solar
cell, the attacked electron diffuses to the interface with the n-type material. The
electric field present ensures that the electron crosses the interface and ends up in
the n-type material (front side of the cell). Through normal Ohmse conduction, the
remaining hole ends up on the backside of the cell. After connecting electrical
cables on the front and backsides of the cell, the energy from the sun, stored in the
electron, can be used in the external electrical circuit: in this way electrical power is
generated.

The band gap of the semiconductors must be between 1.1 and 1.7 eV (1100 to 700
nm) in order to absorb the sunlight as efficiently as possible.

5.2.3 Current technology

The principle of the PV cell was discovered in 1839 by the French physicist
Becquerel. But it was only after the Second World War that serious work was
carried out to develop his idea. Initial investigations were carried out primarily for
use in space travel and, after 1970, as an alternative source of energy. The first ge-
neration of solar cells were made of crystalline material such as silicon, gallium-
arsenide and copper-indium diselenide. These crystalline materials achieved
efficiencies as high as 30% for III/V GalnP / GaAs. The disadvantage of these
materials is their high cost. Solar cells made from amorphous silicon are cheaper,
but the efficiency is proportionally lower, approximately 15%.

From a physics standpoint, the maximum attainable efficiency of a simple light-
absorbing solar cell is dependent on the light intensity and is around 34%, while the
theoretical maximum efficiency of a silicon solar cell is approximately 31%. Under
laboratory conditions organic solar cells can achieve an efficiency of approximately
11% (see table 5.2).

Currently, only single-crystalline and multi-crystalline silicon cells are in use. Pro-
duced on a large scale, these crystalline silicon cells can achieve an efficiency up to
16%. The new generation of solar cells consists of a thin film of solar cell, amorp-
hous silicon, a thin film of crystal silicon, a thin film of polycrystalline silicon,
copper indium diselenide, cadmium telluride, colour-sensitised solar cells, flat, lay-
ers and bulk heterojunction solar cells. The last three are the so-called organic solar
cells, which, because of their potentially lost-cost, have created high expectations
for the long term. Currently, the organic solar cell with the highest efficiency is the
Gritzel cell. This type of cell uses a ruthenium bipyridine dye as its basis, that is
absorbed onto a nanostructured semiconductor. The absorption of a photon causes
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type pv-cell commercia | laboratory

crystalline silicon 13- 16% 24,5%
polycrystalline silicon 12-15% 18,6%
thin film crystalline silicon - 19,2%
amorf silican 4-7% 13,2%
1/ V GaAs | Ge 21% (satellites) 27,3%
I/ V GalnP | GaAs = 30,2%
cis 8% 17,7%
CdTe 4-5% 16,0%
thin film polycrystalline silicon “ 10,3%
organic - 11,0%

Table 5.2: Record efficiency of PV cells (early 1998)

excitation of the dye, after which an electron is directly transferred to the semi-con-
ductor. Because the semiconductor surface is nanostructured, the effective surface
is increased by 800 to 1000 times in relation to the geometric area. It is sufficient,
therefore, to use a monolayer or a few monolayers of dye to achieve complete light
absorption. The energy efficiency of this cell is 11%, comparable to that of an
amorphous silicon cell.

The cell from the Netherlands™ consortium, Interdisciplinary Research Group on
Organic Solar cells, is based on an antenna layer of dye molecules on which light is
absorbed. This antenna layer does not require the use of a solvent. The layer is atta-
ched to either a flat or microstructured semiconductor. A growing number of
research groups in the Netherlands are working together on the development of a
“plastic-PV.” The PV active layer of the cell investigated by the “Polymer Solar
energy Initiative (PSI) consortium consists of a nanostructured composite of
polymer dye and a derivative of [60] fullerene (C60, “bucky ball”). In the thin
donor-acceptor composite layer, there is a very large contact surface between the
polymer donor and the fullerene acceptor. The components are present in a particu-
lar ratio such that two interpenetrating networks are formed (the so-called bulk
heterojunction). The transport of the holes and the clectrons to the electrodes takes
place separately in this network.

5.2.4 Economic significance
By the end of 1997, a total of 4.0 MWp (peak power) of PV cells had been installed.
In the third energy report from the Dutch Ministry of Economic Affairs (1995). it

was proposed that 10% of the energy in use by the year 2000 be sustainable, of
which 10 PJ must come from PV cells, accounting for 17% of the electrical power.
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The large grid-coupled applications of solar cells in the Netherlands involve three
residential projects:
* Amsterdam: 72 residences, 4400 solar panels 250kWp.
The energy is brought to the central grid.
* Amersfoort: 50 residences, 2214 panels 110kWp.
The energy is taken up in the central grid.
« Apeldoorn: 100 residences, 2200 m? of solar panels 230kWp
The residents individually own the solar cell system and the electricity.

In addition to these applications there are several other large and small applications

including:

* PV sound barrier. Along a distance of 550 m, PV, with a capacity of 55kWp,
combined with a sound barrier.

* PV systems for existing houses in Leiden. For a restoration project, a grid coup-
led PV system was installed on five houses. The 2.3kWp system with individual
converters is the property of the homeowner and delivers. in the case of excess
capacity. electricity to the grid at the normal energy rate.

* Two “zero-energy” houses exist in the Netherlands. For the energy needs of the-
se houses, use is made of solar panels and collectors.

energycosts
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Fig. 5.3: Comparative electricity production costs, 19587
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Shell Solar Energy b.v. in Helmond is currently the only producer of PV cells in the
Netherlands.

Costs

PV cells can best be compared to other forms of energy by determining the cost per
kWh. Additionally, the scale must be taken into account (see figure 5.3). In spite of
the fact that this figure was determined in 1987, it still gives a general view of the ef-
fect of scale size. Electricity from solar energy is still much more expensive than
that derived from fossil raw materials (see figure 5.4). That photovoltaic electricity
can still be competitive cost-wise, can primarily be explained by its lower distribu-
tion costs.

The solar cells currently in use in Apeldoorn in the residential project (1996) provi-
de an indication of the current cost: 22m? of solar panels cost f1. 40,000.

From several sources it appears that the costs of a kilowatt of electricity, derived
from solar energy, sometime between 2005 and 2010, must be reduced by 70% in
relation to the costs in 1996.

photovoltaic
solar thermal
tidal

wave
biomass
wind

nuclear

fossil fuels

hydro

Fig. 5.4: The generation gap; price range of electricity generation, 1993
The use of solar cells is being promoted by a number of organisations in the Nether-

lands. Four of them are listed here:
* NOVEM manages the national research programme solar energy photovoltaic
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conversion (NOZ-PV) under the auspices of the Ministry of Economic Affairs.

« NOVEM stimulates activities that may lead to future large-scale applications of
PV in the Netherlands.

= Holland Solar, industrial society of the solar energy industry, whose goal is the
promotion of solar energy in its broadest meaning.

* ISES-Nederland, the Dutch department of the International Solar Energy Society,
whose goal is the application of solar energy in all forms and promotion by the
exchange of expertise and experience.

« ODE, the national organisation for Sustainable Energy, serves the interests of pe-
ople who use, or will use, applications of sustainable energy. ODE is planning
to specialise in the establishment of PV-societies.

5.3 Long term view
5.3.1 The future

It is expected that photovoltaic energy will play an important role in the future. The
approach will be decentralised and will take place within different users groups
(households, industry, transportation, etc.) and differ according to region, depen-
ding on the regio-specific factors such as availability of sun and wind. Decentrally
generated energy must also be introduced in a decentralised fashion.

In addition to the generation of energy. there will, in the future, be more complex
uses for the chemistry of the PV cell. Energy stored by the PV cell could be used for
redox reactions in the so-called photoelectrochemical cells. Furthermore, it is not in-
conceivable that PV cells could be used for selective energy transfer to a reaction
mixture.

An important aspect of future possibilities is the storage of generated energy that
can handle variations in demand (summer/winter, day/night). The development of
good storage technologies is inseparable from the development of PV cells.

Concepts for the future of PV cells are:

» modular build up, low cost, easy, reproducible

* decentralised service in houses, offices, remote sites, etc.
= central coupling ( dynamic / storage

= simple to use, for example, as adhesive foil

* integral approach
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5.3.2 Enabling Technologies

The following is a summary of technologies that are important for achieving viable
PV systems.

Integral PV technology in application
Currently, the principal problem of solar cells is the high cost. It is expected that
new technologies will lead to a considerable decrease in costs.

Semiconductor technology
The PV cell is based on semiconductor technology. The material can be either inor-
ganic or organic.

Cell technology
Cell technology is aimed at developing new concepts for solar cells that have a long
lifetime and a high efficiency.

PV foil laminate technology

For commercially viable PV cells it is necessary to be able to laminate PV sensitive
materials by a simple method. New pressure techniques for simplifying the lamina-
tion of PV materials will play an important role.

Cell production technology
Production technology is of great importance for lowering costs.

Installation technology
In addition to PV cells with a high efficiency and a low cost, the installation must
also be inexpensive.

Charge-transport technology

Charge-transport is coupled with energy loss. These losses are caused by switching
from constant current to alternating current and vice versa. If used on a large scale,
in which excess electricity is delivered back to the electricity grid, which serves as a
backup during cloudy days, for example, then there will most likely be problems
when switching from the constant current grid (PV cells) and the alternating current
grid (large electricity stations) and vice versa. A possible solution to this problem is
the establishment of a large-scale, constant current grid instead of the alternating
current grid that is currently in use.

Storage technology
Energy storage is needed to span the time between the production and consumption
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of energy. In chapter 4 a solution to this problem (GSHPC) was discussed. Addi-
tional storage technology will involve batteries, for example.

5.3.3 The road to the future

The future of PV cells and systems is not yet clear. The following is a sketch of a
step-wise trajectory towards sustainable energy with the help of PV cells.

In the Netherlands, three concepts will be considered since 1995 for the decentrali-

sation of energy generation by PV cells:

* The decentralised concept. The electricity plant is the owner of the system and
uses the roofs or facades of buildings.

« The PV system is the property of the homeowner, who also controls it. The ho-
meowner has a contract with the utility company to deliver excess electricity to
the power grid.

* The service concept. The system is managed and operated by the utility company
and is leased or rented by the homeowner. The electricity is the property of the
homeowner.

In the Netherlands, current total energy use per year is approximately 2,900 PJ. In
the year 2000, that number will increase to around 3000 PJ. The policy of the Dutch
government aims at a goal in which 10% of the energy consumed in the Netherlands
in 2020 is sustainable. In this regard, it is expected that an important role will be
played by photovoltaic solar energy. The main emphasis is on research, develop-
ment and demonstration projects, increasing efficiency, cost reduction, and incre-
asing production volume. The intended contribution of sustainable energy to total
energy use is provided in table 5.3:

sustainable energy sources 1990 (PJ) 2000 (P1) 2020 (PJ)
wind 0,4 16 45
photovoltaic 0 <1 10
thermal solar heat 0.1 2 10
geothermal heat 0 0 2
cold and heat storage

aquifers 0 2 15
heat pumps 0,2 7 65
water power 0,7 1 3
waste and biomass 21 54 120
total sustainable energy 22 83 270

Table 5.3: Sustainable energy
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According to the World Watch Institute in Washington, a country such as the U.S.,
using political means and high taxes on fossil fuels, can expect to convert 30% of its
electricity to solar energy within the space of a few decades.

5.4 R&D Agenda

From the information in the previous paragraphs it is clear that PV cells can play an
important role in providing energy in the future. There is still, however, a great deal
of research to be done. The following is an outline of important research areas to be
pursued.

5.4.1 R&D Studies

Comparison of silicon cells with organic PV cells

Organic and inorganic thin film solar cells are both very promising. It is, however,
not yet clear which of these two types of solar cells has the most potential for the
long term. An investigation will be carried out to compare the potential of these two
types as well as to determine the advantages and disadvantages of amorphous sili-
con cells and several organic types which are being developed in the Netherlands.

Study of the environmental gain from the PV chain

A comparison of different types of solar cells can illuminate the competitive ad-
vantages of each type. A chain analysis, in which the whole chain from production
of PV cells to the waste stage is measured, is necessary. Energy analysis is of par-
ticular interest. Energy from the sun is free, the reduction of Si0,, however, for the
commonly used silicon cells, takes energy. The “thick™ multi-crystalline silicon
cells (300 um) are, therefore, very expensive. Only after a very long time — sever-
al years — will these cells deliver as much energy as was put into them during pro-
duction.

Considering that the lifetime of these cells is limited (30 to 40 years), the energy fr-
om them cannot compete with cheap fossil fuel energy. New generations of silicon
cells are, however, much thinner. so that part of the production costs in the energy
price can be considerably lowered. The question is whether or not the costs will furt-
her decrease as a result of savings in starting materials and energy. There are many
ideas for improving PV cells. In this regard, much is expected for the future.

Integral study on integrating the biomass and PV into energy services.

Similar to the comparison of PV cell types (see above. Comparison silicon cells
with organic PV cells), a comparison between alternatives, such as using biomass
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material, is of interest. There are still differences of opinion about the most efficient
means of converting sunlight to a useable energy form.

5.4.2 R&D Options

Further development and scaling up of PV cells

Solar cells are receiving attention in a number of programmes:

« National research programme solar energy photovoltaic conversion (NOZ-PV),
administered by NOVEM;

* EC-JOULE programme

* NWO, priority programme “solar cells for the 21st century;

* research programme of institutes (ECN) and universities;

= EET programme of the Dutch government
The most obvious approach at this point is to further stimulate activity within the-
s¢ existing programmes. The research into different solar cells is currently focu-
sed on cheap PV cells that have a high efficiency.

Research in the Netherlands can be divided into three categories:

A Current generation solar cells:

Support of market development in the short and long term.

* Improvement and cost reduction of production technologies of multi-crystalline
silicon.

* Research into high efficiency scenarios for multi-crystalline silicon.

B Next generation solar cells:

Research into concepts with potentially low costs.
* Inorganic thin films

¢ Thin films

C Long term studies into alternative concepts on the basis of high efficiency and hy-
brid systems

In the Netherlands research is being carried out, among others, by:
* SHELL SOLAR ENERGY B.V. R&D department,

* ECN, department of sustainable energy. PV cells, and modules
* LU Wageningen organic chemistry,

* University of Utrecht atom and interface physics

* TU Delft applied inorganic chemistry

* Dutch Interdisciplinary Research Group on Organic Solar Cells
* Debye institute (University of Utrecht),
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* TU Delft DIMES,
* TNO-TPD

World-wide, an immense amount of research is being carried out on solar cells. The
following is a brief overview of a number of universities, institutions and companies
participating in solar cell research.

Japan: NEDO,
Switzerland:  Gritzel, Ecole Polytechnique Federale de Lausanne
United States:  University of Notre Dame,
California Institute of Technology,
Polaroid Corporation
Eastman Kodak Company,
Columbia University,
National Renewable Energy Lab,
Northwestern University,
Johns Hopkins University,
Rutgers University,
Colorado State University,
Xerox Webster Research Center,
University of Texas at Arlington,
University of California,

Germany: ISFH,
Fritz-Haber-Institute,
Sweden: University of Uppsala
Ireland: University College,
France: NAPS France,
Finland: Microchemistry

Fundamental research on organic PV cells

A representative overview of fundamental research into organic solar cells is diffi-

cult to present. For antenna-layer cells the current research is directed primarily at:

= Understanding of the processes that occur after photon absorption in heterogene-
ously layered systems: exciton transport, charge transport, energy transfer, inter-
facial energetics, and electron transfer as a function of the interfacial energetics
on an electrode or contact.

* The formation of charge carriers after photon-excitation.

* Charge transport.

* Which type of contact do the carriers come up against at an interface, organic/or-
ganic or organic/metal.

* What is the role of crystallinity, and what is the optimum crystallinity.
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* The development of new analysis techniques.

* Purity of the dye. (Among other things, reactive train sublimation is being looked
at).

* New organic materials that not only have the desired physical properties in terms
of light absorption, excitation energy transfer and electron/hole conduction, but
also have highly ordered and thin organic films that can be formed in a sandwich
structure between semiconductor and opposing electrode.

* Can the required crystallinity be achieved in large scale production. Can the exis-
ting inexpensive techniques be improved so that they provide a good quality cell
or must new production techniques be developed.

One production method for organic solar cells involves the sequential evaporation
of layers of dye pairs in which a junction is formed with a space of 500 to 600 A
The dye absorbs light in the range of 400 to 700 nm and achieves a quantum effi-
ciency of 20% with monochromatic light. An improvement is expected, if the impu-
rities found in the dye can be removed.

The method being investigated by the Netherlands’ research consortium for the pro-
duction of organic solar cells with antenna-structured organic dye, is based on the li-
quid crystalline properties of the molecules used. When they are in the isotropic
fluid phase, the materials are introduced between the electrodes by means of capil-
lary filling. Subsequent cooling to the liquid crystalline phase results in a highly or-
dered film.

Storage and transport technology

If PV cells are to be used in the future for generating energy, then this will most li-
kely happen in a decentralised fashion (on roofs, sound barriers, etc.). Due to the
day/night and the summer/winter variations in the supply and demand of energy the-
re will be a need for some kind of energy storage. A solution to this problem might
be the generation of H, gas by PV cells when there is an excess of clectricity. The
gas is stored and, during a shortage of electricity, it is converted to electricity by a
fuel cell. The bottleneck in this process is the production of a high efficiency fuel
cell at a low cost. In addition, the high- efficiency conversion of electricity into hy-
drogen and its storage will have to be improved.

There is a “solar-hydrogen™ pilot factory in Bavaria (Germany) with a capacity of
200 kW, in which this process has already taken place. Storing energy in the form of
methanol is another possibility (see chapter 4). Seasonal influences are a bigger pro-
blem than day/night differences. Possible solutions for these variations include the
thermal storage of solar energy. In this scenario, water with a temperature of 90°C
is pumped during the summer into aquifers at a depth of 3 km. Because the tempe-
rature at this depth is also 90°C, the energy content of the water will not decrease. In
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the winter the energy is recovered, for example, by Organic Rankine Cycles (OR-
Cs), that makes use of the inverted refrigerator effect. The storage capacity of these
aquifers is approximately 20,000 PJ. Drilling these aquifers is currently still expen-
sive, but thanks to recent developments in horizontal drilling techniques, the pro-
spects are very promising.

Total concept of solar cells in application

Inexpensive, high efficiency PV cells arc only useful when integrated into a system.
At the very least, a PV system consists of a panel of solar cells, equipment to control
the system, and a battery or connection to the electricity grid. If the system must
provide electricity for households in the Netherlands, there must also be an inverter
that converts the constant current to 220V alternating current. A distinction can be
made between an autonomous system and a grid-coupled system. Autonomous sys-
tems need to be adjusted to user needs. The batteries, for example, must have suffi-
cient capacity to handle several dark days.

The quality of the grid-coupled system is dependent not only on the efficiency of the
PV cells, the slope and orientation of the panel, etc. Losses that occur during electri-
city transport, mismatch, kWh-meter and invertor also play important roles. The
yield factor is defined as delivered kWh per kWp, divided by the radiant solar ener-
gy in kWh/m?, In the Netherlands, in 1995, grid-coupled state-of-the-art PV systems
were made with a yield factor of around 75%. In 1992 that figure was only 60%. It
is expected that the yield factor around the year 2000 can be increased to 80%.

In addition to the user situation, research must also be done into the shaping of the
PV foil and the installation of the PV systems. It is in the interests of small and me-
dium-sized businesses to be involved. Furthermore, PV systems should be conside-
red from an integral standpoint. Improving the overall efficiency will also involve
the possibility of integration of the PV cells with other systems and should be inves-
tigated. The solar boiler is a good example of this. In the PV cell, not all the energy
is converted to electricity, a great deal is lost as heat. The produced heat can be used
by a solar boiler, so that the overall efficiency is increased.

In order to increase the types of use, new applications will have to be developed.
One possibility is the integration of the PV systems in windows, the so-called
“smart windows.” Even though these windows absorb a portion of the incoming
light they allow sufficient light to pass through. The absorbed light is converted to
electricity. Roofing tiles are another possible application.
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5.5 Conclusion
5.5.1 Conclusions and recommendations

Intensive research is being carried out on PV solar cell technology. It is important to
stimulate and administer the already established R& D lines and to focus attention
on further developments of a broader vision.

Regarding this vision, companies and institutes will set up R&D projects. The most
important recommendations are:

* Study the international position of research and industry in the Netherlands. Due
to the enormous global interest in sustainable energy sources, the international
context of the research is important. This study can be carried out by the Ministe-
ry of Economic Affairs. The weak and strong points of the Netherlands’ investi-
gation into PV cells must be established. From this information policy standards
can be outlined.

* Continuation of existing research programmes in the area of solar cells (NO-
VEM, NWO, EET, EU, etc.). In order not to get behind the rest of the world, at
least the current level of research should be maintained. It is very important that
not too many different goals are pursued, but to focus only on those that appear to
be promising for the future. Amorphous silicon and organic cells appear to have
very good potential for commercial success.

* Evaluate solar cell pilot-projects for their optimisation aspects. The most impor-
tant aspects appear to be: SEP, electricity distribution companies, the govern-
ment, large consumers (industry).

* Stimulate research programmes that focus on storage technology (see also chap-
ter 4).

* This stimulation is in conjunction with Senter, NOVEM, NWO, etc., industry and
research institutes should then take up the challenge.

* Comparative study of PV cells that will enable a choice to be made in the long-
term regarding energy aspects. On the basis of the results of this study, the dircc-
tion for the future can be determined. Together with the study of the international
position of research in the Netherlands, this input can be used for establishing di-
rection in the various research programmes.

* Involvement of small and medium-sized businesses in the Netherlands in the de-
velopment (primarily with shaping and installation) of PV cells.
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Chapter 6:
Process Technology of
Fine Chemicals

METHODOLOGY OF MANUFACTURING PROCESSES FOR FINE CHEMICALS

6.1 Introduction

The fine chemicals industry is a clearly-defined sector where major, rapid improve-
ments could be made and which can also serve as a model of sustainable develop-
ment for other sectors. This chapter presents the interpretation of “fine chemicals’ in
this context, and how the fine chemicals industry can contribute to sustainable
development. The future perspectives and requirements imposed on process techno-
logy in the fine chemicals industry are discussed. The R&D Agenda in section 6.4
emphasises the further development of the fine chemicals sector. The activities of
the multi-disciplinary Programme for the Development of Sustainable Technology
(DTO) in the Chemical Industry project in 1996 provided a solid foundation for this
in the form of the Fine Chemicals Forum. This has received strong support from the
fine chemicals industry in the Netherlands.

6.1.1 Background

Why does the fine chemicals industry serve as a model for sustainable technological
development? Links between the fine chemicals industry and sustainable technolo-
gical development are:

*  Wastes: the fine chemicals industry produces relatively large quantities of waste
compared to the end-product volume. The effects of scaling-up and the period
during which plants are operational are also relevant.

*  Model: the fine chemicals industry can provide an example of sustainable
development to the bulk chemicals industry.

*  Quality of life: the high added value of the products means that the fine
chemicals industry improves the quality of life.

= Fine chemicals research: there is clear interest in this field and there is and
attractive outlook for the future.

*  Expertise: the high added value and complex, small-scale operations and
technology require great expertise and skills.

SUSTAINABLE CHEMISTRY = CHAPTER & 1 07 PROCESS TECHNOLOGY OF FINE CHEMICALS



ad: Wastes

It is widely recognised that the fine chemicals industry produces large volumes of
wastes compared to the end-product volumes. The volumes handled in the fine che-
micals industry are relatively small, but there are relatively large waste streams that
are sometimes harmful to the environment.

ad: Model

Given the small scale of the fine chemicals industry compared to the petrochemicals
industry, the fine chemicals sector produces little pollution in absolute terms.
However, in relative terms the fine chemicals industry produces a large amount of
pollution (volume of waste per unit of end-product).

An important reason to designate fine chemicals technology as sustainable
technology is that it could serve as a model and lead to spin-offs of new technology
to the bulk chemicals industry. It has been shown on several occasions that the fine
chemicals industry is open to large-scale innovation. Examples of this are provided
by biotechnology and biocatalysis.

A few vears ago, most bulk chemicals companies bought biotechnology and
plant breeding companies. They are now disposing of them as it is thought that bio-
technology will not develop into a fundamental technology for the chemicals indus-
try in the near future. In contrast, biotechnology is increasingly applied in the fine
chemicals sector. This is partly due to the investments of venture capital companies
in small biotechnology businesses in the US. However, the fine chemicals industry
is also turning towards the bulk chemicals sector, e.g. for enzymes (washing agents,
foodstuffs), process technology and equipment. Other bulk chemicals technology
such as chemical catalysis has not yet been successfully transferred to the fine
chemicals industry. At present, chemical catalysis is not well-suited to the fine
chemicals sector. The reasons for this include the high temperatures associated with
these catalysts, which fine chemicals cannot withstand.

Fine chemicals for the pharmaceutical industry amount to about half the production
volume and can therefore serve as a guide to future developments in this industrial
sector. This is particularly relevant for the Netherlands as Dutch companies, with a
market share of about 4%, are important players on the world market, and have an
8% share of the market for fine chemicals for the pharmaceutics industry, where
they are leaders.

This area also appeals to other professional and consumer target groups if examples

of applications can be provided, such as pharmaceuticals, fragrances and flavou-
rings.
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ad: Quality of life

The fine chemicals sector improves the quality of products and processes and there-
fore contributes to the quality of life. Health throughout the world is an important
element of sustainable societies. The same applies to personal care products. Fine
chemicals can also extend the life of products. Furthermore, fine chemicals can di-
rectly improve sustainability. for example, when used as additives in plastics.

ad: Fine chemicals research

Due to the relatively recent recognition of fine chemicals as a separate industrial and
academic subject, knowledge and expertise are still being developed at a rapid pace,
particularly regarding the underlying chemistry and catalysis, while other arcas are
still largely undeveloped (e.g. appropriate fine chemicals process technology). It is
expected that it will be possible to make a fairly significant advance towards sustai-
nability in the near future, for example through the use of biocatalysis. However, it
is quite possible that other technology pathways could lead to greater advances in
the period up to the vear 2050. Confidence about the technical feasibility of more
selective and effective fine chemicals processes is warranted in view of the rapid de-
velopment of biocatalysis and the wide range of technological concepts for impro-
vement, most of which are currently limited to the academic world. Because the
price of fine chemicals is often high, it is likely that a stepwise R&D approach (con-
verting long term goals into short term interests) can be formulated. As far as inno-
vation is concerned, it is reasonable to expect that the disciplines in which the
Netherlands is strong (fine chemicals, agricultural sciences, chemical and biological
expertise at the universities, process technology) can co-operate to create innovative
added value.

The fine chemicals industry has a significant presence in the Netherlands (DSM-
Life Science Products, Akzo Nobel, Quest, Solvay, [FF, etc.) and has shown itself to
have a positive attitude to sustainable development.

ad: Expertise

The fine chemicals industry fits in perfectly with the goal of developing knowledge-
intensive industries through high added value and products dependent upon special
expertise.

6.1.2 Delineation

There is a need to distinguish between the areas covered by the applications side
(e.g. pharmaceuticals) and the fine chemicals side (building blocks). Starting points
for advancing sustainability in the fine chemicals industry are:
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1. Applications industry:
a. Increasing the quality of life through product innovation;
b.  More effective use of products.

2. Fine chemicals industry:
c.  Plant-based raw materials
(closing the materials cycles)
d. More efficient and flexible processes
most relevant to sustainable development in the fine chemicals sector

ad la and 1b: Applications industry

In this context, the developments will be autonomous, the commercial interests are
so great that industry will have to initiate this development itself. In certain areas
government intervention will be necessary to ensure a sustainable future. There are
many examples of rapid advances in the pharmaceuticals industry. Where a few ye-
ars ago several grams of certain drugs were needed, better results are now obtained
by doses of around 10 mg (a hundred-fold improvement in just a few years). Similar
developments are underway in the agrochemicals sector where pesticide doses have
been reduced from 10 - 100 kg/ha to 100 - 1000 g/ha.

Potential developments include:

* providing the required function with the use of fewer raw materials;

* alternatives to existing fine chemicals: e.g. ultrasonic cleaning or biological
control methods;

* obtaining better results through using more effective substances (better under-
standing of the mechanism);

* more effective use of substances (only to be used if they are effective);

* preventing the use of substances.

ad 2c¢: Plant-based raw materials

The use of plant-based raw materials is likely to be the area of the chemical indust-
ry where the greatest developments will occur over the next 50 years. These deve-
lopments will be based on modern biotechnology and metabolic engineering as well
as more conventional methods such as homogeneous catalysis and biocatalysis (en-
zymes) combined with bioprocess engineering. In short, plants, bacteria or cells will
be used to produce raw materials or even fine chemicals.

ad 2d: More efficient and flexible processes

The major contribution to sustainability in the fine chemicals industry will be provi-
ded by fine chemicals process technology. This will be discussed in greater detail
below.
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6.2 Definition
6.2.1 Fine chemicals process technology

In this context we refer to ‘fine chemicals’ in a broad sense, i.e. the production of
defined chemicals or mixtures which are produced to set specifications on a small
scale. These chemicals may be organic or inorganic. To some extent, the distinction
between commodities, fine chemicals and specialties has been abandoned. As an
example two common classification methods will be discussed below.

The characteristics of commodities, fine chemicals and specialties are listed in figu-
re 6.1 and table 6.1 below. Another characteristic of the fine chemicals sector is that
products are replaced relatively quickly (short product life-cycle: products 5 - 25
years, processes 5 - 15 years).

Important applications of fine chemicals include pharmaceuticals, agrochemicals,
flavourings and fragrances (F&F) and additives. Other types of important fine che-
micals include high performance polymers and monomers, plastics additives, dyes,
catalysts, cosmetics ingredients and photographic chemicals.

Bulk Volumes
COMMODITIES PSEUDO COMMODITIES
A Bulk/Specification Bulk/Performance
* Toluene *® Sugar
* Caprolactam * Plastics
FINE CHEMICALS SPECIALITIES
Small/Specification Small/Performance
* Vanillin * Pharmaceuticals
* Gallic acid * Agro-chemicals
* Phloroglucinol * Flavours
Small Volumes

specification products performance products

Fig. 6.1: Kline’s quadrant

Fine chemicals may also be classified by the function they perform:
* bio-effect (pharmaceuticals, agrochemicals);
* monomers for specialty polymers (e.g. biodegradable, absorbent, gas permeable,
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electrically conductive, high strength, temperature resistance);
* photochemical and chemical effects;
* flavour and fragrance effects;
* physical effect (e.g. adhesion promoters, surfactants, antistatic compounds);
= chemical effect (e.g. anti-oxidants, curing and drying agents).

commodity chemicals fine chemicals specialty chemicals
Product assortment small very large very large
Product differentiation | none small very large
Volume > 10.000 ton / year < 10.000 ton / year variable
Price <f5/kg £10-1000/ kg variable
Added value low high average [ high
Product life cycle long (> 30 year) average (10-20y.) short (< 10 year)
R&D focus process development process development product development
Production continuous batch continu / batch
Profit / investment <1 +1 >1

Table 6.1 Characteristics of commodity, fine and specialty chemicals (source: Frost&Sullivan).

6.2.2 Economic significance

The global fine chemicals market is estimated at NLG 50 billion, with an annual
growth rate of 4 to 5%. The European market accounts for a significant proportion
of this, about 40%, the US market about 35% and Japan about 15%. At present the
share of the rest of the world is relatively low, approximately 10%. However, this
will change over the next few years due to strong growth in countries such as India
and China.

Internationally, the Netherlands is one of the largest producers of fine chemicals
with a share of 4 to 5% of the world market. The market share of the Netherlands in
the pharmaceutical fine chemicals sector is double this amount, 8-10%. The Nether-
lands is a major supplier to the pharmaceutical industry throughout the world. This
is largely due to several large companies, particularly DSM Fine Chemicals, Gist
Brocades, Chemferm (now DSM-Life Science Products), Akzo Nobel-Diosynth
and Solvay-Duphar. A favourable development in this area is the strong trend,
particularly in the pharmaceuticals industry, to dispose of fine chemicals activities
to reliable, certified fine chemicals companies. The industry is highly fragmented,
there are over 5000 companies in the world producing over 10,000 products.
Consolidation, in the western world, has started however.
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There are two developments: the development of fine chemicals activities by
chemical companies, and by applications companies, such as in the pharmaceuticals
industry.

Independent fine chemicals activities are disappearing due to the high R&D costs.
Small companies are coming back in the biotechnology industry. Small-scale plants
are often set up in newly emerging economies, to supply regional industries. The
rise of South East Asia in the fine chemicals sector is largely due to specialist inde-
pendent manufacturers. In Europe, the USA and Japan these two types of supplier
are becoming integrated, combined with the withdrawal of integrated end-users
from the fine chemicals sector, In the context of sustainable development, the emer-
ging markets, and competition, in countries such as China and India should also be
considered.

The Netherlands fine chemicals industry could develop into a major world-wide
supplier to the pharmaceuticals industry.

The world market for fine chemicals can be divided by application:
* Agrochemicals

* Fragrances and flavourings

* Food additives

*  Miscellaneous

= Pharmaceuticals

agro-chemicals

flavours & frayrances

———  food additives

other

pharma

Fig. 6.2: The world market for fine chemicals according to application in the fiscal year 1990
(source: Flemings)
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6.2.3 Current Technology

In most cases, fine chemicals manufacturing uses flexible, multi-purpose, small-
scale batch production. The main characteristics of the current production processes
are:

*  Feed: organic

*  Process batch, stoichiometric

*  Reaction environment solvents

= Reactor type multi-purpose batch reactor

Research and development in the fine chemicals sector focuses on process develop-
ment and improvement, making extensive use of classical organic synthesis, bio-or-
ganic synthesis. The use of biocatalysis is increasing, while little use is currently
made of chemical catalysis.

The fine chemicals sector includes a number of business areas and disciplines, these
are illustrated in Figure 6.3.

application-oriented product development
molecular design
process development

raw material/fenergy —® production of 'building blocks’ —® products/waste

mixing, packaging, marketing

pharma agro { F&F ‘ | additives photcchem.| l other ‘

exhaust

Fig. 6.3: Fine chemistry chain of events

Catalysis is becoming more important, but there is still room for significant deve-
lopment in this area. The distinction between continuous and batch processes is be-
coming less clear cut. Currently biocatalysts are only used in some processes. Only
a few amino acids in these biocatalysts are functional while the rest are not. There is
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a trend towards reducing these biocatalysts to their basic chemical structures. Thus,
it could be said that biological and chemical catalysis are converging.

Research and development is so capital intensive that little capital is left for produc-
tion and purification. Downstream processing is not particularly well managed.
Greater attention should be given to process technology aspects.

Some trends in technology include:

* Biocatalysis (enzymes) will continue to play a key role in organic synthesis.

* Chiral processes are important because chirality is relevant in almost all natural
processes. Chiral products are attractive in view of the increasing interest in and
need for targeting, specificity and minimising the use of substances and maximising
their effect.

On the basis of extrapolation it may be expected that the ratio between stoichiome-
tric organic chemistry and biochemistry, currently 80:20, will be reversed. Howe-
ver, in view of the overall growth, stoichiometric chemical processes will maintain
their current volume.

There is no specific fine chemicals discipline at universities in the Netherlands.
However, all chemistry faculties teach supporting disciplines such as organic
chemistry, catalysis, process engineering, etc. and fine chemistry is taught as an
optional subject at some universities (Nijmegen, Amsterdam and Eindhoven).

6.2.4 Present environmental aspects of the fine chemicals industry

The production of fine chemicals results in the generation of considerable waste
volumes as syntheses generally include a number of steps. The yield of each of these
steps is rarely 100%, 60 - 90% is common and 10% is not unusual.

For example, if five steps are needed to produce product A and each step has a yield
of 50% then 16 kg of raw materials will be needed to produce 1 kg of A. In other
words, 1 kg of end-product leads to the generation of 15 kg of wastes.

Furthermore, the solvents and large number of intermediates also generate wastes
and acid/base reactions and separations are widely used, hence large quantities of
salts are generated as wastes.

A major cause of the large waste volumes is the use of sometimes greatly outdated
processes, focused more on the production of the end-product and less on efficiency
and process costs. In the past this was quite acceptable because, until recently. there
were sufficient facilities for landfilling wastes and were, therefore, no incentives for
improvement. The problem, primarily, is that salts are created as by-products, which
cannot be reused and which are currently discharged to surface waters. In the past,
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recovery plants, e.g. for bromides, were offered on the market, but they were not
adopted by industry. At present there are almost no truly effective concepts for syn-
theses in which little or no salt is generated.

Heavy metals are often used in fine chemicals manufacturing, for example as cata-
lysts. Owing to the limited development of downstream technology it is often diffi-
cult to separate the products. This often requires the use of large volumes of volatile
solvent. These volatile solvents and heavy metals greatly increase the environmen-
tal impact.
* The application of fine chemicals also frequently leads to emissions.
An example of this is the incineration of additives during the thermal recycling
of wastes from the fine chemicals industry. After use, all substances reach the
environment.
 Safety, noise, odour, energy and water consumption are other important envi-
ronmental aspects associated with the fine chemicals industry.

In the course of recent years the volume of waste per kg product has already been
reduced significantly. However, this was largely offset by the growth of the produc-
tion volume. Hence, in absolute terms waste volumes were only slightly reduced.
Table 6.2 shows that the production volume of the fine chemicals industry rose from
0.5 to 2 min./ton i.e. a factor 4. This covers 1975-1995, i.e. 20 years. If this trend
continued over 50 years this would result in a factor of 10. Hence, the desired factor
10 over the coming 50 years is not unfeasible, given historic extrapolation.

The major elements associated with sustainability throughout the fine chemicals
sector are:

Increase in production volume Decrease in waste production Decrease in waste

{mln./ton) (kalkg) volume (mln./ton)
Petrochemistry 100 @ 250 0.1 B 0.01 10 - 25
Bulkchemistry 10 B 25 1 = 0.01 10 B 25
Fine chemistry 0.5 2 10 2 5 4
Specialty chemistry 0.1 = 0.5 50 = 10 5 5
Total (rounded off) 100 B 300 30 B 15
Production + waste 130 —P= 315
Production / waste 100/30 B=300/15

Table 6.2: Development of waste volume in various chemical industries between 1975 and 1995
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*  Wastes: leaks and other losses of raw materials and process materials during
production should be reduced, in recent years the emission problem has largely
been reduced to a waste problem (salts).

* Harm to the ecosystem: ensuring that substances can be incorporated in life-cy-
cles, particularly after emission.

* Development: effects on sustainability have to be considered during process and
product development (laboratories, emissions and risks associated with experi-
ments, etc.).

6.3  The long-term perspective
6.3.1 Perspective

The question arises how the fine chemicals industry will develop in the future.

There are several relevant developments:

* It is most likely that the global demand for fine chemicals will rise by at least a
factor of 10 over the coming 50 years. This is also to be expected on the basis of
historical extrapolation.

* A fall in demand through the development of products which are not fine chemi-
cals (e.g. bioactive substances such as pheromones or fungi which may be used
as pesticides) and more effective products. However, these new products will
also generate a demand for new fine chemicals.

* New markets will be developed, such as the electronics industry or organic solar
cells (polymers with special properties). Innovation will continue to be impor-
tant in order to tie in with new developments (diseases, telecommunications, en-
vironment, etc.).

* Itis likely that the relative market shares of the various types of fine chemicals
will change although pharmaceuticals will remain the largest market.

= Continuing differentiation in the end-use markets and an increasing demand for
products with specific effects, smaller volumes and reduced environmental
impact. Shorter product life cycles due to an increasing product range which will
lead to:

- greater product differentiation:
- greater product development efforts.

* The fine chemicals industry will be characterised by increasing complexity, di-
versification (e.g. additives), more complex molecules and an increasing range
of processes.

In the longer term, the aim should be to make the applications more effective and
processes more selective, to lead to major reductions in the use of raw materials.
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The fine chemicals plant of the future will also have to be increasingly flexible. All
these considerations are summarised below.

Fine chemicals in the future

« Sclectivity: improving the selectivity of processes (less raw material/product).

« Effectiveness: making the applications more effective (fewer mg/function).

« Quantity: meeting the increasing world-wide demand (factor 10 over 50 years is
likely).

* Flexibility: meeting the growing need for flexibility:
- differentiated and increasingly complex product range;
- shorter product life cycles, hence shorter runs.

* Innovation: developing new applications (disease, telecommunications, envi-
ronment, etc.).

* Safety: managing the risks of processes and products (safety considerations are
an obstacle to modification - this conflicts directly with the other demands),
meeting future GMP and GLP requirements.

[ndicators towards these improvements (as identified in the DTO essay) include:

e Raw materials: new raw materials such as proteins, carbohydrates, cellulose,
lignin, plants, bacteria, biomass.

= New processes:
- catalysts: enzymes, immobilised enzymes, immobilised chemical catalysts;
- new conversion techniques: photosynthesis, micro-organism genetic enginee-

ing

ring.
raw materials | | process J equipment ‘ ‘ waste
= « petrochemical . sturch.mmeltnc .
= . = reaction aids = multi-purpose * generic
= L organl:
* reactor

w . . . » discrete
& * bio = hiocatalysis wamiall seala « molecular
5 * agro * chemo-catalysis & dedlicated recognition

Fig. 6.4: Development of process technology
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* New equipment: small-scale (may be down to microchip-size), dedicated equip-

ment, new process pathways.

* New separation and downstream methods: membrane technology, electrophore-
sis, selective adsorption, supercritical extraction. See also Figure 6.4.

This also extends to product and process development for the fine chemicals
industry. Such developments should not lead to worse environmental impacts than
at present: increasing differentiation and shorter product life-cycles are likely to
lead to more product development. The eftective use of laboratory facilities and the
environmental impact of experiments may become relevant - although the quantities
are small the materials may be harmful.

6.3.2 The road to the future

The envisaged path, with the aim of radically changing the current trends in effi-
ciency, towards the development of 1:1 fine chemicals processes, is described be-
low.

6.3.3 Enabling Technology

The major new techniques for future fine chemicals plants are listed below. Current
techniques are not included, although they may be relevant. The new techniques
will be discussed in greater detail in the R&D Agenda.

Fine chemicals enabling technology

* Integrated technology

¢ New scale-up tools

= Closed synthesis steps

e New discrete process engineering techniques

*  Molecular separation technology

* Catalysis & biocatalysis (enzymes)

* Biotechnical manufacturing methods

* S-S, S-G reactions, solid phase chemistry

*  Chiral synthesis methods

*  Multiphase reactions

6.3.4 Expected Implications
Economic structure:
Compared to the current fragmentation in the fine chemicals sector it is to be

expected that it will be even more fragmented in future. An even more specific and
integrated approach will have to be taken to the availability of feedstock and the
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required application properties. These properties will be defined with increasing
accuracy.

The role of the chemical industry need not necessarily change. Some likely deve-

lopments include:

* In some cases specialist farming operations (plants, insects, animals) may re-
place chemical reactors.

* In some cases specialist raw materials will be obtained from non-traditional
sources (oceans, rain forest, or even outer space, etc.).

e Shift in employment towards specialist R&D: operators in future fine chemicals
plants will be more like laboratory technicians or engineers.

*  More product development facilities and diversified production units.

Environment:

In view of the potential to optimise the environmental impact of current technologi-
cal concepts it is to be expected that the positive environmental impacts will become
dominant. The scale of the operations will also be reduced and modular, dedicated
production methods are likely to be introduced, which will benefit life-cycle ma-
nagement,

6.4 R&D Agenda

The R&D Agenda is primarily focused on implementing the second stage of the ro-
ad to sustainable development, as set out in the preceding section. In addition to this
essential step, parallel studies will have to be carried out to identify 1:1 technology
and to develop it.

In the development of super-selective fine chemistry there will be a need to esta-
blish fine chemistry and technology as distinct disciplines. The fine chemicals in-
dustry will change in terms of process selection and manufacturing methods. The
adoption of scale-up tools will lead to more, quicker and better options, in terms of
the environment, quality, speed and cost. New principles (pipeless plants, discrete
manufacturing, semi-continuous operations) will make it possible to optimise each
technique. Hence the following research areas are relevant:
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R&D Agenda
The next generation of process technology for the fine chemicals industry

Area 1: methodology and design tools

A. Improvement of the technical implementation of various reaction types.

B. Developing a knowledge-based system for interactive process synthesis.

C. Development of process technology and engineering for the fine chemicals
industry.

Area 2: plant layout

A. Rationalisation of existing plants in terms of selection and layout of
equipment.

B. Feasibility study of dedicated continuous processes, bench scale.

C. Pipeless plants/discrete production.

D. Customised production.

E. Optimisation of discontinuous processes.

Area 3: integration of new technologies and disciplines
A. Molecular separation systems.

B. Catalysis, biocatalysis (enzyme technology).

C. New techniques.

D. Integration

Area 4: long-term technology (1:1)
Chemistry and biotechnology

6.4.1 R&D Area 1: Methodology and design tools

Historically, developments in the chemical industry have largely arisen in the large-
scale process sector: the production of basic chemicals and other basic materials.
More recently, an intricate product and process development network of technology
for fine chemicals developed in these industries, thereby creating the fine chemicals
industry. Owing to this historical development no dedicated fine chemicals process
engineering was developed, instead the large scale process technology practices we-
re followed. As the fine chemicals sector has built up its own identity, over the ycars
this has resulted in some problems, in particular with regard to sustainability. Some
suggestions for improvement are given below.

Differences between basic chemicals and fine chemicals
The development of fine chemicals and associated products differs from basic
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chemicals product and process development in the following respects:

A. The range of reactions is much larger than in the basic chemicals industry.

B. The number of reaction steps is generally much higher.

C. The production volumes (tonnes per year) are much smaller. In this sector,
1000 t/year of a product is a high volume.

D. The lifetime of a product is already short compared to the basic chemicals
industry.

E. The time to market, from the start of a development project, is essential and is
much shorter than in the basic chemicals industry.

F. In general, the technical implementation of the processes is much less sophisti-
cated than in the basic chemicals sector.

G. The large volumes of raw materials and auxiliary materials, including solvents,
used per kg of product, which have to be disposed of as wastes, is a special pro-
blem of this sector.

The combination of items C, D and E above in particular means that product and
process development in the fine chemicals industry has to be approached complete-
ly differently than in the basic chemicals industry. In the basic chemicals industry it
is normal practice to set up development projects and commit significant human re-
sources and expertise to them. There is also an extensive infrastructure of expertise:
contractors, engineering companies, research institutes and universities. Develop-
ments in the fine chemicals industry cannot support this approach as the costs would
never be recovered and the process would take too long. This could lead to a vicious
circle: insufficient development capacity will lead to processes which are not care-
fully designed hence the costs will be too high and the competitive position will be
weak, particularly in comparison with low wage countries. As a result, the approach
of the fine chemicals industry is much less sophisticated than that of the basic
chemicals industry. A dedicated process technology for the fine chemicals industry
is lacking.

Opportunities for improvement

Improvements could be made by operating differently. As the human resources
which can be deployed will always be limited there will have to be rapid interaction
between chemists and process engineers. This requires the availability of a broad
general knowledge. This points to the following topics:

Application-focused product development

During their development work chemists should be able to rely on expertise of the
reaction pathways and their implementation in process plant. This expertise has to
be available in generic form. As there is a trend towards increasingly complex pro-
ducts the emphasis will be placed on better reaction techniques such as the use of ca-
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talysts (homogenous, heterogeneous, enzymes, metabolic production techniques,
etc.). This will demand greater cooperation with research institutes and universities
where such techniques are, or could be, developed. The same applies to the purifi-
cation of products (downstream processing). There is a need for better, cheaper pu-
rification methods, resulting in less waste. This means that new techniques will ha-
ve to be implemented operationally.

Product and process development

During the development of a product/process there will have to be intensive, daily
co-operation between chemists and chemical engineers. The chemists” ideas should
be immediately interpreted in terms of a potential process path and the associated
advantages and disadvantages in terms of yield, investment, safety and wastes. This
approach means that the development can be steered at an early stage. However, this
means that the process engineer (joint developer) should have access to a generic
knowledge base in a system, this information should not be locked away in the
heads of dozens of experts. Hence, a knowledge system will have to be created
which, when fed with limited information, will be able to make suggestions about
the engineering options and their implications, and which also asks questions inter-
actively to improve the concept.

Scaling-up

More than at present, the process parameters critical to the scale-up should be iden-
tified at the laboratory scale. Hence, it would be desirable to modify the laboratory
rigs to improve the scale-up step. Eventually there would be no need for pilot plants.
In this context, the best possible configuration set and appropriate functionality of
large-scale reactors and auxiliary equipment in a multi-purpose environment will
also have to be considered to accommodate the large number of new processes mo-
re easily.

The experience obtained with the scale-down approach to existing processes can be
applied and increased in the fine chemicals sector through the scale-up and scale-
down of new processes. An analysis of common scale-up problems (non-flyers) in-
dicates that materials transfer and heat exchange require modifications in about half
the cases. Other matters, such as inappropriate equipment, quality of the raw mate-
rials, process stream stability, cleaning, solvent recycling, etc. are relevant to the ot-
her half of the problems.

These modifications will have to be recorded systematically to facilitate scaling up.

The drafting of a development checklist for the fine chemicals sector could be con-
sidered in this context.
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6.4.2 R&D Area 2: plant layout

The availability of the equipment, as well as the layout of the equipment of the plant
is an important consideration in the fine chemicals industry. Most high-cost process
equipment will have a lifetime longer than the products. Production is often under-
taken in campaigns, hence the equipment has to be multi-purpose. As a result, pro-
duction planning is subject to many constraints, hence batch production is widely
used which leads to many movements and complicated logistics within the plant.
This problem requires further study. Potential solutions include:

Multi-purpose equipment

This applies, for example, to multi-purpose reactors and multi-purpose distillation
plants. Decisive aspects include the range of equipment in terms of size, compatibi-
lity with the reaction conditions (temperature, pressure), available instrumentation
and control systems and layout in the plant (scheduling, logistics). Generally pro-
duction is carried out in batches and there is extensive handling of the product stre-
ams. It is becoming increasingly difficult to combine this approach with c-GMP re-
quirements and the ability to demonstrate with certainty that cross-contamination of
chemicals and process streams is impossible.

Dedicated product lines

These lines are used for one product only. However, this approach means that whe-
rever possible production should be undertaken continuously and that the equip-
ment will have to be dimensioned appropriately. For products produced in very
small volumes (up to several tens of tonnes per year) there are some developments
towards continuous production in a miniature plant (bench-scale plant). Such a plant
would occupy little space, have a modular structure and would require little direct
supervision. Such plants may be attractive in the future as there is a general trend to-
wards modular process equipment, i.e. process equipment with instrumentation and
control using a DCS (distributed control system).

Pipeless plant

In this approach the process media (solid, liquid, gas) are not conveyed between the
equipment (reactor, separation, conditioning) through piping and containers. Inste-
ad the process vessel moves through the plant, between specialised processing sta-
tions. Such a plant would not suffer from a myriad of piping and large product in-
ventory. This are important issues in the context of GMP and quality assurance.

Discrete production

This is the ultimate consequence of the previous option, i.e. moving from batch pro-
duction to discrete production. This approach is similar to the unit production in-
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dustry, e.g. the car industry. In this case the plant is laid out as a production line and
the various products travel down the line in small vessels and are processed by ro-
botised stations. (Similar to producing several makes of car of different types. inte-
riors, colour, etc. on a single line.) The advantage of such a plant would be that sca-
le-up problems are eliminated, that production could be carried out in flexible quan-
tities and that a new product can be implemented through process control. The dis-
advantages are the large initial investment in the plant and the complex measures to
be taken to prevent contamination.

In general, it should be noted that the reduction in the use of auxiliary materials,
solvents, etc. is an important issue in the development of new processes.

R&D options Area 2

A. Rationalisation of existing plants in terms of selection and layout of equipment.

This study should address chemical, process engineering and operational aspects
and result in a cost/benefit analysis. Co-operation between a chemicals company,

engineering firm and a university of technology is an obvious option.

B. Feasibility study of dedicated continuous processes, bench scale.
An initiative for this has been taken in an EC network (process intensification).

C. Pipeless plants/discrete production.
Firstly, the opportunities and problems will have to assessed, and whether or not
these will affect the implementation of this concept.

D. Customised production.

E. Optimisation of discontinuous processes.

6.4.3 R&D Area 3 Integration of (new) technologies and disciplines
The implementation of more specific processes requires different conversion and
downstream techniques. Catalysis, specifically homogeneous catalysis and biocata-
lysis aimed at defined conversions, will play a major part in this.

R&D options Area 3

A. Molecular separation systems
A process engineering turnaround will be needed to raise efficiency. Where conver-
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sion and downstream processing/purification are now largely separate steps, these
will have to be integrated in the future. Multi-phase systems will be useful in this
regard, particularly gas or liquid reactions with solids (solid phase chemistry).
Membrane reactors, in which the conversion occurs on the membrane and where the
reaction products are immediately removed, would also be attractive. At present,
substances are often obtained from plants by solvent extraction or steam distillation.
The disadvantages of this are that the extraction process is not particularly selective
and downstream processing has a high energy consumption and uses large volumes
of chemicals. Supercritical extraction and product-specific recovery methods (e.g.
using membranes) may solve these problems.

B. Enzyme technology; catalysis

Modifications can easily be made using enzyme technology and biosynthesis. An
example of this is the production of aspartame, a sweetener which consists of the
amino acids phenylalanine and aspartic acid. Both the production of phenylalanine
and linking it to aspartic acid are mediated by enzymes. Other examples of enzyme
technology are the conversion of sugars to lactic acid or ethanol. A prominent
example is the production of penicillins and cephalosporins. Multi-step traditional
stoichiometric chemical processes have been shortened considerably by the intro-
duction of biocatalysis, i.e. a 10-step process for cephalexin without any (bio-)
catalysis has been replaced by a 6-step process scheme including three enzyme-
catalysed steps.

New areas of (bio)catalysis will have to be developed, for example. in which a set of
catalysts performs a multi-step process (cascade catalysis). Directed alteration of
enzymes and the development (genetic engineering) of new enzymes will be ano-
ther area. New, fast screening techniques should allow for a quick analysis of (bio-)
catalyst capabilities. Formulation, i.e. immobilisation, of (bio-)catalysts tuned to the
process and down-stream conditions could become a new area of specialisation.

The use of new technology will make it possible to replace organic solvents by water.

C. New techniques

Embryonic techniques will have to reach maturity to serve a sustainable fine chemi-
cals industry. Whereas biocatalysis enables us to prevent the use of solvents, it
might also be the entry to reactions in aqueous slurry’s and (almost) solid phase
chemistry. Extremophiles have been found to be able to function under unthinkable
conditions. The use of supercritical solvents will open up other vistas.

A very important area for future research should be the avoidance of salt formation
in the fine chemicals industry. In multi-step fine chemicals processes generating 10-
30 kg of waste per kg of product, over 80% is mostly inorganic salts. The introduc-
tion of bio- and chemo-catalysis does not solve this problem. New reaction schemes
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and down-stream procedures will be needed. Electro-chemistry and membrane
technology might be a promising route.

D. Integration

Whereas some new specialties might be needed to sustain the R&D Agenda of the
future, integration of disciplines will be the key towards a sustainable industry. This
encompasses profound changes. Academic education, university research, public
and private R&Ds will have to change focus and direction. The vertical specialties-
oriented approach to research and education must also adopt a horizontal direction
that covers more disciplines and results in a lateral movement. Teamwork, already a
common practice in industry, must be introduced at universities and public R&D fa-
cilities.

Ingredients for an integrated approach required for a sustainable (fine-) chemicals
industry are (bio-)organic synthesis, catalysis, chemical technology and bio-process
technology. Attention to quality (GMP, GLP etc.) and customer orientation will be
desirable assets for future R&D workers in the fine chemicals industry.

Integration should also allow for an interactive approach of process development in
which scouting out synthesis routes, catalyst development, down-stream proces-
sing, plant lay-out and QESH-aspects (quality/environment/safety/health) are
treated as a whole.

6.4.4 R&D Area 4 Long-term Technology (1:1)

An approach which should be initiated now, especially at the universities, is the
identification and development of technology that can lead to major, rapid changes.
Metabolic engineering might provide such an opportunity. High throughput
screening and experimentation techniques might be another area of keen interest.

The production of chemical specialties - fine chemicals - in 2050 will increasingly
be based on the direct or indirect use of natural substances. Secondary metabolites,
i.e. substances which are found in plants in small quantities, have pharmacological
activity or can be activated through modification. Taxol, from the yew tree, which is
used to treat breast cancer, is a good example of this.

Existing plants and micro-organisms provide an enormous reservoir of chemicals.
Biotechnology can be used to tap this reservoir more efficiently. Appropriate orga-
nisms can be genetically modified to produce the required substance as their meta-
bolite. For example, taxol can now be produced by micro-organisms.

Commodities could also be included in this group. Starch and proteins are attractive
raw materials for resins, unsaturated oils are used for a range of ‘natural® paints and
hemp and flax fibres can be used as reinforcement.
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Metabolic pathway engineering, followed by metabolic flux analyses, as well as
more conventional techniques such as homogenous catalysis and biocatalysis, com-
bined with process engineering is the areca where the major developments are
expected to occur in the next 50 years. New secondary metabolites will be synthe-
sised to our requirements using modified micro-organisms or plant cells. It is also to
be expected that during the course of the next decades complex molecules which are
currently produced by complicated syntheses will increasingly be recovered as
secondary metabolites. A new fermentation industry might emerge.

On the other hand, increasing knowledge of the biosynthetic schemes will enable
the development of highly efficient and specific chemo-catalysts. Exploitation of
combinatorial techniques will speed up this process.

These developments apply in particular to products in which regio- and stereospeci-
ficity are required. Following the present trends, this will apply to the great majority
of fine chemicals in the next century. Current (bio-)catalysts have to become much
more efficient (kg of product/volume), more specific and, most importantly, much
casier to develop. Integration of disciplines, as discussed in the previous section, is
again of pivotal importance for these R&D directions.

6.5.1 Conclusions and recommencdations

The fine chemicals industry has a number of promising options for more sustainable
production methods. The approach taken by the fine chemicals sector should serve
as an example to the rest of the chemical industry.

Considerable development work will have to be undertaken to meet these objecti-
ves.

The first important instrument to realise the objectives of an innovative and new
fine chemical process technology is to set up a forum with representatives from this
industry. This forum should continuously work on the definition of R&D projects
needed to develop technology for major, rapid changes. This forum will help to
shape the fine chemicals industry.

The first impetus for the creation of such a forum was provided by the meetings or-
ganised by DTO in 1996 and 1997. During these meetings it became apparent that
there is a clear support for such a forum within the fine chemicals industry, apprai-
sing the need for technological breakthroughs towards sustainability. The main
reasons for this are defining the objectives for a long-term approach and pre-compe-
titive information exchange enables efficient operation of this platform. The first
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joint industry-university research projects have already been defined.

The policy outlined with respect to the R&D Agenda has been described in detail in
an STW proposal.

6.5.2 References

We would like to acknowledge the assistance of the participants in the fine
chemicals forum for their support in writing this chapter. The essay by Fortuin and
Boelhouwer written for DTO provided the basis. DSM provided information on this
branch of industry for the general description of the fine chemicals sector.

SUSTAINABLE CHEMISTRY = CHAPTER & 1 29 PROVCESS TECHNOLOOGY OF FINE CHEMICALS



SUSTAINABLE CHEMISTRY = CHAPTER 6 ] 30 PROCESS TECHNOLOGY OF FINE CHEMICALS



Chapter 7:
Sustainable Construction Materials

7.1 Introduction

Many sustainable construction materials are made of fibre-reinforced composites.
Fibre-reinforced composites are prepared by combining fibres and a binder. The
choice of fibres and binder, as well as the manner in which they are combined. de-
termines the strength, the rigidity, and the mouldable qualities of the end product.
Frequently used materials are polypropylene, polyethylene, PVC or polyester,
strengthened by glass fibres. Due to the irritation caused by glass fibres, however,
their use is associated with health risks.

An alternative to glass fibres is flax or hemp. These fibres can be combined with a
biopolymer binder to create a composite end-product that is completely biodegra-
dable. Furthermore, working with polymeric materials and natural fibres poses no
health risks. Natural fibres are used on a large scale in “classic composites” such as
paper and board. New applications are being developed by automobile manufac-
turers, among others. Important points to consider are the elementary strength of the
fibres, the moisture sensitivity of natural fibres and the bonds formed between the
fibres and the plastic matrix. The flax fibre appears to match the qualities of glass
fibres.

A frequently used composite of completely natural origin is wood. Wood is casy to
work with and has favourable material qualities. A disadvantage, however, is that
wood, softwoods in particular, is unable to withstand water, changing weather con-
ditions and micro-organisms. The properties of wood can be improved by the use of
resins. Materials made in this way are resin-based board materials such as triplex,
MDF and HDF. For these applications, resins are made on the basis of phenol for-
maldehyde, ureaformaldehyde and melamine. To make the material water resistant,
environmentally unfavourable impregnating materials such as lacquer and stains are
often used.

7. 1.1 Justification

Fibre-reinforced polymer materials are a good addition to currently available mate-
rials and can absorb the growing demand for materials of this type. Furthermore, fi-
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bre-reinforced polymer materials are considerably lighter than metals so that
transport and building applications, as well as energy and ergonomic advantages
can be achieved.

Justification for fibre-reinforced polymeric materials as an important technology for
sustainable development:

Lighter materials

Fibre-reinforced polymeric materials result in lower weight, which is an advantage
in the transport sector, for example. In this way, energy consumption can be signifi-
cantly reduced. In the construction industry, ergonomic considerations are worth
considering in that lighter materials reduce the physical stresses on builders.

Contribution to a growing need for materials and fibres

Due to population growth and an increase in standards of living, a large increase in
the need for fibres and materials is expected (for construction, textiles, consumer
products, paper, hygiene, furniture, etc). By seeking alternatives now. a head start
can be made in reducing the threat of scarcity. At the same time, inroads into opti-
mising new materials can be made.

Alternatives for hardwood

Tropical hardwood is currently used for many applications. This type of wood
combines good mechanical properties with a reasonably good resistance to wood
rot. It is, however, a slow growing wood type. The pace at which it is consumed is
high, complicated by slash and burn agricultural practices. In spite of the fact that
wood is a renewable resource, in principle, there is a potential for a non-sustainable
consumption of this material. The current sustainable techniques of softwood are
quite damaging, in practice, even though they do not appear to have negative effects
in life cycle analyses in relation to other materials. This is due to the toxic materials
used, often chromium compounds. Alternatives that other technologies use for
prolonging the life cycle are already available. Some examples are: Plato-process.
acetylation, plastification. In the meantime, there has been a great deal of attention
paid to managing hardwood sources by renewed plantings. The replacement of
hardwood is relatively inexpensive.

Renewable materials

The majority of metal-based materials currently in use is not renewable. Adequate
recycling is therefore an important consideration. By making use of biomass based
materials, however, as a source for (composite) materials, a closed cycle can be
achieved when after use the consistuent molecules of CO5 andH-O combine again
with sunlight to biomass.
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7.2 Description

To obtain a relative sense of the value of fibre-reinforced polymeric materials, an in-
sight into the criteria established for these materials is necessary.

7.2.1 Material prerequisites

Every application asserts particular demands on a material. The material propertics

that can be important in this regard have been divided into the following categories:

*  Low cost

*  Primary properties (mechanical); in particular, strength, toughness, resistance to
breaking and deformation, weather resistant, and water resistant

* Secondary characteristics; in particular, chemical (corrosive resistant, UV
stabile), and physical (density, conductability, colour). Ageing

= Sustainable characteristics; in particular renewability, energy consumption (du-
ring production and use) and recyclability.

= Application-specific characteristics (a universally superior material does not
exist!)

For most applications, the specific strength and specific rigidity (strength and rigidi-
ty divided by density) are important parameters in the choice of material. They indi-
cate the characteristics of certain materials through unit of weight. This information
is especially important for transport considerations. In figure 7.1a, this information
is given for different materials. Although expensive, carbon fibre-reinforced plas-
tics have very good properties. When the costs of the materials are taken into consi-
deration, the relationship is shown in 7.1b. It should be noted that the costs conside-
red here are the material costs only: production costs can vary considerably.

7.2.2 Composites

Combining materials results in a combination of their characteristics. Examples of
this are reinforced concrete and reinforced glass. Plastics to which fibres are added
are referred to as composite materials. The fibres increase the rigidity and strength
of the material, while the plastic matrix ensures that the material is water tight, con-
sistent and flexible. If the matrix and the fibre are made of natural materials, a bio-
composite is created. A good example of a natural biocomposite is wood, paper and
board material. Wood and the woody parts of plants are responsible for the rigidity
of trees and plants.

Two qualities of composites:

I Low tech, large market, low costs, natural and synthetic materials
2 High tech, specific market, high prices, synthetic materials
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Fibres

Fibres can be divided into three groups: natural fibres, semi-synthetic fibres
(made from natural materials) and synthetic fibres (made from petroleum).
An overview of these types is shown in figure 7.2.

The properties of these types of fibres differ vastly from one another. Cur-
rently, synthetic fibres often have many advantages over natural fibres in
terms of their material characteristics. Poor strength, durability, resistance
and water retention are some of the disadvantages of natural fibres.
Semi-synthetic plant-derived fibres are made up of cellulose and to some
extent have less desirable properties than synthetic fibres. Cellulose is a
natural polymer that occurs in the cells of all plants. It is the most ubiquitous
and renewable biopolymer on earth.

As a result of increased research, the properties of plant-derived fibres are
continually being improved, and natural fibres appear to offer good possibi-
lities for the future. Even though fibres can be extracted from all plants and
trees, only a small number have commercial potential. A summary of fibres
that are used in commercial applications (in addition to deciduous and ever-
green wood), are listed below:

* wood

* jute (for textiles)

e ramie (for textiles)

e kenaf (for textiles)

e hemp (for textiles and paper)

e flax (for paper, rope, building materials and linen)

* kapok (for paper, rope, building materials)

* sisal (for paper, rope, building materials)

» coconut fibre (for paper, rope, building materials)

 manilla abaca (for rope)

» reed (for paper, rope, building materials)

Fibres used in the Netherlands are wood, hemp, reed, flax

Currently, the most important applications of plant-derived fibres are wood-
products, paper (including paper for hygienic products), and textiles. In
addition, fibres are also used as rope, but this application is decreasing in
favour of plastics. In building materials, many plant-based fibres are used in
hard-board, sheet-rock, insulation materials, and cement, for example. In
addition to wood and plant fibres, inorganic fibres are also used for these ap-
plications. New applications are in the areas of board material for the buil-
ding and construction industry, geotextiles, and as substitutes for asbestos.
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Fig. 7.2: The three main fibre groups [source: STT Publication, Plant-derived raw materials
Jor industry, 1991]

Thermosets Thermoharders

1992 1995 1992 1995
Aerospace/military 6,8 83 0,7 1.3
Transportation 2329 284,2 178.9 3321
Building/construction 2046 2497 32 59
Electrical 1847 2254 151,2 280,7
Marine 95,6 116,7 nia nfa
Sport/leisure 54,8 66,9 3,2 59
Other 47,8 58,3 30,7 57,0
Total 827,2 1009,4 367,9 543,7

Table 7.1: West European consumption of reinforced composites according to end use
(in thousands of tons)
(Source: Reinforced Plastics, March 1997, from the handbook Plastes Federation, BPF)
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7.2.3 Economic aspects

As was previously stated, a distinction must be made between low-value and high-
value applications of composite materials.

The low-value applications involve the wholesale market of moulded and sprayable
compounds, laminates, powders, MDF, triplex, OSB, hardboard, Trespa, plastic
wood, ete. Natural fibres are being introduced into this market on a large scale. Tri-
plex is cheap, MDF is more expensive. Paper can also be included in this group.

Examples of applications for high-value fibre-reinforced composites include:

« construction: corrosion and heat-resistant materials, high-voltage cables, light
dividing walls,...

« machine construction: weight-bearing constructions, fatigue-resistant materials,
transport belts....

* sport and leisure time: tennis rackets, golf clubs, F1 racing cars,...

* biomedical: orthopaedic aids

* automobile: interior panels, bumpers, leave springs

* acroplane: interior, many secondary parts (flaps,...), some primary parts (vertical
tail piece), helicopters,...

 fibre-reinforced wood for bridges and weight-bearing constructions.

Market figures covering a number of aspects have been recorded in order to give an
economic indication of the subject of this chapter. It includes tables in the areas of:

Market development of composite materials:

It is expected that the European market for fibre-reinforced plastics will continue to
grow throughout the 90s, albeit at a slower pace than in the last few decades. Accor-
ding to the statistical handbook of the British Plastics Federation (1996), the average
growth after 1994 was 5% a year. The market for reinforced thermal plastics grew

Application Price (EURO / kg)
PMCs (polymer matrix composites) 0.690
IMCs (inorganic matrix composites) 0.650
MCs (matrix composites)* 0.549
textile 0.616
paper and pulp 0.352
total average 0.547

Table 7.2: Indication of end users prices for eurofkg drv goods (DG X1 publication)

EMC is a group in which the trial was not reported whether it was PMC or IMC.
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somewhat faster than for reinforced thermoharders. An indication of the market
growth in Europe is shown in table 7.1.

Fibre prices:

Shown in table 7.2 are the average prices of fibres used in applications. The data
come from the report Industrial Fibre Crops from the EC (1994). The sample was
small, however, and the prices show a broad distribution. The prices given here,
therefore, can only serve as an indication.

Production of (man-made and) textile fibres:

An overview of the world production of textile fibres is presented in table 7.3.

A distinction is made between ‘man made” fibres (synthetic and cellulose), cotton,
wool, and silk. It primarily concerns fibres that are not used in composites. In addi-
tion, a geographic distribution of the production of “man made’ fibre is shown (table
7.4).

1993 1994 1995 95/94: +% 1995: share (%)

Man-made fibres ' 19,781 21,050 21,741 +3,3 52

Synthetics 16,652 17,908 18,471 +3,1

Cellulosics 3,129 3,142 3,270 +4,1
Cotton 18,494 18,394 18,602 +1.1 44
Wool 1,687 1,736 1,767 +1,8 4
Silk 68 69 92 +33,3
Total 40,030 41,249 42,202 +2,3 100

Tabel 7.3: World production of textile fibres (in 1000 ton), Source: Man made [iber year book,
September 96

synthetics cellulosics total share (%)

Asia 10,218 1,308 11,526 53
USA/Canada 3,313 240 3,553 16,3
Latin America 988 98 1,086 5,0
Western Europe ? 2,697 543 3,240 14,9
Eastern Europe 1,028 263 1,291 59
Africa 220 13 233 11
Australia 9 - 9 -

World, total 18,472 3,260 21,74 100

Tabel 7.4: Geographic distribution of the production of man-made fibres (in 1000 ton/in 1995)
Source: Man made fiber year book, September 96

1) excl. polyolefin fibres, textile glass fibres and acetate cigarette filter tow; 2) incl. Turkey
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Fig. 7.3: Material matrix [© Willems & v. d. Wildenberg, the Hague/

7.2.4 Current technology

Composites have made a place for themselves in the use of materials. There is, ho-
wever, vast room for improvement. In this chapter, two approaches are outlined for
achieving fibre-reinforced composite materials:

From (organised) fibres and a binder, construct a suitable material

The first approach involves preparing a suitable material from fibres (even if they
are not organised) and a binder. Several combinations of fibres and binders are pos-
sible. Organising the fibres contributes greatly to the performance of the material,
but this process is expensive. Many natural and synthetic fibres are anisoptropic.
This means that the material does not have the same properties regardless of the
orientation of the fibres. The efficiency of strengthening with fibres is expressed as
efficiency factors. These factors are dependent on the packing direction and the di-
rection of force. Orientating the fibres in the proper direction can result in “textile’
construction. Fabrics and knits are good examples of this, but they have only been
used in limited applications.

In figure 7.3 composites are illustrated in terms of their different possible applica-
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tions, the shapes and the supporting technologies. The field of high value com-
posites and the accompanying research is presented. In the priority program of the
Netherlands Scientific Research Organisation (NWO), however, little attention is
paid to these materials. A few examples of Dutch and Belgian organisations that are
active in the area of composites: DSM, DAF, Akzo Nobel, Vredensiein, GEP, ATO-
DLO, FOM, TNO, TU Eindhoven, TU Delft, SHR Wageningen, TU Twente and
KU Leuven. The Eindhoven University of Technology. is one of the most active in
this area.

Natural fibres

A number of examples of applications of natural fibres used in the European Union
are given in the following table (7.5). While natural fibres are increasingly being
utilised, they are seldom used in demanding construction applications. Natural
fibres often do not have the appropriate characteristics. The following list contains a
number of disadvantageous characteristics of natural fibres.:

* too hygroscopic

* not resistant to molds and fungus

* poor bonding with matrix material

= sometimes insufficient chemical resistance

* poor moisture resistance (lifetime)

country amount fibre application
[ton]
5P 300000 wheat straw (110000), pulping
eucalyptus (180000),
flax, hemp, abaca,
sisal kenaf
NL 3500 flax, hemp, abaca bank notes
F 7000 cotton litter, abaca, jute, sisal, kenaf specialty paper
GE 2000 flax, miscanthus, bamboo, kenaf pulp and paper
| 3000 starch fibres paper
UK 8000 wheat straw compressed board
GE 5000 wood and paper ecological building materials
GE 4000 cotton (recycled clothes) car seat filling
| 50 cellulose fibre reinforced cement
DK 12000 flax fibre reinforced cement
B 200 flax, jute, sisal, ramie, abaca fibre reinforced cement
UK 15 jute fibre reinforced PMCs
ML 1000 jute non wovens and technical textiles
500 cotton laminates
3500 cotton moulding compounds

Table 7.5: Examples of applications of natural fibres.
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The application of plant-derived fibres has received a great deal of interest in recent
years. Plans for flax and hemp, in particular, are extensive. These crops are desirable
due to their long bast fibres, which can sometimes be a meter long. According to
ATO-DLO, there is room in Europe for an additional 50,000 hectares of flax. a
significant addition to the current area. From the 100,000 tons of fibres that this
would produce, 40,000 tons would be used for building and insulation material,
10,000 tons as geotextiles, 10,000 tons for babies™ nappies and fabric and 40,000
tons as a replacement for glass and other synthetic fibres in fibre-reinforced plastics.

From natural composites (wood), construct suitable materials

A second approach to producing composites is the adaptation of wood. Wood
consists of a honeycomb structure, in which the cell walls are built up from
cellulose, hemicellulose and lignin.

The problem with softwood grown in the Netherlands is that it isn’t as hard and stur-
dy as hardwood, it absorbs too much water, and is poorly resistant to changing
conditions and micro-organisms. The properties of fast-growing wood—resistance
to wood rot, for example—can be artificially improved. There is already a number
of technological solutions for this problem, such as improved binding, chemical mo-
dification of the fibres, inclusion of biocides in sheet materials (see also the table
‘new wood preservation techniques’). Sometimes the improvement of certain char-
acteristics leads to a worsening of others.

7.3. A look toward the future
7.3.1 The future

The future view is that fibre-reinforced composite materials are the most important
materials for a broad range of applications, particularly for construction and trans-
port needs, but also in consumer goods, furniture, sports articles. elc.

7.3.2 Enabling technologies

Listed below are ten ‘enabling technologies’ that are important for achieving impro-
ved composite materials:

Integral technology

Fibre processing

Fibre properties

Composite behaviour

Composite production

T R

A

n
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RELATIEVE IMPORTANTIE

Application development
Preservation techniques
Replacement of heavy metals
9 Textile technology

10 High-tech wood

o -1 O

7.3.3 The route to success

As previously outlined, the future view involves using different materials in con-
junction with each other. See figure 7.4 for the relative importance of these mate-
rials over time.

The following quote characterises the expectations in terms of the future of mate-
rials.

“Ten years ago, it was thought that new materials such as ceramics, plastic composi-
tes and superstrong fibre would replace older metals and materials. Until now, that
hasn’t happened. New materials just about never replace the old, but are added to
the other offerings on the market. Furthermore, what is a new material? What actu-
ally happens is that the expertise in dealing with ‘old” materials is increased, the ma-
terials become more high-tech.” (quoted from Technisch Weekblad 16-4-97).
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POLYMERS bronze
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cast iron
steel aluminium lithium

alloy micro-alloy steel
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super alloy
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CERAMIC
stone polyesters
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Fig. 7.4: Relative importance of materials over time [from Chemisch Magazine, May 1995]
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New Wood Preservation Techniques

The polymeric structure of the wood cell wall mainly consists of
cellulose, hemicellulose and lignin. The most reactive sites on these
components are the hydroxyl groups. The cell wall polymers (and its
reactive hydroxyl groups) are responsible for most physical and chemical
properties of wood. By changing the basic chemistry of the cell wall
polymers, it is possible to change different undesirable properties of
wood considerably, such as durability, dimensional stability, hardness
and stability against UV-degradation.

Chemical modification of wood often involves reactions with the hydro-
xyl groups of holocellulose and lignin. In most reactions of the wood
with a modifying chemical the wood polymer itself is an alcohol. Many
chemicals have been used to chemically modify wood. Depending on the
type of bonding formed during the reaction between the hydroxyl group
of the wood polymers and the reacting agent these wood modifications
can be classified into several types. This leads to a series of chemical
operations. The more important are:

Etherification
During etherification the hydrogen within the hydroxyl group of a cell
wall polymer is substituted by an alkyl group:

Wood—0OH + R—X —— Wood—0O—R + H—X

Fig. 7.5.1: Etherification of wood

Acetalisation

By addition of an alcohol (hydroxyl group of the wood cell wall poly-
mers) to a carbonyl group of a modifying agent (aldehyde or keton) a half
acetal is formed. This half acetal can further react with a second hydroxyl
group of the cell wall polymers (crosslinking) and an acetal bond is for-
med. Several acids have been used as catalysts as well as sulfurdioxide
(50,) (Akitsu et al., 1993).

OH

s
WOOd—OH G o ;{":O —_— R""I}\O_Wood
R
R
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R, ,OH H+ R, ,O—Wood
/’< + Wood—OH =—— 7 +H,0
R O—Wood R O—Wood

Fig. 7.5.2: The acetalisation of wood

Alkylation

In the reaction of alkyl chlorides with wood, hydrochloric acid is formed
as a by-product. Because of this, a great deal of wood degradation takes
place during the reaction (Rowell & Banks, 1985). The most simple ether
is formed during methylation of wood. This can be achieved by reaction
with methylchloride.

Wood—OH + CH;—Cl ——> Wood—0—CHz + H—CI

Fig. 7.5.3: Reaction of wood cell wall polymers with an epoxide

Epoxidation
Another category of ether bond forming reactions is those between wood
and alkylene oxides.

H:

Wood—OH + A —> Wood—0O
R O R OH
R

Fig. 7.5.4: Reaction of wood cell wall polymers with an epoxide

Esterfication
Esters are formed by reaction of wood with carboxylic acids or acid an-
hydrides. Ester bonds are liable to acid or base attack, which leads to hy-

drolysis.

I X

I X
Wood—0OH + X)LF{ — Wood—O R T HX

Fig. 7.5.5: Esterification of wood. R: alkyl group or proton (H); X: halogen.
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Urethane-formation

Another class of reactive chemicals which has been studied extensively
includes the isocyanates. In reaction of wood hydroxyl groups with
isocyanate a urethane bond (nitrogencontaining ester) is formed. Unlike
mono-isocyanates, a reaction of wood with di- and poly-isocyanates can
result in polymerization/bulking.

H
Wood—OH + R—N=C=0 ——>= Wood—O\[rN—R

0]

Fig. 7.5.6: Reaction of wood with a mono-isocyanate

Oxidation

Chen & Rowell (1989) and Goethals & Stevens (1994) used sodium pe-
riodate and periodic acid for oxidation of solid wood. Wood treatment
with aqueous solutions (1-3%) of these chemicals at 25°C for 4 hours, re-
sulted in limited oxidation in the cell wall polymers.

0 0, 0
A
R; R, —— R1{(*R2
/
@]

OH OH 0

Rs Ra
04
—> + CH4OH
Ry OCH, Ry 0
OH (@]

Fig. 7.5.7: Oxidation of wood cell wall polymers (according to Goethals et al.,
19906).

Top: holocellulose; bottom: lignin

RI and R2 = holocellulose unit

R3 = lignin side chain

R4 = H, OCH3 or lignin unit

A different category is the transition of wood in the so-called PLATO-
process.
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PLATO Process

The PLATO Process (Providing Lasting Advanced Timber Option) was
developed by Shell Research to preserve fast-growing softwood (polar,
pine, spruce, etc.). If softwood is treated in a steam kettle under a
pressure of 10 bar and heated to a temparature of 180°C, the sugar chains
in the cellulose depolymerise. Phenol is generated from lignin and the
hemicellulose degrades into aldehydes. As a result of this treatment,
softened wood is created. The (cellulose) fibre remains nearly intact. In
the subsequent phase - hardening - the phenols and aldehydes react to
form a water resistant resin layer around the cellulose fibre. The wood
cell structure undergoes minimal change, but the hemicellulose is degra-
ded and with it the food sourcr for the micro-organisms that cause wood
rot. It is also possible to shape the wood slightly. Further development is
now being carried out by the Dutch Cr&dO Credo) compagny, that is
focused solely on optimising the PLATO process and improving the
quality of flax fibres (Duralin Process).

7.3.4 Implications

Economic opportunities are available for fibre producers, in forestry, the agricultur-
al sector, material-processing companies, producers of transport goods or building
materials, transporters (cheaper transport), wood industry, etc. These fibre-sectors
(in combination with wood) will develop itself as a new important sector in the co-
ming decades. Currently, this sector is strongly application-related (paper, textile,
wood). The influence of composites on the metal sector must still be further investi-
gated.

7.4 R&D Agenda

It is clear that a great deal of R&D must be carried out to make possible a large-sca-
le application of natural fibre composites by the year 2050. For the most part, this
will happen autonomously, through the usual innovation framework, because there
will be more than just sustainable developments. The following is an additional
summary of necessary research to stimulate the use of natural fibres, because they
must be supported by sustainability arguments.
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7.4.1 Studies

Evaluation of fibres, comparative study

In order to be able to compare the vast variety of fibres to the most important, the
wood fibre, data from a number of materials are shown in table 7.6. Included also
are carbon, aramide and glass. From this table it appears that flax has extremely
good mechanical properties. Hemp is also a good alternative. Hemp can be pro-
duced more cheaply than flax. Hemp has high yiclds, about 14 tons/hectare, and the
majority of the plant can be used for applications other than energy. In order to
make a good choice, a comparative study of fibres from different natural crops is
necessary.

7.4.2 R&D Options

Composites research

A matrix with topics for composites research are shown in paragraph 7.2. An
important challenge is the optimisation of textile techniques for new fibres, 3D
orientation, constructing integral pre-forms and the possible exploitation of the so-
called sandwich effect (for example, by filling with insulating materials, or confer-
ring different properties). Another challenge is the optimisation of the matrix infilt-
ration of the binder (thermoharder, thermoplast). Problems with the implantation of
fibres, with glass and cellulose, for example, involves bonding to the binder. It is
important that the binder has a high Tg (glass transition temperature).

Improvement of properties of fibres from biomass materials

The negative aspects of natural fibres are listed in paragraph 7.2. Furthermore, the
yields per hectare are currently still too low (flax is an exception), and fibre quality
is too low. Material properties can be improved by changing the plant, or by car-
rying out steps in the pre-processing phase. Better cultivation techniques need to be
developed. The fibre treatment techniques need to be directed towards good adhe-
sion of the fibre with the matrix and obtaining good moisture and chemical resistan-
ce.

Wood research

Wood is a beautiful material. The disadvantage of wood, however, is that it is not
isotropic and homogeneous, duc to its varying structure and the presence of knots.
In addition, the sustainable production of wood is not simple to achieve. For a num-
ber of applications, wood is less suitable than plastic because the processing of
wood is more expensive than the production of plastic (unless wood technology is
further developed, in which the shaping of wood becomes more simpler for larger
applications). The big advantage of wood is the low cost compared to its high rigi-
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dity.

The treatment of glass fibres with a similar procedure is still in the preliminary re-
search phase, but it appears to be very promising. Another commercial process, de-
veloped by Courtaulds Fibres in England. is the Lyocell process. This does not en-
tail a completely new process, rather a greatly improved production method for na-
tural fibres, with better properties, fewer emissions and a reduction in the use of sol-
vents.

The development of new fibre unlocking techniques

Removing fibres from plants and trees requires that they be released from the rest of
the plant material. Mostly this involves the release of cellulose. The unlocking of
wood and bast fibres (jute. linen from flax, kenaf, ramie, hemp) is fairly difficult to
do with traditional techniques. Modern techniques can raise the processing of flax
from the level of craftsmanship to an industrial scale. Leaf fibres such as sisal and
manilla abaca and seed fibres such as cotton are easy to unlock. The quality of the fi-
bres is often insufficient for composites. Better techniques, geared towards the use
of composite fibres, can contribute to the feasibility of natural fibre composites.

7.5 Conclusion
7.5.1 Conclusions and recommencdations

The majority of materials in current use are non-renewable, relatively heavy, make
use of increasingly scarce raw materials and are probably unable to meet growing
material needs. Fibre-reinforced composite materials form an important contribu-
tion to the supply of materials. Natural fibres already offer superior performance. al-
beit in only a few applications. In addition, binders will have to be developed on the
basis of natural raw materials. Wood will play a dominant role in a sustainable so-
ciety. Therefore, development initiatives directed towards the improvement of
wood, as well as genetic manipulation and post-treatment of wood should receive a
great deal of attention,

7.5.2 Some references

Reporis:

— Increased application of domestically produced plant fibres in textiles, pulp and
paper production, and composite materials, DG XII report 1994.

— Brouwer W.G.J. (Ed.), Plantaardige grondstoffen voor de industrie, STT publi-
catie 51, 1991.

— Man Made Fiber Yearbook
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Articles:

1 Zuylen A. Van, Platonische liefde voor hout, Chemische Magazine, May 1995

1 Militz H. Beckers E.P.J, Homan W.J.: paper presented in Whistler (Canada), 26-
30 May 1997.

Characterising the route to composite materials

Phase 1

large-scale use (current)

Currently, synthetic fibre-reinforced composite materials are already
being used on a considerably large scale in a number of high-tech ap-
plications (interior doors, dividing walls, military helmets, etc.) or are
actively being developed (automobiles, masts, boats, etc.). Natural fi-
bres are being used in ‘classic composites’ that are more low-tech such
as paper and board, but in a limited way are being utilised in more de-
manding applications.

Phase 2

further development (the near future)

Raw material costs of conventional materials are lower than those of fi-
bre-reinforced materials. As a construction material, steel is by far the
cheapest to use. When the processing costs are included in the total
costs of the material, however, coupled to the production volume, the
cost of steel increases considerably, particularly when the series is
small. The investment costs for fibre-reinforced materials are much
smaller and the cost per product for fibre-reinforced material and steel
will, as a result, become more equitable, especially for products that are
produced on a small scale. More expensive materials will be used, the-
refore, more readily on a small scale than on a large one.

Designers and processors often think in terms of steel. As a result, steel
is often chosen unjustifiably as a material rather than a fibre-reinforced
composite. Therefore, a change in perception is necessary from people
who are responsible for making the initial decisions about which mate-
rials to use, namely designers and builders.
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Phase 3

optimisation (afterward)

On the basis of experience in a number of applications, the large-scale
production of fibre-reinforced composite materials that replace steel is a
strong possibility: bulk construction material. In this phase the distinc-
tion between natural fibres and synthetic fibres is not that important.
Furthermore, entry into the market through the transport sector to other
bulk applications is a logical move, in view of the high added value in
this sector.

Phase 4

large-scale use in high-value applications (2050)

The road to large-scale production of natural fibre-reinforced composi-
tes in high-value application is now unobstructed. The expertise about
natural fibres has made it possible to process them so that their proper-
ties are comparable to those of synthetic fibres.
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Chapter 8:
Epilogue

Current state of affairs of the Foundation for the Development
of Sustainable Chemistry (DCO): Experiences and Perspective

In this chapter the current state of affairs of DCO as of February 1999 is described.
What has DCO achieved, what is DCO doing, and what are its plans and challenges
for the future?

The character and nature of the functions of DCO are dynamic: yesterday, today and
tomorrow it is demonstrating its goals within an established framework and a com-
mon ideal.

As a result of the UN report “Our Common Future™ and the report of the Nether-
lands” DTO program (Developments in Sustainable Technology), 1993-1997, DCO
has placed itself at the forefront of public discussion and greater awareness. In re-
cent years DCO has actively contributed to public awareness of the structure and
quality of life.

Objectives

DCO strives to reach its goals by:

* bringing together government, industry and institutes of higher learning:

* showing that technological solutions can be found for the challenges of the futu-
re, under the condition that the triangle, government-industry-educational insti-
tutes, will offer its co-operation. The public sector (government and private citi-
zens), in particular, is essential for the financing of R&D and pilot projects.

* believing that sustainability and the economy are not enemies of each other, rat-
her they are allies.

* understanding that sustainable developments can only be achieved if they fall
within an acceptable economic framework. Signals from within society can indi-
cate the economic prerequisites that need to be changed, for example, by paying
more attention to quality and less to quantity.

DCO has chosen five areas of research that have been described in the previous
chapters. Each area is outlined by a position paper and an oriented study.

A position paper is a working document of a forum (so-called platforms) established
on the basis of:

* aliterature study;

* aspecialist point of view from the forum;

* adiscussion in the forum meetings.
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A position paper describes the actual situation and state of affairs of the forum in
question with special attention paid to:

» gaps in the chain of expertise;

* insufficient data for comparing process and production technologices:

= new ideas.

Before a comprehensive research proposal can be formulated, an oriented study
must be carried out to precisely define the relevant gaps and ideas. For a number of
areas, oriented studies have either been or are being carried out. Research proposals
for large projects have been submitted or are in preparation and in a few cases re-
scarch has already begun.

DCO has established an organisation and working style that is operational and suf-
ficient for its needs (fig. 8.1). In this regard, the following has been taken into ac-
count:

* the specific role and interest of the partners: government, industry, educational
institutes. The government cannot establish long term plans, but it must carry out
a long term policy;

* industry doesn’t look further than the short or middle term: they now have the
possibility of considering long term perspectives, collectively and in a precom-
petitive relation to minimum costs.

* universities acquire the opportunity for challenging fundamental work in project
form with long term perspectives.

= policy and strategy
B * funding
iD * public awareness
* grganisation
forum (platform) forum (platform) forum (platform)

system

pilot

R&D

Fig. 8.1: Existing organisation for Sustainable Cheniistry

-
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Criteria for sustainability

DCO has established initial criteria for project selection and is involved in further
refining and testing this practice. DCO is extremely grateful for the contribution of
Dr. Siep E. Schaafsma of DSM Research (Head of R&D planning and Evaluation).
Starting from the DSM Research managed system for R&D Portfolio Analysis and
Selection, Dr. Schaafsma has proposed setting up projects directed towards sustai-
nability, using an analogue method that groups data into a sustainability-economic
matrix. As an example, a matrix for the project “oxidation technology in the fine
chemicals industry” is shown in figure 8.2

Project Financing

One of the functions of DCO is to help projects make use of existing subsidy chan-
nels:

» for fundamental research, the research sector CW of NWO:;

* for applied rescarch, EET and STW.

The future

DCO has made a start in the Netherlands. The goal of this book is make the work of
DCO available to interested parties in the European Union and the United States.
For this purpose, contacts were made at the ACHEMA 1997 and with the EFCHE
(European Federation of Chemical Engineers). The EFCHE has declared sustaina-
bility to be one of its strategic targets.

DCO Organisation
Name Composition Responsibilities
General Administration | Representatives from: Authority for sustainable
industry (3) chemistry in the Netherlands:
banking (1) Tests and initiates
government (2) activities of DA
universities (2) sounding board for DA
rescarch institutes (2) Sets standards for the
+ members of the day-to-| criteria of ‘sustainability’
day administration (DA) | takes care of network
meet 3x per year on a strategic policy level of
the triangle: science,
industry, government
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Day-to-day
Administration(DA)

Programme Offices
(PO)

Forums (platforms)

At present, there are
five forums. This

number can be changed.

The composition of a
forum must represent a
majority of the relevant
chemical Industry
sector.

SUSTAINABLE CHEMISTRY = CHAPTER 8

A few seniors part-time
from industry and
universities

(3-5) members;

meet 10x per year

Time commitment:
Chairman, 2-3 days
per week

Members: 1 day
per week

Director (full-time)
Secretary (part-time)
several specialists
(controller, project
leader), part-time

10-15 members
per platform

a representative forum
of experts meet three

times a vear

forum chairman is
member of DA

154

administration of
programme office;
management of the
forums;

facilitating projects;

PR

Network formation in the
triangle, industry,
government, university;
combining a top-down and
bottom-up approach

carrying out on a daily
basis the functions of DCO
project management of the
forum projects

* Networking in the triangle;

* chain analysis an
identification of gaps;

* initiating research
projects and studies;

* vision development
in the arca of sustainable
chemistry with regard
to the platforms

* portfolio management
in the matrix
sustainability vs. cconomy

EPILOGUE
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Sustainable Technological Development
in Chemistry

Improving the quality of life through che-
mistry and agriculture

The most important strategy in a sustaina-
ble future involves meeting the need for
food, housing, transportation and mate-
rials by introducing renewable raw mate-
rials and non-fossil sources of energy. Es-
sentially, it is a challenge for the chemical
and agricultural industry to co-operate in
their research for more efficient proces-
ses, renewable raw materials and energy
sources.

Technological expertise for the short, mid-
dle and long term is essential. For the
short and middle term, industry, suppor-

ted by subsidy programmes, has already
taken, for the most part, the necessary
steps.

For the long term a more fundamental ap-
proach is needed. It might be necessary
to develop completely new processes for
the production and application of alternati-
ve raw materials and energy sources. The
challenge for the chemical and agricultural
industry is to determine the proper direc-
tion while keeping in mind a broad range
of economic and sustainable interests.
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