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Abstract

Climate change calls for answers beyond pure optimization of resources and energy consumption in production. Our
presented green vision looks long-term at CO2 as raw material for new synthetic raw materials and products as well as
markets, referred to as green cycle economy. Green cycles are defined as CO2 sinks, empowered by renewable energy
used for synthesizing fuels and materials from carbon sources. Green factories are defined by applying the concepts of
green cycles to manufacturing industries. The transformation of existing into green factories is achieved in an evolutionary
way, successively applying the technology levels defined for green cycle economies.
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1 INTRODUCTION

The green cycles economy and factory vision presented looks at
carbon (C) as a raw material for new materials, products, and
synthetic raw materials. CO, as one of the principal agents of
climate change [1] is an interesting source for carbon. The vision
can open up new business models and new markets that use
carbon to provide an answer to the world’s hunger for materials [2].
We define “green” as a CO; sink, i.e. consuming CO; to provide
green energy sources and green materials that can be used in a
CO, based cycling production and businesses. The prerequisites
will be CO; neutral forms of renewable energy and chemistry as well
as petro-chemistry technologies. The applications available today
have already been put to work cost-effectively in the fields of green
fuels and the production of intermediate products for plastics. One
motivation for the green cycles economy and factory vision is that
the advancing climate change calls for answers that go beyond the
currently ongoing optimizations of our use of energy and resources.

The Siemens AG sustainability goals are to establish a substantial
equilibrium between the planet and the people. This equilibrium is to
be achieved with a profit orientation from the business point of view
(see Figure 1). The Siemens AG Sustainability Board defines and
guides business activities for this purpose [3].

Responsibility for climate and environment
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Figure 1: The Siemens AG sustainability definition.

2 REASONS TO “GO GREEN”

We face a worldwide energy dilemma (see Figure 2):

* The world’s total energy demand will double by 2050. Demand for
electrical energy will double as early as 2030. [4]

* The goal, in the sense of bringing global climate change to a halt,
is to reduce CO, emissions by at least half within the same period.

(5]
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Figure 2: The energy dilemma. Source: [5],[4] (compared to 1990).

We address the energy dilemma in two dimensions: from the
economical necessities of industry and production as well as from a
climate change perspective.

The current global energy mix, which relies primarily on fossil fuels,
cannot meet these challenges assuming that the necessary reduction
in CO, emissions is to be achieved in the same time [5],[6].

The worldwide increase in prosperity, especially in newly
industrializing nations like China and India, will steadily increase
CO, emissions [7],[8] unless extensive countermeasures are taken,
and at the same time will increase demand for materials, for
products, and production (so called rebound-effect [9]).

At present, the challenge of achieving a secure energy supply — a
central factor for industrialized nations - in combination with a
secure supply of materials [10],[11], while at the same time reducing
greenhouse gases has been met only in very isolated cases, for
example in parts of Iceland [12]. Both decentralized and large-scale
industrial solutions must be considered.

In terms of the climate change perspective the current concentration
of CO; in the atmosphere is about 392 ppm (parts per million) [13],
and is increasing by about 2 ppm annually [14] (see Figure 3). The
maximum 2°C temperature increase currently targeted by the world
community can be achieved with a 75% probability if the CO,
concentration does not exceed 400 ppm (some sources assume as
much as 450 ppm) [5],[15]. The 2°C increase has been chosen
because this temperature represents the system limit for the climate
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models under which climate change appears to be manageable and
major global climatic processes remain calculable [5],[15]. However,
the current increase in concentration (the greatest in human history)
will mean that this limit will be exceeded as early as 2020 [5],[6].
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Figure 3: The CO; cycle and global climate change.

CO; has a crucial influence on the global warming, because it is
responsible for about 64% of the effect, and unlike methane, it
remains in the atmosphere for as long as 200 years [5],[16] (see
Figure 4). Methane, at 20%, has considerably less influence on
warming, and remains in the atmosphere for only 9 to 15 years.

Nitrous dioxide (N,0)
120 years

Halogens 6%
>260 years 109

Methane Climate
(CHy) 20% impact
9-15 years

co,
50-200 years

Figure 4: Residence time of climatic gases in the atmosphere.
Source: IPCC 2007 [5],[16].

To achieve the 2°C goal according to [5], the worldwide CO,
emission peak should be reached no later than 2020. In their words
a 60% reduction of the energy-related CO, emissions should be
accomplished in 2050, of the total CO, emissions 50% - 85%
compared to the year 2000. By the year 2070 all CO, emissions
must be reduced to zero. Moreover, after that point a negative CO,
footprint must be achieved to “remove” the rising CO, concentration
of the coming decades from the atmosphere.

21 Our Concept of Green

One answer to these climate challenges and the economical
necessities of industry and production are newly introduced so
called “green cycles”: We conjecture that new technologies, which
operate as CO; sinks, i.e. that have a negative carbon footprint, will
come into use and that at the same time these new technologies will
offer the necessary features for a positive economic performance.
Green cycles actively consume CO,, when considered in terms of a
life cycle assessment. In other words, CO, is viewed as a raw
material, which is often available cheaply for direct recycling, i.e. as
an industrial waste product. Not every part of the economy will be
able to achieve this goal. Therefore, primarily industrial production,
which the Siemens AG serves, will have to provide a substantial
overcompensation if the climate change perspectives are also
considered. In case of the Siemens AG this is part of our
sustainability definition [3] (see Figure 1).
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As the term “green” is used in today’s communication, “green”
technologies are usually understood as environmental technologies.
However, environmental technologies are primarily aimed at
minimizing the impact on the environment. They provide usually
solutions that represent improvements over conventional
technologies in this regard and that aim to increase the solution’s
energy efficiency at reasonable costs. Ideally, CO, emissions will
then be reduced zero (see Figure 5).

Co,
emissions

Costs of environmental optimization measures
Figure 5: Environmental technologies cost perspective.

Here it is essential to take measurements using uniform criteria. But
this is not assured, at least not in all cases. There is no unique
definition of “green” in the current literature. However, the
etymological derivation from the Indo-European term “gher” yield a
definition starting point for “green” in terms of the meanings “to stick
out”, “grow” (like leaves), and “verdancy” [17] (see Figure 6).

Green technologies

= CO, is viewed as raw material
and converted into synthetic and
renewable resources, materials,
and products.

= Green can be derived from the
Indo-European term gher and
means to stick out, grow, verdancy.

= Green is connected with the
growing of plants and trees. = An important condition is the use
of renewable energies with a low

= The driving system for this growing CO, footprint.

is the photosynthesis:

= The combination of these two
aspects yield a CO, sink, i.e.
> a negative CO, footprint.

H,O

G0, CgH1,05 (glucose)
energy

Figure 6: The two aspects of “green”.

We define “green” in the sense of a “green cycle” analogously to the
photosynthesis process in the vegetation, i.e. plants and trees (see
Figure 6). Accordingly, any technology whose carbon footprint is
negative over its life cycle is defined as a green technology. Green
technologies in terms of green cycles include:

» Applying mechanisms to use and consume COs,.

» Applying new methods to produce new raw and finished materials
based on carbon (C) and CO,.

Our understanding of “green”, i.e. our proposal for an evolving
Siemens AG vision can be grouped in a broader context as
illustrated in Figure 7.

The first two items of the “green evolution”, i.e. energy efficiency
optimization and energy supply shift have already been partially
attained and form the foundation of Siemens AG’s environmental
portfolio. The clean cycles cannot be achieved fully in any
economically viable way with current environmental technologies.
Today’s products, which are increasingly produced from highly
specialized materials and compounds are very expensive to process
for material separation and recycling. In contrast, when combining
environmental technologies (energy efficiency optimization and
energy supply shift) with green technologies (meaning CO, sinks)
the new green cycles offer the possibility of achieving economically
viable solutions (including for clean cycles), because the materials
for products and production are based on renewable hydrocarbon
compounds.
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Figure 7: Grouping of green and environmental technologies and
pointing out an evolutionary path to green cycles.

2.2 Green Cycle Economy

Green cycle solutions offer additional market potential, In other
words, a complementary market to the existing energy efficiency
optimization und supply shift markets that are drivers for current
innovative products and production. Green cycles imitate natural
processes from the biosphere by technical (synthetic) means. In
nature, two cyclical processes are crucial: the water cycle, and the
carbon cycle [18]. It is remarkable that in nature there are (almost)
no heavy-metal cycles.

2.3  Green Cycle Definition

Our concept of green cycles with the chemical recycling of carbon
(C) and CO; to synthetic hydrocarbons creates a new understanding
of renewable energy usage to produce environmentally neutral
carbon resources or raw materials. The hydrogen needed for the
chemical processing of the carbon comes from water. The green
cycle concept can utilize any form and any amount of renewable
energy such as solar, wind, hydro, as well as geothermal sourced
electrical energy.

It is increasingly necessary to find suitable new ways to capture,
store, transport, and utilize renewable energy very cost efficient.
Focusing on electric power generation clearly shows that in just a
few years, renewable energy sources (primarily solar) will achieve
price and grid parity with conventional energy sources like coal, oil,
and nuclear [19].

The green cycle is shown in Figure 8. A considerable amount of
electrical energy is needed to run the green cycle. The quantity of CO,
fixed in a green cycle, i.e. converted from a gas to a liquid fuel can be
demonstrated by an example: It takes about 8 MWh of electrical
energy for water-electrolysis combined with a Methanol synthesis to
fixate one metric ton of CO, in about 3/4 metric ton of synthetic
raw material, e.g. fuels. This is equivalent to the annual power
consumption of about 2000 three-person households, or the hourly
production of two 4 MW wind turbines. This cycle approach generates
all required aspects to shift to a 100% renewable energy economy.
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Figure 9: Green cycles.

In addition to the green energy cycle there is a green production
cycle (see right part in Figure 9). The green production cycle takes
hydrocarbons, oxygen, and hydrogen as well as so-called “green
elements of hope” as input resources for the production of green
materials and products, e.g. plastics. This green production cycle
requires different ways of product design and production
technologies that are focusing on molecular layers of the carbon
materials and that need to be produced in these layers.

The growth of the world population and the associated consumption
of natural resources yield increasingly the scarcity of materials
[10],[20]. For instance the scarcity of specific metals is becoming
one of the most urgent global problems, comparable with energy
scarcity [10]. The peak oil situation is analogously transferable to
certain mineral resources [21]. A particularly feasible approach is
the substitution of scarce metal elements by most abundant
elements [10]. This requires advanced engineering sciences as well
as disciplines like agriculture and biosciences.

The green elements of hope are environmentally friendly and
sustainable as they contain all macronutrients of life and lack
heavy metals. We propose that carbon-based materials are a
complementary source of interest for alternative green materials and
alternative production processes.

24 Green Factories

A green factory is a plant that has no negative impact on the global
or local environment, i.e. a production site or a network of
productions that attempt to meet the triple bottom line of the
sustainability definition of the Siemens AG [3]. Green factories focus
on environmental and economical targets. In general, business is
described as green if it matches the following four criteria:

1. It aims to supply environmentally friendly products or services
that replace demand for non green products and/or services.

2. It uses high energy efficiency solutions in all of its business

We call this the green energy cycle (see left part in Figure 9). processes.
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Figure 8: Green cycle economy.
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3. It uses mainly renewable power and supplies based on
renewable energy.

4. It emphasizes on the implementation of recycling of heat, water,
and energy supplies of the factory.

5. Green factories use exhaust gases like CO; as a resource.

The green factory supports to meet the needs of the present world
without compromising the ability of the future generations to address
their own needs [3],[22]. It emphasizes the transformation process
of achieving the design of products and production processes that
use the advantages of carbon, hydrogen, oxygen, and additional
green elements. The most important elements of a green factory are
depicted in Figure 10. These are renewable, CO-neutral electrical
energy sources, suitable production processes and facilities, and
additional chemistry processes that enable the recycling.

2.5 The Evolution of Green Factories

The concept of “green factories” is to be achieved on an
evolutionary path as illustrated in Figure 7. Tree fundamental stages
of evolution can be described. Each stage is essential for the next
stage in the overall concept.

The first stage is the energy efficiency optimization. This covers the
current activities regarding production, logistics, buildings, etc. The
main goal of energy efficiency optimization is to use the limited
energy resources more effectively. Since efficiency optimization
processes in general are a key driver for economic growth and
improved competitiveness of companies operating in global
markets, the existing methods form a basis for evolutionary
extension of these processes, methods, and solutions for the new
and additional aspect of energy. The methods and solutions aim
at emitting less CO, than comparable predecessors while
guaranteeing similar product and operation performance compared
to the not energy optimized solutions. However, the goal of zero
CO; emissions at reasonable costs cannot be reached by these
approaches (recall Figures 5 and 11).
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Efficiency in processes

This scenario is characterized by producing more with same environmental
impact or produce the same with less environmental impact!

= Energy efficiency increased technologies (e.g. Energy management)
= Advanced process technologies (e.g. COREX)

= Energy efficiency increase is low hanging fruit for CO2 abatement

= Ecology based assessments

Figure 11: Energy efficiency optimization.

The second stage is the energy supply shift. Shifting to renewable
energy means primarily to switch the factory electricity supply with
the related purchasing processes from fossil thermal power plants to
renewable power plants. The aim is a complete replacement of the
energy input by renewable energy sources and adequate
decentralized grid technologies (see Figure 11). All aspects of
renewable energy production and stable supply of factories
including the distribution, the storage, and the demand response
issues need to be addressed here [23].

This scenario is characterized by a using other supplies to avoid negative
environmental impact!

= Increase of renewables in energy mix sets pressure on utilities

= Public pressure on real instead of virtual renewable energy provisioning
= New players and solutions for energy management

= Decentralized generation capacities, e.g. mini wind

Figure 12: Supply shift.
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Figure 10: Green plant elements.
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This scenario is characterized by a consequent justification towards cycles,
not only within the ,green plant’ but over product life cycle!

= New ways of measuring the ‘metabolism’ of societies, the recycling rate,
the material use efficiency, the recovery rate
= Indicators for environmental impact and new forms of control, enforce and support

Figure 13: Clean cycle.

The third stage is the clean cycle (recycling processes). The goal is
to generate few or no waste products outside the production
processes (see Figure 12). In terms of today’s limitations of the
environmental technologies, productions, and products, clean cycles
cannot be fully achieved in an economically feasible way, except for
certain areas like the waste water treatment.

The fourth stage is the green cycle factory. It is based on synthetic
imitation of natural processes from the biosphere, i.e. plants and
trees. It combines technologies that provide a negative CO, footprint
over their whole life cycle and thus form the technical core of a
green cycle production.

Raw materials as well as energy carriers are synthesized from
carbon (C) sources like CO, using renewable electricity.
Synthesized energy carriers, such as artificial natural gas
(methane), are used for storing and transporting energy until the
production processes take place, transferring carbon based raw
materials into products. Figure 14 illustrates how to create a green
energy cycle. The following development path characterizes green
cycle plants:

The electrical energy to maintain the cycles comes entirely from
renewable, CO,-neutral energy sources.

The water from the atmosphere (assuming certain purity) is split
into hydrogen and pure oxygen.

The resulting hydrogen is enriched with the CO, from industrial
waste products, processes, or best of all in long-term directly from
the atmosphere [24]. It is used to produce hydrocarbon
compounds.

The hydrocarbon compounds are used, among other possibilities,
for the petrochemical industry, new carbon industries, e.g. to
produce new materials like carbon-fiber composites, and to
generate green fuels, like methane and methanol.

An example is given by the Island based company Carbon
Recycling International, which shows that this can already be
achieved cost-effectively today assuming specific energy and raw-
material cost situations [12]. Another example is the “CO2rrect”
project (CO, reaction using regenerative energies and catalytic
technologies) from Bayer AG, Bayer MaterialScience AG, Siemens
AG, and other partners. Yet another example is a Bayer AG pilot
plant at the Leverkusen chemical park that uses CO, as a chemical
intermediate product in the polyurethane production (an
intermediate product for producing plastics).

Furthermore, hydrogen can be used in a large industrial scale, for
steelmaking processes like COREX. However, this application is not
part of a Green Cycle.
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There will be also new possibilities for producing clean water, an
important raw material for the entire Green Cycle.
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This scenario is characterized by a consequent synthetic use of the natural
(green) cycle process methodology on Earth!

= CO2 is valuable resource

= ‘Green H2 * as short-term / large-scale energy store or as industry supply

= ‘Green H2 * and CO2 for methanol synthesis (liquid fuel)

= Methanol as long-term / large-scale energy store or as petro chemistry supply

Figure 14: Green Cycle.

Not only raw materials, but also emissions and wastes become
more expensive as the international Trading Scheme for emission
and waste matures [2]. In the first phase green cycle factories will be
in the position to derive revenues from the carbon credit and
renewable fuel markets, e.g. since green methanol [12] has higher
margins that fossil based methanol.

3 CONCLUSION AND OUTLOOK

A systematic approach to define green technologies and to point out
an evolutionary path that structures environmental and green
technologies related to production is presented.

The developed green vision offers economically attractive new
areas of market potential that opens new opportunities for green
products and green production under the assumption of renewable
energy supply as the main supply for energy.

The existing plants and even fossil power generation plants can be
well integrated in the novel concept in an evolutionary way so that
existing infrastructure can still be utilized. The goal to achieve zero
emission plants in an economical feasibly way requires a paradigm
shift from primarily fossil and/or metal based products to carbon
based products including the necessary new production processes.
However, the existing product and production technologies and
solutions play an important role during the green transition process
so that only economical green technologies will be considered at
each development stage. Green fuels are among the first products
to be considered. CO, fixation is a goal that might not be
economically feasible at the beginning of the green transition.
Rather other carbon sources from existing plants and factories will
be the first carbon suppliers. The increasing speed of renewable
energy technologies and renewable supply supports the green
transition process and sets the transition speed.

The authors recommend investigating the green areas further, in
particular in terms of the consequences for the production.
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