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Abstract 

The Siemens green cycle vision for green production and green raw materials opens up new manufacturing models and new product markets to 
provide an answer for the world’s hunger for materials. The materials have a promising future for non-food related components such as 
electronics. With the rising oil prices, the world has to focus on renewable resources which stand up to the demands of future production in 
terms of additive manufacturing processes that are also carbon-based. This new finding can help to contribute to a greener future, as the carbon-
based materials come from renewable, biodegradable resources. This transformation requires new competitive manufacturing systems. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of the Conference “22nd CIRP conference on Life Cycle
Engineering. 
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1. Introduction 

The green cycles factory vision and the green cycles 
economy discussed in [1],[2] opens up new business models 
and new markets [3]. The green cycle vision sets the element 
carbon (C) in the center of the manufacturing of new 
materials, new products, and synthetic raw materials. 
Exemplarily, one raw material is methanol, a chemical supply 
offering a large variety of end usage in different sectors [2].  

An interesting source for carbon is CO2 as it is one of the 
principal agents of the climate change [4]. In the green cycles 
vision we define “green” analogously to the photosynthesis 
process in the vegetation as a CO2 sink, i.e. a CO2 consumer 
(see Fig. 1). The prerequisites for the realization of the green 
cycle vision are CO2 neutral forms of renewable energy and 
chemistry beside the necessary petro-chemistry technologies. 
The technologies whose carbon footprint is negative over the 
life cycle are defined as green technologies and include: 

Applying mechanisms to use and consume CO2.
Applying new methods to produce new raw and finished 
materials based on carbon (C) and CO2.

The green cycles vision is illustrated in Fig. 2 and consists 
of two separate cycles that are linked by raw material flows. 
The green energy cycle is depicted in the left part of Fig. 2. 

Fig. 1. Two aspects of “green”. 

Applications available today have already been put to work 
cost-effectively in the field of green fuels production like 
green methanol in privileged regions like Iceland [5]. 

This paper outlines how the green production cycle can be 
directly linked to the green energy cycle. It also demonstrates 
that new manufacturing technologies match the production 
cycle (see the right part in Fig. 2) by raw material supply 
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generated in the energy cycle. Methanol as well as so-called 
“green elements of hope” [6] are feasible input resources for 
the production cycle to produce green materials and products. 
This production cycle will most likely require different ways 
of product design and production technologies that are 
focusing on atomic layers of primarily carbon raw materials. 
Upcoming manufacturing technologies like additive 
manufacturing enable the production cycle and require the 
new supplies like graphene. By them functional and highly 
integrated products can be manufactured. The role of 
methanol as the chemical precursor of graphene is related to 
its mediator role of linking the energy and  production cycles. 

Fig. 2. The Green Cycles. 

One motivation for the green cycle 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 current global energy and material mix, which 
relies primarily on fossil resources, cannot solely meet the 
challenges assuming that the necessary reduction in CO2
emissions is to be achieved in the same time as the rising 
world energy demand [7],[8],[9]. At present, the challenge of 
achieving a secure energy supply – a central factor for 
industrialized nations – as well as a secure supply of materials 

[10],[11] and at the same time reducing greenhouse gases is of 
high interest. Both, decentralized and large-scale industrial 
solutions must be considered [12],[13]. 

2. From green cycles to green manufacturing 

2.1. Green manufacturing cycle supply based on methanol as 
a multi-purpose precursor 

Methanol is a multi-purpose precursor [14]. It is a liquid 
with a boiling point of 65°C and an energy density of 22.7 
MJ/kg [15]. It is miscible with water, i.e. it is even less 
dangerous than crude oil. Hence, it can be distributed through 
pipeline grids and transported with big tankers. Likewise, its 
storage in fuel depots does not cause problems [5],[16]. 
Methanol is well suited for worldwide existing infrastructures 
as demonstrated in industry plants and fuel applications 
[5],[9]. The energy density of 22.7 MJ/kg is one economic 
explanation for these applications [16] (nevertheless, the 
energy density of Diesel is with 45.4 MJ/kg double as high 
[15]). Methanol can be produced in 'polygeneration' chemical 
plants [17] as one of many other chemical raw materials.  

As the most basic alcohol methanol can be made from 
different feedstock via a synthesis gas step [18]. Synthesis gas 
can be produced from resources that had been plants, like coal. 
Also biomass, agricultural waste, timber waste, industrial 
waste and pollution are feedstock [18]. With respect to the 
green cycle vision, CO2 is the future raw material for fuels, 
fuel additives and bio-derived chemicals [1],[2],[19]. 

Carbon Recycling International Inc. (CRI), an Icelandic 
company [5] developed and market a process for producing 
methanol from industrial CO2 emissions [20]. The CRI 
process captures CO2 from geothermal or industrial emissions. 
Together with hydrogen (H2), produced by water electrolysis 
using renewable energy synthetic (renewable) methanol is 

Fig. 3. Methanol utilization in chemistry feed-stock (based on [16], page 7). 
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produced [20]. It is blended into gasoline in parts of Europe on 
a first industrialized scale of about 5 million liter per year [5]. 
To be able to react on future power grid requirements a very 
flexible water electrolysis technology is developed by the 
Siemens AG. This PEM (proton exchange membrane) 
electrolyzer [21] can react within milliseconds and can easily 
handle three times its nominal power rating over a certain 
time. By this, it can use excess (renewable) power without 
difficulty in case there happens to be an increase in power 
generation to generate hydrogen and oxygen. 

Methanol is the chemical supply for a large variety of 
products or end uses in many sectors [16]. The methanol 
utilization in chemistry feed-stock are summarized in Fig. 3. 
Major current products are formaldehyde, methyl tertiary-
butyl ether/tertiary-amylmethylether and acetic [15],[22]. 

In Fig. 4 the value chain discussed until now from different 
carbon sources and hydrogen via methanol to applications in 
different sectors is presented. We briefly discuss a few cases 
to later focus on the supply chain for new manufacturing 
technologies that enable the production cycle.  

Formaldehyde production is the largest single consumer of 
methanol [16]. It is, among others, used for the production of 
plastics and resins, pharmaceuticals, carbon fibers, paint and 
pesticides [15],[16]. The methanol-to-olefins process, which 
allows the production of a feedstock for consumer plastics 
such as polyethylene and polypropylene, is starting to be a 
large-scale methanol consumer [16]. Its share increased from 
0% in 2009 to 11% in 2013 [16]. Ethylene and propylene are 
by far the two largest volume chemicals produced by the 
chemical industry [15],[16]. 

It is increasingly necessary to find suitable new ways to 
capture, store, transport, and utilize renewable energy very 
cost efficient. Focusing on renewable electric power 
generation (the German situation) clearly shows that in just a 
few years energy sources like wind and solar will achieve 
price and grid parity with conventional fossil energy sources 
like coal and oil as well as nuclear [2],[8]. When in Germany 

the wind power generation reaches 25 GW in 2030, the 
electricity grid will have a power storage requirement. Rapid 
reaction times will be necessary. New electro-chemical 
production technologies have storage options within 
milliseconds [20],[21],[23]. The energy cycle covers these 
technologies and its products like methanol are a storage 
option for the following slower production cycle processes. 
Simultaneously, the conventional power plants can stay 
profitable as energy and CO2 provider.

2.2. Green manufacturing supply material graphene will be 
derived from methanol 

Since it was discovered in 2004, graphene gained increased 
importance in the materials research [24]. Graphene is a one-
atom thick layer of carbon atoms arranged in a honeycomb 
lattice. This special atomic arrangement gives graphene 
specific properties. For example, electrical currents move in 
graphene faster than in any other material. Heat also moves in 
graphene very fast. It is among the best thermal conductor 
materials. Additionally, graphene is the thinnest (one atom 
layer) as well as one of the mechanically strongest materials 
[24]. Graphene is already applied in fundamental physics in 
the area of quantum relativistic phenomena: unobservable in 
high energy physics can now mimicked and tested in table-top 
experiments. More generally, graphene represents a new class 
of materials that offer new inroads into low-dimensional 
physics [25].  

Graphene was the first two-dimensional material to be 
discovered. However, it is not the only one. There are more 
than ten new materials that are all two-dimensional with 
complimentary properties to graphene [25]. They can be 
integrated with graphene to achieve extra functionality. 
Exemplarily, Boron nitride is one-atom thick and instead of 
being a conductor it is an insulator of heat. Another material 
is molybdenum disulfide, which is three atoms thick is a semi-
conductor like silicon. These materials can then be combined 

Fig. 4. The value chain of methanol from raw materials to industry sectors (based on [16], page 14). 
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in order to produce new material structures that don't exist in 
nature and that are supposed to have multi-purpose 
functionality for products [25].  

2.3. Graphene, one future feedstock for new additive 
manufacturing technologies 

A major challenge today is to produce graphene in an 
economical way [24]. One early study shows straightforward 
synthesis that requires no hydrogen or methane gas flow to 
produce graphene [26]. The syntheses can be simplified by 
using a liquid carbon source such as methanol. Methanol is 
found to be unique in that it acts as both a carbon and 
hydrogen source and an inhibitor to amorphous carbon 
growth. Over a dozen liquid carbon sources had been 
investigated [26]. 

Another challenge is given by the properties of graphene: it 
is a material that is only one atom thick. To avoid an impact 
on its specific properties due to its thinness, a 3D printing 
technology might be a feasible option. 

2.4. Application examples 

New manufacturing technologies, e.g. additive 
manufacturing are advancing fast. It is already discussed in 
early publications that graphene could be the next feedstock 
for these manufacturing technologies [27]. Both emerging 
technologies are still in their early days and the combination 
of these two requires new research and manufacturing 
technology solutions. 

For emerging technologies it is valuable to look at the 
historical development (among other indicators) of the 
technologies to be able to evaluate the sustainability of the 
research and its possible applications. In 2004 K. S. 

Novoselov and A. K. Geim [30] announced that they were 
able to create graphene that was a single layer thick (they 
received the Physics Nobel Prize 2010 for this achievement 
[31]). In 2009 Samsung Electronics demonstrated the 
production of a single layer of graphene, which was 30 inches 
in diameter [27]. In 2014 Samsung patented a manufacturing 
process that can make sheets of graphene as large as 50 inches 
diagonally [27]. Within a few years the manufacturing of 
graphene from micro-meter sized flakes to 50 inches sheets 
has been demonstrated. 

Fig. 5. Components of the Graphene 3D Lab prototype battery. Each 
component is printed separately [28]. 

Researchers at the Graphene 3D Lab, Calverton, NY, USA 
[28] demonstrated a print manufacturing technology to 
produce a battery from graphene and other nanomaterials on a 
lab scale (see Fig. 5). Although the details of the employed 
printing processes are not publically available (except for a 
video demonstration that shows the use of a fused deposition 
modeling technology [29]), these early approaches show 
capabilities for the future. The prototype was unveiled 
publically [32]. 

Graphene 3D Lab announced a patent family around 3D 
printable batteries [28],[32]. The prospects of these graphene 
and other nanomaterials based 3D printing technologies on 
the electronics industry is claimed [27],[32]. Researchers at 

Fig. 6. Product groups and braches mapped to graphene materials supply (based on [35]).
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Northwestern University [33] have developed a new method 
of generating large volumes of high-quality graphene for 
printing flexible graphene patterns with an inkjet printer. 
These patterns are 250 times more conductive than previous 
attempts. In Fig. 6 a general overview on different product 
applications fields of graphene is given. The physical and 
chemical properties of this new material, not found in nature, 
are thereby the natural sorting criteria. 

3. Conclusions and outlook 

Industries, as one central part of economies, have a strong 
need for high quality and innovative goods. On a global scale, 
industry and manufacturing are part of a complex global 
lifecycle system. Simplified, current manufacturing industry 
turns raw materials into products. It is the process of 
converting raw materials like oil, iron ore, trees or crops into 
products like plastics, metals, paper or food. This requires 
energy and classical supply chain processes.  

Manufacturing in the future might look different from this 
scenario. Companies must be capable to rapidly adapt their 
physical and intellectual infrastructures to changes in 
technologies. Manufacturing will become faster, more 
responsive to changes of the global market requirements and 
closer to the customers. Constant adaptability will pervade all 
aspects of the product lifecycle, from research and 
development to innovation, production processes, supplier 
and customer interdependencies to lifetime product 
maintenance repair and phase-out. Products and production 
processes will be sustainable with built-in reuse, 
remanufacturing and recycling when reaching the end of their 
lives. Closed loop production systems and manufacturing 
technologies will be used to eliminate energy and water waste 
as well as to recycle physical waste [35].  

Renewable energy sources like solar and wind power 
generate electricity from free elements, unlike coal or gas 

power, which have ongoing production costs due to the 
required feedstock. Since renewables have no fuel cost they 
will in the long run underbid the thermal energy generation. 
This trend brings the energy prices down. In Germany 
renewable electrical energy sources reached already about 
25% market shares [36] (this trend is pushed by political 
decisions). When it is windy or sunny the increased share of 
variable renewable electricity in the energy supply mix 
becomes the challenge that continually the supply and the 
demand need to be balanced.  

Global growth of electrical energy generation by 
renewable sources urges the conversion of this energy to 
hydrocarbons. The technically and economically easiest way 
is to produce methanol within the energy cycle. Methanol is 
also one feasible mediator between the energy cycle and the 
production cycle (see the top part in Fig. 7). Methanol can be 
either used as a fuel or as a raw material for the chemical 
industry or, as discussed in this paper, to produce exemplarily 
graphene. Graphene will be an important material for products 
in the future.  

Implant plastic based on a graphene is one option to solve 
requirements confronting “plastic” additive manufacturing 
technologies. Putting just a bit of the one-atom thick sheets of 
linked carbon atoms into standard plastics appears to increase 
the functionality of the final product. It also means that new 
manufacturing will be able to “print” a wider catalog - 
moving into electronics or battery production. This graphene 
based manufacturing approach will drive the demand for the 
overall “Green Cycles” to increase. The energy that will drive 
this is renewable electricity. One important material will be 
methanol. This new technology will interfere the existing 
complex manufacturing systems. 
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