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Summary

This report describes our vision for the petrochemical industry in the Rhine-Scheldt Delta
in 2030. The petrochemical industry manufactures its products from artificial synthesis gas
that consists out of carbon dioxide and hydrogen. Hydrogen is produced from the thermal
cracking of water at temperatures higher than 900°C. These high temperatures are reached
by using nuclear power. The carbon dioxide is extracted from the air by leading the air
through adsorption units and concentrating the adsorbed carbon dioxide. With this
synthesis gas methanol, ethylene, propylene, and even larger hydrocarbons can be
produced without using oil. This new process route is a feasible technique based on
existing technologies.

The foremost and most significant advantage of this vision is the preservation of the current
infrastructure. The naphtha crackers making up the front side of the industry are replaced,
whereas the back side is preserved; producing the same products and addressing the same
market. The main benefits from this vision are that the majority of the processes within the
production process is maintained, no employee layoffs are involved and investments made
in the past do not become redundant.

An additional advantage of this vision is the competitive position of the Rhine-Scheldt
Delta. By focusing on bulk production for the European market, the Rhine-Scheldt Delta’s
only competitors are other European companies. In Europe, the Rhine-Scheldt Delta offers
several competitive advantages. There are two large ports (Antwerp and Rotterdam) in
close proximity and a good railway infrastructure (HSL, Betuweline). Therefore industry in
this region has a good competitive position.

To accomplish this vision in 2030, additional and highly detailed research and development
of the proposed technologies are needed. Although the technology used for the production
of synthesis gas already exists, the technology needs to be refined for large scale use. Great
steps have been made in reducing the amount of nuclear waste produced by a nuclear
power plant. Unfortunately, a solution to the waste problem is currently unavailable. It is
essential to the preservation of the earth’s environment that a solution is found. The
industry needs to invest in research and build the new hydrogen and carbon dioxide
production facilities so as to enable the industry to switch to the new production method as
soon as it becomes profitable. The government needs to create more public support for
nuclear energy. Furthermore, the government needs to provide financial support for the
construction of the hydrogen and carbon dioxide production facilities.

The solutions proposed in this report are as revolutionary as they are simple. It provides a
feasible and sustainable alternative to the world’s ever increasing dependency on an energy
source which is rapidly declining. This vision creates new ideals for a society facing
serious challenges and makes the future shine brightly before us!
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Prologue

In today’s fast changing business environment, the strategic decisions made today are of
significant influence on a business’s future. Scenarios are a useful tool to improve these
strategic decisions. Scenarios are not projections, predictions or preferences, but alternative
futures. Their purpose is to be challenging; think the unthinkable!

This report describes our vision for the petrochemical industry in the Rhine-Scheldt Delta
in 2030. The conditions with which our scenario needs to comply are given in the first
chapter where we describe the main stakeholders in the petrochemical industry in the Delta
and their interests. In the second chapter we identify two significant events which lead to
our vision for 2030. In the third chapter we discuss the process and its technical aspects of
our vision and in the fourth chapter we evaluate our vision on scale, costs, and stakeholder
satisfaction. In the fifth chapter we give a number of recommendations to make our vision
a reality in 2030.

Finally, we want to emphasize that scenarios are based on intuition. They are not
predictions of the future, nor are they a contentious view of the future. They may describe a
framework and how this framework changes under qualitative and quantitative aspects.
However, ideas are not excluded on the basis that they cannot be measured or are not fully
developed at this point in time. Our vision for 2030 incorporates several uncertainties and
is only one of the many possibilities available to the petrochemical industry. We are
however convinced that with the technical advances expected in the future our vision is
very well achievable in 2030.
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Chapter 1 Scenario Basis

This chapter provides the basis for the development of our scenario and vision. Our vision
for the industry in 2030 depends on two aspects, namely the concerns of the stakeholders in
the petrochemical industry and significant events which have affected the development of
the petrochemical industry in the past and will continue to do so in the future. The
influence of these concerns and events on our vision for 2030 is shown schematically in
Figure 1.

Significant events

}

Q.T

Boundaries imposed by
stakeholders’ concerns

Figure 1: scenario basis

1.1 Scenario conditions

With our scenario, we aim to achieve the highest satisfaction for all stakeholders in the
petrochemical industry in the Rhine-Scheldt Delta. The main stakeholders are the
petrochemical companies themselves, the government, the inhabitants surrounding the
petrochemical companies, and environmental organizations.

Petrochemical companies

The petrochemical companies operating in the Rhine-Scheldt Delta are committed to this
region through their current facilities. Their main concern is to be competitive and
profitable. Additionally, the petrochemical companies aim to comply with safety and
environmental legislation imposed by the local government and the European Union.

Government

The Dutch and Belgian government’s main interests are to stimulate the nation’s economy
and meet the safety and environmental legislation imposed by the European Union and
global agreements such as the Kyoto Protocol signed in 1997. Economy related interests
are preserving jobs and increasing export. Furthermore, it is of interest to the government
to attain a high level of autonomy so as not to be dependent of other (possibly politically
unstable) countries for their energy supply.

Inhabitants

One of the main concerns of people living in close proximity to petrochemical facilities is a
safe and non-polluted (living) environment. Additionally, high employment levels are very
important to the inhabitants.



Environmental organizations
The main concern of environmental organizations is that the petrochemical industry
employs its activities in a sustainable manner.

1.2 Significant events

Two significant events influence the development of the petrochemical industry in the
Rhine-Scheldt Delta, namely the decrease in global oil reserves and an increase in
competition from foreign countries.

Decreasing oil reserves

Estimations of the global oil reserves and consumption[l] predict that the available oil
reserves are only sufficient for the next 50 years. Oil is not only a source of energy for the
petrochemical industry, but also one of the most important raw materials used by the
industry to produce many goods ranging from packaging material to televisions. In the
event that oil becomes scarce, the petrochemical industry needs to make use of another
source of energy and raw material.

Increasing global competition

With the increasing globalization of today’s business environment, companies experience
fierce competition with different competitors in each outlet market. Therefore, by choosing
a specific outlet market, a company can ‘choose’ its competitors. Also, the focus of the
petrochemical industry (i.e. bulk or specialization) influences who the industry’s main
competitors are.

1.3  Scenario choices

Our vision for 2030 has to be one in which oil is no longer used and the industry is
competitive. The vision has to lead to the preservation or even the creation of employment,
has to be safe, sustainable and provide a certain level of autonomy to the region. Keeping
these aspects in mind, the future of the petrochemical industry depends on the following
choices:

1. What will the industry focus be?

2. What will the outlet market be?

3. Which raw material source will be used?

4. Which energy source will be used?



Chapter 2 Scenario development

This chapter shortly describes the choices for the industry focus, the outlet market and the
raw material source as mentioned in the previous chapter. The fourth choice which
influences our vision, the energy source, will not be discussed in this chapter. This choice
will only be discussed once we decide which raw material, industry focus and outlet market
to use.

2.1 Industry focus

The demand for bulk products such as propylene is high and will keep increasing in the
future.'”! Bulk production is characterized by high-volume production, low-added value and
simple products. The production process is divergent; a small number of raw materials
leads to a basic product with many possible applications. The majority of the companies in
the Rhine-Scheldt Delta already focuses on bulk production. These companies must attain
bulk production as their core business. By doing so the current infrastructure can be
preserved, which also means the preservation of current employment. Therefore, we
believe the industry should focus on bulk production in 2030.

2.2  Outlet Market

The choice for an outlet market directly influences sales volumes. If the outlet market is
small, a high market share needs to be obtained to gain sufficient sales. However, if the
outlet market is large, a smaller market share may lead to sufficient sales. The choice for an
outlet market also depends on the industry focus. The industry focus defines the level of
added value of the products and therefore the amount of transportation costs that are
justified in order to sell the product. With the choice for bulk production as industry focus,
the industry has to choose for the European outlet market. Due to the growing demand for
propylene and plastics, the European market has a potential for high sales. By choosing
bulk production as industry focus and Europe as outlet market, the competition from low-
cost countries is eliminated. The costs for shipping propylene between the ports of Antwerp
and Shanghai are 0.45 US$/kg.”! Since the average labour costs per kilogram of propylene
produced in the Rhine-Scheldt Delta is only 0.01 US$ (see Appendix I), the costs to ship
the propylene to Europe are significantly higher then the labour costs. Even if the labour
costs in the low-cost countries are considered negligible, the transportation costs still
exceed the labour costs to a large extend. From this we conclude that the only competitors
on the European market will be other European companies.

Although competition from low-cost countries is prevented by focusing on bulk
production, these countries can exert influence on the industry by taking over companies,
i.e. inward investments. The main concern of opponents of inward investments is that
foreign companies obtain influence in the local region/market. Supporters of inward
investments argue that the situation of inward investments must be compared to the
situation in which there is no investment at all, and not to the situation in which the
investment is made by companies from the local region/market. Therefore the supporters
see several opportunities for the industry; a boost of the productive capacity, the import of
new technology and management practices, and the reduction of interest rates. These
advantages compensate for the relatively low loss of influence on a managerial level.
Researches on the effects of inward investments in the Netherlands!, Belgium!™ and the



United States!®" " show that there is no reason to protect companies from foreign takeovers.
This conclusion is supported by the Dutch government who stimulates inward investments
in Dutch industries.'

2.3 Raw Material

Due to the rapid decrease in the global oil reserves, the (petro-) chemical industry has to
seek other raw materials. The best alternative is the use of synthesis gas which is a mixture
of hydrogen and a carbon source. Synthesis gas can be produced out of several different
sources and can be further processed to hydrocarbons. Currently, synthesis gas is produced
by converting fossil fuels into hydrocarbons. Many experimental installations are built and
even production plants emerge all over the world which use fossil fuel based synthesis gas
as their raw material.®! The ever decreasing oil reserves necessitate the petrochemical
industry to develop a new way to produce synthesis gas. This artificial synthesis gas
consists of hydrogen and a carbon source and can be processed in a similar way as
synthesis gas from fossil fuels.

2.4 Conclusion

Our vision is based on the manufacturing of bulk products for the European market using
synthesis gas as raw material. The industry in the Rhine-Scheldt Delta will continue to
supply a significant part of the European market and the jobs in the industry will be
preserved. The next challenge is to find a hydrogen and carbon source to produce synthesis
gas. This will be discussed in the following chapter.



Chapter 3 Scenario Description

The synthesis gas used in current chemical processes is a mixture of carbon monoxide and
hydrogen. Our vision is based on the use of artificial synthesis gas which is produced from
two substances, namely water and carbon dioxide that is extracted from the air. The water
is converted into hydrogen and together with concentrated carbon dioxide it forms our
synthesis gas. From this synthesis gas hydrocarbons can be produced. The hypothesis that
hydrocarbons can be produced out of water and carbon dioxide may seem opportunistic,
but in this chapter its feasibility based on existing technologies will be proven. The first
section provides a general process description and the second section provides the technical
aspects of the process in more detail. In this description we take the propylene production
of 500 ktons per year, which equals the production of a current naphtha cracker. Chapter
four evaluates the scale of the total process in more detail.

3.1 Process description

The production of hydrocarbons out of water and carbon dioxide from the air consists of
three processes; the production of hydrogen, the extraction of carbon dioxide from the air
in a concentrated form, and the production of hydrocarbons from the carbon dioxide and
hydrogen. There are several options to produce hydrogen, for example electrolysis with
solar or wind energy. Also, carbon dioxide can be easily extracted from the exhaust from
fossil plants. However, this scenario is based on the most extreme vision and therefore is
independent of climate, weather conditions or fossil fuels.

Our vision for the production of hydrogen is based on the thermal cracking of water at high
temperatures (>900°C). Dr. ir. J.L. Kloosterman!” conducts research on catalytic thermo
cracking processes, in which nuclear heat is used to split water into hydrogen and oxygen.
Nuclear energy is an efficient process to obtain high temperatures without the use of fossil
fuels. Thermal cracking is a highly efficient (~50%) catalytic process in its own right. By
combining the thermal cracking of water into hydrogen and oxygen with the electricity
generating capabilities of a nuclear (power) plant, an extremely efficient process is
created.””) The technical details for the nuclear production of hydrogen will be described in
more detail in the following section.

Carbon dioxide needs to be available in a concentrated form. In order to design a
sustainable process, carbon dioxide is extracted and concentrated from the air. There are
several reasons to use carbon dioxide from the air, namely
e carbon dioxide is available in the air on a large scale;
e a closed carbon dioxide cycle is created, i.e no production of extra greenhouse
gasses;
e climate change concerns may warrant carbon dioxide reductions rather than only
carbon dioxide emission reductions.

Current research by F.S. Zeman!'” and K.S. Lackner!'"! shows that extraction of carbon
dioxide from the air is possible and that carbon dioxide can be concentrated by leading air
through adsorption units. The thus obtained carbon dioxide can then be used in further
processing steps. In the next section these adsorption units are also described in more
detail.



The final step is the production of hydrocarbons out of the concentrated carbon dioxide and
the formed hydrogen. Carbon dioxide and hydrogen cannot be transferred into alkenes and
other hydrocarbons directly. The carbon dioxide and the hydrogen are first converted to
methanol. This conversion is a well known, catalytic chemical reaction, which is carried
out on large scale and with high efficiencies."” A number of chemical processes are known
in which methanol is used. The synthesized methanol can either be used in these kinds of
processes or can be converted into alkenes. This last step, the conversion of methanol into
alkenes such as propylene, is also a well known chemical transformation.l"*! A schematic
overview of the suggested total process is shown in Figure 2.
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Figure 2: schematic overview of the total process

The overall reaction for the hydrocarbon production out of hydrogen from water and
carbon dioxide from air becomes

2n CO; + 2n H,0 — 2 CyHyy +3n 0,

The overall process is very clean and highly sustainable. Only carbon dioxide and water are
used to produce hydrocarbons and no pollutants are produced. The process also contributes
to a total carbon dioxide and water cycle since both materials are reformed when the
product is combusted. The oxygen produced in the thermo cracking process might be used
in other process steps (e.g. combustion processes) instead of being emitted to the air.

3.2 Technical description

For the sake of simplicity we assume that the alkene produced in our plant is propylene.
The steps in the propylene formation process are the production of hydrogen from the
thermal cracking of water, the extraction of carbon dioxide from the air and the formation
of propylene from the produced hydrogen and carbon dioxide. The overall reaction of the
propylene production is shown below.

6C02+6H20 — 2C3H6+902



Hydrogen production in nuclear (power) plant

Recent developments have lead to a new generation of reactors that no longer contain
nuclear fuel rods, but use small coated particles of uranium with a diameter of 0.5mm.
Around 15,000 of these coated particles are embedded in one graphite sphere with a
diameter of 60mm.” Approximately half a million of these spheres form a so called pebble
bed reactor. These reactors are easier to control than the old generation reactors operational
today. The new generation of reactors also eliminate the risk of a nuclear disaster. In the
event that the cooling mechanism should fail completely, the reactor will not reach critical
temperatures and a nuclear meltdown does not occur. This means that these new generation
reactors are inherently safe.

The largest problem with nuclear power is nuclear waste. Nuclear waste is radioactive for a
very long time, ranging from 250 up to 5000 years. New methods are being developed to
increase the percentage of nuclear waste that can be recycled and research shows that 97%
of all the nuclear waste can be reused.'”’ This implies a considerable decrease in the amount
of nuclear waste. Additionally, reusing the nuclear waste decreases the overall uranium
usage by the reactors. The new generation reactors’ uranium consumption is so low that
sufficient levels of uranium will be available for the next 50,000 years.m

These new generation reactors are used for the thermal cracking of water at high
temperatures (900°C). In this catalytic thermo cracking process, nuclear heat is used to split
water into hydrogen and oxygen. Water enters the reactor and reacts with I, SO, and
another H,O molecule to form H,SO4 and HI. At high temperatures HI splits up to form H,
and I,, and H,SOy splits up to form O,, SO, and H,O. Below the reaction steps are written
explicitly and in Figure 3 a schematic view of the process is shown.

L, +S0O, + H,O — 2 HI + H,SO4
2 HI — L +Hs
HQSO4 — 1/2 02 + SOZ + H20
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Figure 3: schematic overview thermal cracking of water!”!
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The efficiency of the process is defined as the ratio of the amount of heat that is used
versus the energy equivalent of the amount of hydrogen that is produced. At 20°C,
hydrogen has an energy equivalent of 10’ kJ per cubic meter. The efficiency of converting
water into hydrogen and oxygen strongly depends on the decomposition temperature and is



52% at 950°C. The remaining 48% is used for electricity production and as a heat source
for other processes which makes the overall process efficiency more than 70%. This is
considerably higher than the efficiency in a conventional fossil fuel power plant, which is
35%. At this temperature, a 1200 MW nuclear plant can produce more than 250 ktons of
hydrogen per year, which is sufficient for a propylene production of 535 ktons per year.!'"

Carbon dioxide concentration

The carbon dioxide concentration in the air is only 37Oppm[10] and in order to obtain
enough carbon dioxide required for the production of 500 ktons of propylene per year, the
dimensions of the adsorption equipment to extract the carbon dioxide from the air have to
be considerable. However, the investment costs are reasonably low at only 10 million
US$." An example of a feasible device to generate the required airflow is shown in
Figure 4.

Figure 4: carbon dioxide extraction tower

The generated air flow is led through a trickle bed in which the carbon dioxide is
effectively adsorbed. The process starts with air containing 370ppm of carbon dioxide and
finishes with pressurized carbon dioxide and clean, carbon dioxide poor air. The capture
process is achieved by the formation of sodium carbonate from sodium hydroxide and
carbon dioxide from the air. This is followed by the recovery of the sodium hydroxide
using calcium hydroxide were the calcium hydroxide is converted into calcium carbonate.
The calcium hydroxide is recovered by calcinating the limestone precipitate and subsequent
slaking with water.'"” The individual reactions are listed below.

Figure 5 shows a schematic overview of the process:
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Figure 5: schematic overview of carbon dioxide extraction and concentration



1. 2NaOH+CO, —  NayCO; + H20
2. NaCO;+Ca(OH), —  2NaOH + CaCOs
3. CaCOs; —  CaO +CO,

4. CaO+H0 —  Ca(OH),

In summary, the system uses sodium hydroxide as a sorbent. An aqueous solution drips in
the trickle bed and thus allows the capture of carbon dioxide from the air that passes
through the system. When the sorbent solution has reached the bottom of the system, it is
either re-circulated or removed from the system for recycling. The purpose of the desorbing
unit is to strip the carbon dioxide from the spent sorbent and return fresh sorbent to the
capture device. After the carbon dioxide has been stripped, it is compressed and transferred
to the next process step. Research shows that the majority of the cost and energy demands
occur in the recycling of the calcium carbonate.'” This energy comes from the nuclear
plant. The cost of mixing the solutions and filtering out the precipitate is assumed to be
low. The primary chemical reaction in this process is the thermal decomposition of calcium
carbonate to concentrated carbon dioxide and carbon monoxide.!"”

Propylene formation

The pressurized carbon dioxide from the extraction unit reacts with the hydrogen from the
nuclear plant in order to form methanol as an intermediate and propylene as a basis for
further petrochemical reactions. For the hydrogenation of carbon dioxide a good catalyst is
lead-impregnated Cu-ZnO(Al,O3) which achieves a 98% efficiency in converting carbon
dioxide to methanol.!"*! This reaction is shown below:

COZ +3 Hz - CH3OH + HZO

In the next process step the produced methanol reacts further to form propylene. The use of
manganese-doped aluminosilicates as a catalyst results in a selective (60%) and efficient
(90%) production of ethylene and propylene from a methanol-water mixture.!"” This
reaction is shown below:

n CH;0OH — Hydrocarbons + n H,O
2 CH3OH — C2H4 +2 HZO
3 CH3OH — C3H6 +3 HZO

The overall reaction for the formation of propylene from carbon dioxide and hydrogen can
now be written explicitly:

3 C02 +9 H2 — 6 HzO + C3H6

3.3 Conclusion

We have shown that the formation of hydrocarbons out of carbon dioxide from the air and
hydrogen from water is feasible with readily available technology. Future developments
will improve these technologies further and make the process even more efficient.



Chapter 4 Evaluation

The production route described in the previous chapters is a perfect solution for the
production of propylene without using oil. This production can only be justified if current
production scales can be maintained and the costs involved are not significantly higher than
the costs encountered when using oil as a raw material for propylene production.

The first section describes the scale necessary for the total Dutch and Belgian
petrochemical industry. The second section discusses the costs of producing propylene out
of carbon dioxide from air and water. In the third section the benefits of our vision are
discussed. Finally, we discuss some points of attention.

4.1 Scale

To produce 500 ktons of propylene per year, a nuclear plant equivalent to a 1200 MW
power plant is sufficient as it produces 264 ktons of hydrogen per year out of which 535
ktons of propylene can be produced. The required amount of carbon dioxide to produce this
amount of propylene is 1,839 ktons per year, which is equal to 5 ktons per day. The
concentration of carbon dioxide in the air is 370ppm and the efficiency of the adsorption
process is assumed to be 50%. Therefore, in order to obtain sufficient levels of carbon
dioxide, an airflow of 14 km® per day, which contains approximately 10 ktons of carbon
dioxide, has to be achieved. In the device shown in Figure 4 the incoming air is heated with
the residual heat from the nuclear reactor. This causes an updraft inside the tower which
has an opening of 10,000 m”. Heating the air causes an updraft in the excess of 15 m/s
which generates an airflow of ~15 km’ per day through the tower. This is even higher than
the minimum amount required for the production of 5 ktons of propylene per day. For more
information on these calculations see Appendix II.

4.2 Costs

The equipment described in the previous chapter produces 535 ktons of propylene per year,
which is in the same order of magnitude as a current naphtha cracker. This production rate
is the basis for the cost calculations in this section.

A rule of thumb for the cost price of chemical bulk products is that the raw material costs
are 80% of the cost price. We will compare the raw material costs for the propylene
produced from oil with the raw material costs for producing propylene from artificial
synthesis gas comprising of hydrogen and carbon dioxide.

The raw material costs involved in the producing of propylene from artificial synthesis gas
consist of the following aspects. For more details see the Appendix I1I:
o Costs of producing hydrogen
Hydrogen produced in a 1200 MW nuclear plant at 950°C costs 0.70 US$/kg of
propylene.
o Costs of carbon dioxide
The costs of carbon dioxide consist of two aspects. Firstly the costs involved in the
scrubber itself and secondly the costs encountered in concentrating the carbon
dioxide from the scrubber. The costs of the scrubber are 0.002 US$/kg of propylene
and the costs of the extraction of the carbon dioxide are 0.23 US$/kg of propylene.
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The overall raw material costs of producing one kilogram of propylene from artificial
synthesis gas are:

(0.70 + 0.002 + 0.23)= 0.93 US$/kg

Since the current cost price for propylene produced from oil is 1 US$/kg, the raw material
costs are 0.8 US$/kg. These raw material costs are directly dependant on the oil price. We
expect the oil price to increase dramatically in the coming years due to high demand and
low availability of oil on the global market.!"] At the moment the oil price is 66 US$ per
barrel. A breakeven point is reached when the oil price reaches:

% x 66 =76.73 USS per barrel

There are three factors that influence this breakeven point:

- Sales of by-products
By using nuclear power plants for the thermal cracking of water, not only
hydrogen is produced, but also electricity, heat and pure oxygen. These by-
products can be sold.

- Carbon dioxide emission
By using nuclear power plants, carbon dioxide is no longer emitted to the air by
the industry. Also, carbon dioxide is extracted from the air to use as a raw
material. Therefore the industry will no longer face carbon dioxide emission
costs.

- Decreasing costs
The investment costs of the used technologies will decrease in time. Also after
research technologies will become more efficient and therefore the operational
costs will decrease in time as well.

If these factors are taken into account, we expect the breakeven point to decrease to 45 US$
per barrel. If we compare this to the current oil price, we see that this scenario is a feasible
option.

4.3 Benefits

We have shown our vision for the petrochemical industry in 2030 to be feasible. This
section reviews the important benefits flowing from our vision.

Continuity

An important advantage of our vision is the preservation of the current infrastructure of the
petrochemical industry. The front side of the industry (the naphtha cracker) changes, but
the back side is preserved because the same products are produced and the same outlet
market is addressed. This means that the majority of the processes within the industry are
maintained. Also, no employee layoffs are involved and investments made in the past are
not redundant. In addition to maintaining the infrastructure of the petrochemical industry,
the infrastructures of secondary industries are also maintained. Customers of the
petrochemical industry are still supplied with the same products and are therefore able to
continue with their own production processes.

Competitive position

11



By focusing on bulk production for the European market, the industry’s only competitors
are other European companies. In Europe, the Rhine-Scheldt Delta offers several
competitive advantages. There are two large shipping ports (Antwerp and Rotterdam) in
close proximity and a good quality railway infrastructure (HSL, Betuweline). The industry
therefore has an excellent competitive position.

Sustainability

An extremely positive effect resulting from the use of nuclear energy is the elimination of
carbon dioxide emission in the energy supply chain. The carbon dioxide emission in the
energy supply chain is one of the major contributors to the total level of carbon dioxide
emission. If nuclear power would be used for 75% of the total energy supply worldwide,
carbon dioxide emission would decrease with 20%.!"°! A recent investigation shows the
cost effectiveness of carbon dioxide reduction by means of a number of techniques. This
cost effectiveness indicates the costs in euros for the reduction of one ton of carbon dioxide
emission. Out of several available options, nuclear energy is the most cost effective at
8€/ton of carbon dioxide compared to wind energy at 59€/ton and bio fuels for
transportation at 194€/ton!" The remaining carbon dioxide in the air is extracted from the
air by the carbon dioxide scrubbers and used for the production of hydrocarbon. The
combination of nuclear energy and carbon dioxide to produce hydrocarbons is therefore a
clean and sustainable solution.

Safety

The nuclear (power) plants we propose in our vision use new generation nuclear reactors.
These new generation reactors are inherently safe and the treat of a nuclear meltdown is
nonexistent. As a nuclear meltdown is no longer possible, the new generation nuclear
reactors are a less attractive target for terrorist attacks. The impact of an attack on a new
generation nuclear power plant would be the same as the impact on a conventional coal or
gas powered power plant.

These benefits show that our vision leads to high satisfaction for the main stakeholders
mentioned in chapter two. The industry can continue to produce and compete in the current
market, the industry preserves its competitive position, employment in the region does not
decrease, and production is safe and partly sustainable. Unfortunately, our vision has some
points of attention which will be discussed in the following section.

4.4 Points of attention

The two major problems with the use of nuclear energy are the nuclear waste and the social
acceptance of nuclear power.

Nuclear Waste

An issue concerning all nuclear power plants and which needs to be addressed is the waste
problem. As mentioned previously, new techniques make it possible to reprocess spent
nuclear fuel.!”! This means that only three percent of the used nuclear fuel is actual waste.
Combining this with the new generation nuclear reactors, the amount of nuclear waste
produced every year can decrease dramatically. Nevertheless, more research is needed to
change this small amount of waste into harmless or useful materials.

Social Acceptance

Although the new generation nuclear reactors are inherently safe, many people are still
afraid and uncertain about nuclear energy after disasters such as that which occurred in

12



Tsjernobyl in the Ukraine in 1986. Today, even if people are convinced of the need for
nuclear reactors, most people still do not want to live near a nuclear reactor (not in my
backyard!). However, we predict that in the future this resistance against nuclear energy
will decrease. Awareness of the new and safer reactors can be stimulated through
information campaigns. A good example of this is the advertising campaign in France
around 1990, which lead to a wider acceptance of the use of nuclear energy. Additionally,
increasing energy prices will stimulate development and acceptance of alternative energy
sources.
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Chapter S Back casting

In this chapter we discuss the path from our vision on 2030 back to the present. The three
parties involved are the industry, the scientific community, and the government. In Figure 6
an overview of the overall cooperative structure that needs to be followed by the three
parties to reach our vision for 2030 is given. The figure shows the interaction which needs
to be achieved between the parties in order to produce and improve the designs for the
production of hydrocarbons from hydrogen and carbon dioxide after each optimization
cycle. By building the hydrogen and carbon dioxide plants one by one with several
feedback loops, the opportunity arises to learn and improve the designs where necessary
before building a new plant.

Gaining social acceptance by Building plant by government
government and industry
Change
Management .
Research by scientific Operat‘lon of plant

community supported by by industry
industry and government

Evaluation Testing by

by industry industry

Figure 6: change management structure

In the following sections we provide recommendations for all of the parties involved in the
design and building process. The last section gives an overview of the milestones that need
to be reached during this design and building process.

5.1 Industry

By the year 2030 we expect the oil reserves to start decreasing and the oil price to reach at
least the breakeven point of 45 US$/barrel. Therefore it is advisable that the petrochemical
industry has already made the transition from fossil fuel based hydrocarbon production to
the production of hydrocarbons from water and carbon dioxide by 2030. This revolutionary
turnaround will not be achieved in a few years; therefore a thorough plan is needed to
accomplish this transfer. Replacing all naphtha crackers in the Rhine-Scheldt Delta would
result in eight new nuclear plants being built. However, to ensure a smooth and gradual
transition only five new nuclear power plants are desired by the year 2030.

The time required to build five nuclear plants is ten years. Additionally the production of
hydrocarbons from water and carbon dioxide has to be fully operational in 2030. Therefore
the building of the power plants should start in 2020. We propose to build a new nuclear
plant every two years in order to create an optimal learning curve as described in Figure 6.
These plants can be used for the production of electricity in the early years and will start
the production of hydrogen as soon as it becomes profitable. Therefore in 2020 the
technology and engineering knowledge incorporated in the production of hydrogen from
water must be ready and large scale testing programs must be completed. This is only
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feasible when the engineering phase starts in 2017. In order to meet the carbon dioxide
emission regulations the building of carbon dioxide extraction units should already start in
2015. The concentrated carbon dioxide can be stored in the earth!'"! until the production of
hydrocarbons commences. These installations do not necessarily have to be build near a
propylene production site, because carbon dioxide is not a harmful gas and can be
transported through pipelines. Nevertheless, time and money is saved if the carbon dioxide
extraction units are in close proximity to the hydrocarbon production plant(s). Another
advantage of building next to the nuclear plant is that the residual heat from the nuclear
plant can be used in the extraction process. The engineering phase for the carbon dioxide
extraction units starts in 2012. Additionally the industry should stimulate research and
development on both technologies in order to be able to commission the engineering phase
at the appropriate moment.

Schematic overview:
2006 —2015 Stimulate research and development of relevant technologies

2012 Engineering phase for carbon dioxide extraction units starts
2015 Building of carbon dioxide extraction units starts

2017 Engineering phase for nuclear plants starts

2020 Building of nuclear plants starts

2030 Fully operational plant

5.2 Government

The government is concerned with preserving employment in the petrochemical industry,
securing a stable economy, and ensuring that global environmental agreements are fulfilled.
Therefore it is crucial that the government is involved in the development of the new
production processes. After 2030 the government may choose to privatize the nuclear
(power) plants.

To achieve a fully operational plant in 2030 the government partly participates in the
building projects and supports these projects by means of subsidies in the period from 2020
up to 2030. The government needs to choose the location for the nuclear plants carefully,
because the nuclear plants need to be close to the propylene production sites. This is due to
the risks involved in transporting the hydrogen produced by the nuclear plants over long
distances. From 2010 to 2020 the government needs to provide financial support for the
development of the new process route. This can be done by financial injections or by
creating partnerships with the involved industrial companies. In order to meet the carbon
dioxide emission regulations the building of carbon dioxide extraction units should be
stimulated and even enforced in the period from 2010 till 2020. The government should
start a (media) campaign to promote the use of nuclear power to convince the public of the
safety of the new generation reactors as soon as possible. This is crucial to the success of
the new generation nuclear reactors. We believe that public resistance to nuclear power
forms the main obstruction in the implementation of the production of hydrocarbons from
water and carbon dioxide.

Schematic overview:

2006 Start (media) campaign to promote the use of nuclear power

2006 — 2020 Financial support for the development of the new process route

2010 —2020 Stimulate building of carbon dioxide extraction units

2020 — 2030 Participate in the building projects and supports them by means of subsidies
2030 Start privatization of fully operational plants
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5.3 Scientific community

The implementation of the newly developed technology should start no later than 2020.
Therefore the theoretical background and the underlying fundamental understanding must
be realized by 2017 for the nuclear power plants and by 2012 for the carbon dioxide
extraction units. After 2020 the scientific community may choose to investigate other
alternatives for the extraction of carbon dioxide such as nano-filtration units. In the time
period from 2010 to 2017 the details of the nuclear plant should be further developed and,
because the development of the carbon dioxide extraction units has priority in order to meet
environmental regulations, in the years from now until 2012, the details of the carbon
dioxide extraction unit have to be further developed. To finance these investigations the
petrochemical industry and the government need to provide financial support to the
scientific community. If the government stimulates the research sufficiently, the
Dutch/Belgium region can become a leader in this technology.

An additional concern is nuclear waste. The scientific community needs to find a solution
to this ever present concern. The nuclear waste volumes need to be reduced and solid
solutions need to be found for the conversion to harmless materials or the storage of
nuclear waste.

Schematic overview:

2006 — 2030 Investigate nuclear waste problem

2006 — 2012 Research and development on carbon dioxide extraction units
2010 —2017 Research and development on nuclear power plants

2020 — 2030 Investigate other alternatives for the extraction of carbon dioxide

5.4 Overview

Figure 7 shows a Gantt chart with the activities and milestones all three parties have to
execute in order to achieve the desired vision in 2030.

1 2005 [2010 [2013 2020 [2023 2030
Ilndustr].r [ ] Invest in science for development Testing plant Build nuclear plants, Iill'lk to chemical plants
co2 Testing scubber  ENRRISELTEE TR TUL I Use CO?2 for chemica
Government Campain to promote

licipate in building CO2-srubbers
Subsidy development new process route

Participate in building

Scientific H2 Dembpatllﬁllﬂ—:llm:ngm
Community C(02 |Research and develop scrubber

ives for CO2-extraction

Nuclear waste

Figure 7: Gantt chart for all involved parties to 2030

This chapter illustrated the actions necessary for the three parties in order to achieve our
vision for 2030 and the need for cooperation between these parties. With this figure we
show that our vision is not only feasible from a technological perspective, but also
achievable within the time available.

16

Privatizing




Epilogue

This report gives our vision on the petrochemical industry in the Rhine-Scheldt Delta in
2030. Our vision provides a solution to the problems that the industry will face in the future
and meets the needs of the stakeholders. Although our vision is proven feasible, additional
and highly detailed research and development of current techniques and technologies is
needed.

The formation of our vision was preceded by a period of orientation. During this phase we
consulted many experts from different fields. We would like to thank all these experts for
their contribution, in particular

e Prof. ir. C. Daey Ouwens, for his expertise on alternative energy sources, in
particular biomass;

e Dr. ir. J.L. Kloosterman, for his expertise and the provided literature on hydrogen
producing nuclear plants;

e Prof. dr. A.G. de Kok, for his vision on the future of the Dutch industry;

e Prof. ir. H. Leegwater, for his feedback and support of our vision;

e Dr. ir. AM.C. Lemmens, for his feedback on the social impact and the implications
on our vision;

e Prof. dr. P.J. Lemstra, for his knowledge and advice on the competition arising from
low-cost countries;

e Prof. dr. J.W. Niemantsverdriet, for his expertise on catalysts;

e Dr. ir. J.C. Reijenga, for his supervision;

e Prof. dr. ir. J.C. Schouten, for his vision on the next generation chemical reactors
and the future of the Dutch industry;

e Drs. V. Timmermans, for the information provided regarding the port of Rotterdam;

e Dr.ir. G.P.J. Verbong, for his guidelines on forming a scenario;

e Dr. ir. EB.A. van der Vleuten, for his information regarding the history of the
Dutch industry;

e Ir. E. Vinken, for her guidance as tutor.

We trust that this report will capture your imagination and enthusiasm regarding our vision
for the petrochemical industry in the Rhine-Scheldt Delta in 2030.

Chemagine 2030
Chris Aldewereld
Bart Dautzenberg
Marte Guldemond
Johan Wijers
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Appendix I Labour costs

We consider the following specifications for an average size naphtha cracker:

production capacity: 500 ktons per year
number of employees : 100
average labour costs: 50,000 US$/employee/year

Labour costs per kg propylene produced:

100 *50,000

<o0etgr =001 USS

We assume that in the production of hydrocarbons from water and carbon dioxide the
number of employees per kilogram of product will not change significantly.
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Appendix II  Scale calculations

Hydrogen production rate:

6
264 ktons/year = 264x10 =3.98kmol/s
2,016 x365x 24 x3600
Reaction equation:
3 C02 +9 Hz — 6 HzO + C3H6

The reaction equation shows that 9 moles of hydrogen are used per mole of propylene. It is
now possible to calculate the propylene production rate which equals 0.442 kmol/s.

Propylene production rate:
0.442 kmol/s = 0.442x (6x1.008 +3x12.01)= 18.58 kg/s = 535 ktons/year

The reaction equation also shows that 2 moles of carbon dioxide are used per mole of
propylene, therefore the carbon dioxide consumption rate equals 1.33 kmol/s.

Carbon dioxide consumption rate:
1.33 kmol/s = 1.33x(12.01+2x16.00) = 58.31 kg/s = 5.04 ktons/day

For an estimated efficiency of the adsorption process of 50%, the generated air flow has to
achieve at least 10.08 ktons CO,/day = 229,013 kmol/day. The molar volume of a gas at
standard conditions is 22.5 m’/kmol, which results in 229013 kmol/day = 0.00515 km®
COz/day.

Air flow rate:
Air contains 370ppm of carbon dioxide, so the airflow becomes

&511 =13.92 km’/day
370x10
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Appendix III  Scenario costs

Hydrogen costs:

Hydrogen production rate (2500MW thermal):
Equivalent in propylene production rate:
Cost of hydrogen''*:

The cost of hydrogen is:
1.42

35010° x 264 x10° = 0.70 US$/kg propylene
X

Carbon dioxide costs:

Scrubber

Investment costs scrubber
Depreciation period:
Equivalent in propylene production rate:

[11].

The costs of the scrubber are:
10x10°/10

535210° = 0.002 US$/kg propylene
X

Extraction

CO; production:

Enthalpy thermal decomposition of calcium carbonate!
Costs nuclear energy[g]:

Propylene production:

Energy needed for CO, adsorption:

229,000x365x179.2x1000
60x 60

=4,160,675,556 kWh

Costs for CO; adsorption:

4160675556 x0.03
535000000

= 0.23 US$/kg propylene

10].

264 ktons/year
535 ktons/year
1.42 USS$/kg

10 million US$
10 years
535 ktons/year

229,000 kmol/day
179.2 kJ/mol

0.03 US$/kWh
535 kton/year
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