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Abstract: In order to achieve the objectives of the Paris Climate Change Agreement, the conversion of
our economy, which is still dominated by fossil carbon, to the bioeconomy model must be completed
by 2050. This requires a shift from oil, gas and coal to agricultural, forestry and marine raw materials
and will affect the global processing chains for energy, fuels and chemicals. However, the land
required for the production of raw materials is competing with the production of food and animal
feed. In addition, future land use must better take into account planetary boundaries and the
preservation of ecosystem services. In order to achieve economic, ecological and societal sustainability,
the necessary measures must therefore be geared towards the UN’s sustainability goals. Against this
background, the future bioeconomy will have to concentrate on the food, chemical and heavy fuel
sectors. Important sub-areas are alternative animal protein for nutrition, feedstock efficiency in the
processing of bio-based raw materials, and the expansion of the raw materials spectrum. This requires
enormous investment in industrial facilities, the integration of newly emerging value chains and the
necessary infrastructure. The annual global investment requirements for renewable energy, bio-based
chemicals and fuels, and ecosystem services is estimated at USD 1–2 trillion over the next three
decades, equivalent to about 1.3–2.6% of global GDP. This article discusses the implications and guard
rails of the bioeconomy model, as well as capital needs and possible sources.

Keywords: bioeconomy; biomass supply; bio-based feedstock; bio-based fuel; bio-based
chemicals; planetary boundaries; biomass processing; competitiveness; investment criteria;
investment requirements

JEL Classification: 1.17

1. Introduction

The Paris Climate Convention calls for achieving “a balance between anthropogenic emissions by
sources and removals by sinks of greenhouse gases in the second half of this century” (UN 2015a),
and in 2018, the Intergovernmental Panel on Climate Change (IPCC) reaffirmed that in order to
limit global warming to 1.5 ◦C, anthropogenic CO2 emissions must be reduced by 45% between 2010
and 2030, and to net zero by 2050 (IPCC 2018). This means that the global economy, which is still
largely based on fossil raw materials, must be converted to renewable energy and carbon sources.
Appropriate alternatives are offered by bio-based raw materials that can be supplied by agriculture,
forestry and marine resources. The economic model based on these raw materials is known as the
bioeconomy. The traditional bioeconomy is mainly integrated into the sectors of agriculture, forestry,
fisheries, food and partly into the fuel and chemical industry. In the EU, it currently accounts for
EUR 2 trillion or 15% of gross national product (EU-Commission 2012); global trade in bio-based
products is reported to have reached 13% by 2014 (El-Chichakli et al. 2016). This existing bioeconomy
needs to be further developed in the context of raw material change. Sillanpää and Ncibi (2017b) and
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Birner (2018) provide comprehensive overviews of the various bioeconomy concepts that focus on
geopolitical, socio-economic or environmental issues, depending on the interests at stake. More than
50 countries have developed strategies for this, including Europe (German Bioeconomy Council 2018).
Its vision is “a transition ( . . . ) towards an optimal and renewable use of biological resources and
towards sustainable primary production and processing systems. These systems will need to produce
more food, fiber and other bio-based products with minimized inputs, environmental impact and
greenhouse gas emissions, and with enhanced ecosystem services, zero waste and adequate societal
value” (EU-Commission 2014).

It is obvious that the expansion of the bioeconomy requires enormous investment, not only in
the production of bio-based raw materials, but also in global supply chains and industrial processing.
In order to avoid poor investments, care must be taken not to overburden natural resources. Therefore,
planetary boundaries and the preservation of ecosystem services must be taken into account. In order
to achieve comprehensive sustainability, the EU’s bioeconomy vision also explicitly refers to the
United Nation’s (UN) 2030 Agenda for Sustainable Development, which has defined 17 Sustainable
Development Goals (SDG) (Table 1) (UN 2015b).

Table 1. 17 UN Sustainable Development Goals. SDG with a reference to the bioeconomy underlined.
(UN 2015b modified).

SDG Goal

1 No poverty

2 Zero hunger

3 Good-health and well-being

4 Quality education

5 Gender equality

6 Clean water and sanitation

7 Affordable and clean energy

8 Decent work and economic growth

9 Industry, innovation and infrastructure

10 Reduced inequalities

11 Sustainable cities and communities

12 Responsible consumption and production

13 Climate action

14 Life below water

15 Life on land

16 Peace, justice and strong institutions

17 Partnerships for the goals

This article first presents the challenges of the transition to the economic model of the bioeconomy
and discusses the implications for the future supply of food and feed, for the stability of ecosystem
services and the limits of planetary boundaries. Since raw material resources will also be limited in the
bioeconomy, the priorities that can be set for bio-based products will be further discussed. It is obvious
that the markets can be derived from this for long-term profitable investments. Finally, the need for
investment in selected markets will be considered, and options will be discussed regarding sources
from which the necessary investment funds can be procured. Overall, this article seeks to explain the
potential and complexity of bio-economic value chains and to help to make robust investment decisions.
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2. Sustainability Guard Rails

Only two decades ago, dwindling fossil resources were considered the main driver of raw material
change; since then the ecological effects of the present economic system have come to the fore. As a
result, the limits of the planet’s natural material cycles have been scientifically investigated for the first
time, and the concept of planetary boundaries was published in 2009 (Rockström et al. 2009a, 2009b).
These are intended to maintain the planet in a stable state that also tolerates changing conditions in
certain fields. They were last reviewed in 2015. Figure 1 (Rockström et al. 2009b) shows the examined
indicators and their current state. The water systems and the ozone layer of the stratosphere were
classified as safe. The climate and the sustainability of land use, on the other hand, are classified as
endangered. The state of genetic diversity and the cycle of phosphorus and nitrogen are considered
disturbed (Steffen et al. 2015).
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Thus, four resources which are essential for the bioeconomy are considered to be endangered.
Land use and biodiversity, as well as the plant nutrients phosphorus and nitrogen, affect agriculture
and forestry in particular, and thus, the foundations of the bioeconomy. For investors, these are risk
factors that must be taken into account.

The model of ecosystem services adds an economic dimension to the planetary boundaries
(Costanza et al. 1997). The natural ecosystem is the basis of human well-being and economic activity.
For example, it provides biomass through plant photosynthesis, irrigates agricultural land as part of
the natural water cycle and pollinates plants with insects. Therefore, the ecosystem can be understood
as a valuable service; it was valued by Constanza et al. at USD 125 trillion (2011) (Costanza et al. 2014).
Thus, ecosystem services contribute significantly to the global gross national product (GDP) of USD
80 trillion (2017) (Statista 2018a). Possible damage to these services therefore amounts to an economic
loss. Investors must understand these factors and their potential risk in order to make responsible
and successful investments. Weighing up the pros and cons and choosing the right timing for an
investment requires an analysis of the current situation. This will be done in the next section.
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3. The Current Economy

At present, the world economy is essentially based on coal, natural gas and crude oil. These fossil
fuels supply energy and carbon to industries that produce electricity, heat, chemicals and fuels,
as well as to heavy industry. The world oil market alone was estimated at USD 1720 billion in 2015
(Desjardins 2016). By comparison, the world market for unprocessed metals is around USD 660
billion (Desjardins 2016). Crude oil feeds the chemicals value chain, which directly generates USD
1100 billion. Taking the downstream sectors into account, chemicals contribute 7% to global GDP
(USD 5.2–5.7 trillion in 2016 (Statista 2018b; CEFIC 2019)). The chemical industry is thus in a similar
order of magnitude to the global food and beverages market, which is estimated at USD 5650 billion
(Cision 2018).

These figures demonstrate the great economic importance of fossil energy and carbon
sources. As early as 1972, the Club of Rome drew attention to the limitations of these resources
(Meadows et al. 1972), and since then, oil production in particular has become more expensive.
Although the need to switch to renewable resources has long been accepted in principle, in industrial
and social practice, it is too often treated as an issue of the distant future. The economy has adapted to
rising raw material and energy costs and adjusted product prices accordingly. Even the increasing
public and political perception of CO2 emissions and climate change since the 1990s has had little
influence on the growth of the fossil-based global economy (OECD 2017). Since 1990, the carbon
intensity of the global economy has been reduced by only 4% (UN 2018).

The world consumes 5.1 billion tons of oil (2018) (EIA 2019a), 7.6 billion tons of coal (2017)
(EIA 2019b) and 3 billion tons of natural gas (EIA 2019c) annually. The by far predominant share of
96% is used to generate energy (heat, fuel, electricity) and around 4% is used to produce chemicals
(Germany, 2011) (CheManager 2013). As Germany has above-average chemical production, the share
of chemicals can even be estimated to be less than 4% worldwide. Only the small share of 8% of
crude oil, 1.7% of natural gas, 0.02% of coal goes into chemicals (Heede and Oreskes 2016). In spite of
continuously rising production costs and advancing climate change, investments continue to be made
in increasingly difficult fossil deposits. Obviously it doesn’t seem easy to accept the necessary raw
material change. Both the high energy and carbon density—as well as the favorable logistics—of fossil
raw materials tempt us to follow the conventional path, especially since a great deal of capital is tied
up in profitable and well-coordinated industrial plants. The associated value chains from raw material
suppliers through producers to end markets are linked extremely efficiently by a global infrastructure
of pipelines, oil and gas tankers, coal ships and railways. In this way, resource-producing countries
and value-generating regions are linked together over sometimes very long distances (BPB 2014).
The Middle East, the successor states of the Soviet Union and West Africa are the leading producers
and exporters of oil, while Europe, Southeast Asia and China are the most important importers.

The production of chemicals is an important added value of oil; 75% of chemical production is
based on the oil fraction naphtha (VCI 2017a). The leaders are China (rank 1), the EU (2) and the
NAFTA countries (3) (CEFIC 2017). It is noticeable that only the NAFTA countries have their own
resources; Europe and China depend almost entirely on imports.

However, a look at the UN’s sustainability goals for the fossil-based economy reveals a mixed
picture. On the one hand, since the beginning of the 20th century, fossil raw materials have enabled a
revolutionary wave of innovation in pharmaceuticals, plastics, chemicals, energy sources and fuels.
In these fields, completely new economic sectors have emerged that have created jobs and prosperity.
This applies above all to the regions that generate added value, especially in the industrialized countries
(Sillanpää and Ncibi 2017a).

However, this is at the expense of sustainable production and consumption (SDG 12). Today,
it is clear that fossil energy is not clean (SDG 7), and therefore, that our cities, industrial plants and
infrastructure are not sustainable (SDG 9, 11). The fact that access to fossil raw materials and also the
benefits from their value creation are unequally distributed violates SDG 10. OPEC and OECD nations
are on the winning side, but other countries are left empty-handed. Furthermore, the current economic
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system leads to a loss of ecosystem services, the financial magnitude of which is not yet adequately
perceived by industry, society and politics. The loss is estimated at USD 4.3–20.2 trillion per year.
Of particular relevance is the emission of CO2 (Costanza et al. 2014). In particular, the resulting climate
change (SDG 13) calls for fundamental change.

4. The Necessary Change in Raw Materials

Since 2016 at the latest, when the Paris Climate Agreement sent a strong message, climate protection
has been seen as the number one priority around the world. On 4 November 2016, the agreement was
ratified by 92 states, and 163 states had already prepared climate protection programs. The limitation
of global warming to below 2 ◦C above the pre-industrial level was binding under international law.
This target requires global emissions to be reduced by 80–95% by 2050 compared with 1990 levels
(EU-Commission 2011). This can only be achieved if future emissions do not exceed the so-called
greenhouse gas budget of 1000 gigatons of CO2 equivalents by 2050. Even if the USA leaves the treaty
as announced in 2020, the key measure of limiting emissions to the agreed emissions budget will
remain (World Resources Institute 2018).

In fact, in recent years, a significant reduction has been achieved in individual regions through the
introduction of renewable energies and fuels and the optimization of technical facilities and processes
in energy generation, mobility and manufacturing. For example, the European Union (EU) reports
to be on track to reduce emissions by 20% in 2020 compared to 1990. Emissions were reduced by
22% between 1990 and 2017, while the economy grew by 58% over the same period (EU-Commission
2019). This goal was achieved by, among other factors, intensifying the bioeconomy. In Germany,
for example, 9200 biogas plants are operated primarily to generate electricity (2017) (Statista 2018c).
Germany consumes 2.2 million tons of wood pellets per year for heating houses (2016) (DEP 2017),
and produces 738,000 tons of bioethanol (2017) (BDB 2017) as well as 1.8 million tons of biodiesel per
year (2015) (FNR 2016). The German chemical industry uses 2.5 million tons of bio-based raw material
per year (2015) (VCI 2017b). However, there is still a long way to go before the raw material change is
complete: in 2016, the share of renewable electricity in Germany was 33% (21% of that bio-based (2017)
(BMWi 2019), bioethanol and biodiesel reach 6.1% in fuels (2016) (BDB 2017) and 13% of chemical
raw materials are bio-based (VCI 2017b). Although the modern, industrial bioeconomy is still in an
early stage of development, it is believed to have considerable growth potential in the coming years.
For example, the European Chemical Industry Council has stated that “the bioeconomy is the key to
unlocking the potential of many established and new economic sectors” (CEFIC 2018). The global
turnover of bio-based fuels, chemicals and polymers is expected to grow from USD 203 billion in 2015
to USD 400 billion in 2020 and USD 487 billion in 2024 (BIO 2017).

Companies in other industries are also being forced to reduce the climate footprint they create
with their direct activities and that of their suppliers. An analysis of German listed companies
has shown that they are on a climate path that can lead to an average global warming of 4.94 ◦C
(2016) (right.basedonscience 2019). Leading companies have announced that they will organize their
production in a climate-neutral manner. Important measures mentioned are the use of emission-free
energies and compensation measures that lead to emission savings outside the company (Bosch 2019;
Mercedes 2019). Carbon capture and sequestration (CCS) technologies are being discussed as another
method of reducing emissions. However, due to the stoichiometric conditions, CCS has only limited
capacity. CO2 is 3.67 times heavier than carbon. The combustion of 1 ton of coal, 80% of which consists
of carbon, therefore produces almost 3 tons of CO2. A widespread application of CCS would therefore
require a very large infrastructure.

Overall, a continuation of the previous incremental approach is therefore not sufficient. Instead,
industry must prepare itself to switch consistently to non-fossil energies and carbon sources and to
dispense with the exploitation of a large part of the reserves not yet mined. The remaining emissions
budget of 1000 gigatons of CO2 equivalents corresponds to about one third of the CO2 potential of the
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known fossil reserves. This means that the production volume which is tolerable from the present
until 2050 within the framework of the emissions budget has been named.

Overall, reserves of oil, gas and coal, which together correspond to 2700 gigatons of CO2

equivalents, are considered economically recoverable (Table 2). If, however, only 1000 gigatons may be
emitted by 2050, this means that only 37% of the reserves may be used. This total volume is divided
between 70% of the known reserves of crude oil, 55% of natural gas, and 20% of coal that may still be
produced (Table 2) (McGlade and Ekins 2015).

Table 2. Global reserves of coal, natural gas and crude oil (2013, Heede and Oreskes 2016),
contained carbon and CO2-equivalents as reported in 2015 and to be produced by 2050
(McGlade and Ekins 2015). Gb: gigabarrel; Tcf: trillion cubic feet; Gt: gigaton).

Fossil
Feedstock

Reported Reserves To Be Produced by 2050

Volume
Carbon

Contained
(Gigaton)

CO2-Equivalents
(Gigaton)

Share of
Total

Reserves

CO2-Equivalents
(Gigaton)

Share of
Reported
Reserves

Oil & NGLs 1688 Gb 171.2 629.9 22.9% 439 70%

Natural gas 6558 Tcf 95.6 350.4 12.8% 192 55%

Coal 892 Gt 479.5 1756.9 64.3% 368 20%

Total - 746.2 2734.2 100% 1000 37%

Consequently, firstly, two thirds of the fossil reserves stored in the ground must not be extracted.
This demand has a direct impact on investment decisions that affect fossil energies, because investments
that still flow into resources that cannot actually be mined in the future become a risk. This is an
estimated USD 700 billion per year (Carbontracker 2013), some of which are classified as lost or have
to be diverted to new investment fields. Overall, the value of stranded fossil assets is estimated at 1–4
trillion USD (Mercure et al. 2018).

The financial sector therefore sees transactions based on fossil raw materials, especially coal,
as risky, and the avoidance of such transactions is increasingly becoming an instrument of risk
management. In 2018, Allianz published the following decisions: “(i) Withdrawal from insuring single
coal-fired power plants and coal mines in operation or planning, effective immediately; (ii) exclusion
of coal risks by 2040 in Property and Casualty business and in proprietary investments; (iii) joining the
Science Based Target Initiative: Commitment to the long-term development of a carbon-free economy”
(Allianz Group 2018). Other financial institutions announced similar strategy changes (BNP-Paribas
2015; Bank of America 2019; Kaye 2017).

This affects all sectors associated with the production, conversion, or trading of fossil raw materials
(Table 3).

4.1. The Future Sources of Carbon

The obvious alternative to fossil carbon sources is biomass, because fossil resources were ultimately
biomass that was converted by geological processes into coal, natural gas and oil over a period of
350 million years. The combustion of today’s biomass also emits CO2, but this is returned to biomass
via the natural carbon cycle, and therefore, does not contribute to increasing the CO2 concentration in
the atmosphere. However, biomass has two decisive disadvantages compared to fossil carbon sources:
The energy and carbon density is considerably lower (Kircher 2017). This is mainly due to the high
proportion of oxygen in biological materials (Table 4).
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Table 3. Industrial sectors and examples of applications based on fossil resources.

Industrial Sectors

Fossil Feedstock
Production

Construction
Sector

Chemical
Sector Fuel Sector Power Sector Heat Sector

Applications

Coal mining Road surfaces Pharma Automotive
mobility

Electrical
devices

Heavy
industries

Oil, gas production Roofing Automotive Shipping Lighting Industrial
processing

Logistics (pipelines,
tankers) Concrete Household

appliances Aviation Air
conditioning Heating homes

Oil-refining Steel,
aluminium Packaging Machine fuel Rail services Heating offices

- Glass Construction Cooking
(Africa)

Automotive
mobility

Heating
commercial
buildings

Table 4. Composition and energy content of fossil carbon sources, biomass, sugar and vegetable oils.
(Herrmann and Weber 2011; Michelsen 1941).

Carbon Sources Carbon % Hydrogen % Oxygen % Energy MJ/kg

Fossil Carbon Sources

Coal 60–75 6 17–34 25–33

Gas 75–85 9–24 Traces 32–45

Oil 83–87 10–14 0.1–2 43

Biological Carbon Sources

Straw 1 44 6 50 10–25

Wood 50 6 41 14–16

Sugar 2 40 7 53 16

Safflower oil 3 77 12 11 39
1 lignocellulose; 2 glucose; 3 linoleic acid.

In fact, biomass is just as suitable as fossil raw materials to generate heat and electricity and to be
transformed into fuels and chemicals. Today, biomass already provides 10% of the world’s energy (2016)
(WEC 2017), 3% of road transport fuel (2011) (Wackerbauer and Lippelt 2011) and 10–13% of chemical
raw materials (BIC 2016; Piotrowski et al. 2015; VCI 2017a). In particular, many elastomers, polymers,
surfactants, paints and coatings, lubricants, paper and cellulose, textile fibers, pharmaceuticals
and skin care products are biobased (Figure 2). Biomass can come from agricultural, forestry and
marine sources, and the technologies to generate the aforementioned products are either available or
under development.
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However, this change in raw materials also means that the manufacturing industry is entering
a raw materials market that has so far mainly served the food and feed markets. This implies an
increased use of ecosystems services and, in connection with this, the observation of planetary borders
becomes all the more important. Sustainability is therefore not an intrinsic property of the bioeconomy,
but rather, a potential, and consequently, SDG 15 (life on land, protect, restore and promote ecosystems)
is named as the SDG of highest relevance in a survey among actors of the bioeconomy (Zeug et al. 2019).
In addition, there is a great need for investment in capacities for the supply of biomass, its logistics
and infrastructure, as well as its implementation. Therefore, the interdependencies of the markets for
food and feed, for industrial raw materials with regard to land use, biodiversity and greenhouse gas
emissions are considered in the next section.

4.2. Supply of Raw Materials

4.2.1. Growing Food Markets

It is to be expected that the growing importance of biomass as an industrial raw material will
have an impact on the global food supply. Although the share of biobased chemicals is still small,
it accounts globally today for the consumption of about 24% of cereals and 9% of oilseeds (2017/2018)
(UFOP 2017).

In the USA, more than 40% of the corn harvest is absorbed by bioethanol for the fuel market
(Ossewijer et al. 2015) and sugar cane accounts for 30% of global ethanol production (REN21 2016)
of 100 billion liters (Johnson et al. 2018). The bioeconomy will entail providing considerably more
renewable, mainly agricultural raw materials for use in industry. It is therefore to be expected that
agriculture’s share of the global GDP (currently 3.5–6.4% depending on the data source (FAO 2018;
Indexmundi 2018; Statista 2019a) will grow significantly. For comparison: The oil and gas producing
sectors (only drilling) are reported to contribute 2–3% to the World GDP (Investopedia 2018).

Even today, societies are therefore sensitive to this problem, as the “fuel versus food” discussion
indicates, although only a small proportion of total biomass is used industrially. Actors in the
bioeconomy therefore rank SDG 2 (zero hunger) second among the topics of the future (Zeug et al. 2019).
The driving forces behind the food markets are the growing world population and increasing prosperity.
By 2050, 9.8 billion people will be demanding staple foods (2017: 7.5 billion) (UN 2017), making it
necessary to increase the production of cereals, pulses, tubers, milk, eggs and meat by up to 35%
within the next three decades. The continuation of the increase in yield through modern plant breeding
will play an important role. Since 1961, the area yield has been increased by a factor of 3 (Figure 3).
The improvement of seeds, plant protection, methods of cultivation, harvesting and storage remains a
never-ending task and a rewarding economic field for SDG 2.
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Among the various food markets, above-average growth is expected for meat in particular.
Experience shows that the share of animal protein in a society’s food is growing parallel to the
development of purchasing power. Consumption in Europe with its high purchasing power is
70–90 kg/capita, while African countries with low purchasing power manage with less than 20 kg/capita
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While global per capita wealth growth is expected to remain at the 1% level observed from 1995
to 2014 (1995–2014) (Lange et al. 2018), meat consumption is expected to increase by 4.4%. In 2015,
319.2 million tons of meat were produced (FAO 2016).

Compared to staple foods, meat production not only grows disproportionately, it also requires
the lion’s share of the production area. Worldwide, 71% of all agricultural land (Figure 5)
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(Raschka and Carus 2012) is used to feed 19 million chickens, 1.5 billion cattle, 1 billion pigs and
1 billion sheep (Reubold 2015). It therefore seems logical, in view of the necessarily increasing
land use for staple foods and industrial raw materials, to promote a reduction in meat-related
land use. NGOs such as Greenpeace are promoting the abandonment of meat (Greenpeace 2019).
Ecological aspects such as the environmental management of liquid manure and the general issue of
animal-friendly husbandry are also leading to a critical public debate in many industrialized countries
about animal husbandry and meat consumption. This opens up two growth areas for the economy:
On the one hand, the optimization of current methods of animal husbandry is occuring, while on
the other, radical innovation (Lang et al. 2017) offers alternatives. In this way, the yield and costs
of conventional animal husbandry can be further optimized by feed additives such as enzymes and
amino acids. A growth market is fish farming (8.6% AGR) (Worldwatch Institute 2018), particularly
in Asia (shrimp), Norway (salmon) and Chile (tuna), which can relieve the market for wild fish and
meat production on land. Multinational enterprises such as Evonik Industries (Germany) market
amino acids as fish feed additives that are produced on the basis of sugar, and thus, ultimately depend
on land use. Start-ups such as KnipBio and WhiteDogLabs (USA) are also working on such fish
feed additives. KnipBio’s process is based on methanol, which can be produced bio-based from
biogas (methane); White Dog Lab’s carbon source is a mixture of sugar and CO2 from the emission of
bioethanol fermentation (CO2). Atmospheric CO2 is another option when producing algae biomass as
animal feed (Tzachor 2019). Other waste-based approaches include Agriprotein (NL), a company that
cultivates insects on waste from the food industry, supermarkets and restaurants, and commercializes
the resulting insect protein as food and feed. These examples reduce the need for land, but still fit into
the conventional value chain of animal feed and animal production.
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Other approaches to animal protein completely abandon animal husbandry, and therefore,
represent “radical innovation”. RippleFoods (USA) markets “milk” products based on pea protein and
Clara Foods (USA) is developing a vegetable protein identical to chicken egg white powder protein.
While these two examples do not involve animal husbandry but still depend on the cultivation of
crops, Impossible Food (USA) further reduces the demand for land. This company produces tissue
cultures as meat substitutes. It is to be expected that the increasing pressure to save agricultural land
will give these new approaches economic potential. At the same time, the sustainability targets SDG 2
(zero hunger) and SDG 3 (well-being for people) as well as SDG 8 (decent work and economic growth),
12 (consumption and production), and 14, 15 (life below water and on land) are addressed.
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4.2.2. Land and Land Use

Feeding the world and replacing fossil carbon sources is a huge challenge. Only 10–22% of
the global land area is fertile, has sufficient water and is in a climate zone that favors agriculture
(Raschka and Carus 2012; Wortmann 2015). About 32% of the global area is pasture, steppe and low
mountain ranges, 30% is forest and 16% is settlement and other land (Wortmann 2015). While on
the one hand, the demand for biomass for industrial purposes will grow strongly, on the other
hand, agricultural land is threatened by overuse and climate change. Rising temperatures lead to
desertification and changing precipitation intensifies soil erosion. Particularly in Sub-Saharan Africa,
the Middle East and North Africa, 4.4 million km2 of agricultural land are at risk of being downgraded
to “marginally suitable” or “moderately suitable” for agriculture (Zabel et al. 2014). A further factor is
the increasing urbanisation from 54% of the world population in 2014 to 66% in 2050) (UN 2014). At the
same time, with declining biodiversity (Johnson et al. 2017), political pressure is growing to designate
more areas as nature reserves. This corresponds to the high rank given by actors in the bioeconomy to
SDG 15 (protect, restore and promote ecosystems) (Zeug et al. 2019). However, the loss or renunciation
of land as described above runs counter to the fact that climate change makes previously unproductive
regions accessible to agriculture. Worldwide, a net increase in suitable areas of 54.2 million km2

to 58.9 million km2 is expected, especially in the northern territories of Canada, China and Russia
(FAO 2015).

Of course, these developments also influence the financial valuation of agricultural and forest
land. In low- and middle-income countries, the valuation of land between 1995 and 2014 has more
than doubled (Wortmann 2015; Lange et al. 2018). This has led to 5–9 million km2 being developed
in sub-Saharan Africa and Latin America alone (Mason et al. 2015; Woods et al. 2015), thus offering
investment opportunities. Large-scale investment in fertile farmland is taking place worldwide
(Statista 2013).

Maintaining the fertility of the land in the long term is an indispensable task of sustainability.
This includes the responsible handling of seeds and agricultural chemicals (fertilizers, herbicides,
insecticides, fungicides, etc.). Two further economic sectors that will gain importance with the
bioeconomy are thus named. The global agrochemical market has a volume of USD 214.2 billion (2015,
AGR 3.2%) (MarketsandMarkets 2016) and the seed market generates USD 50 billion (2014, AGR 7.1%)
(Mordor Intelligence 2017). The fact that 2017 saw three significant transactions (ChemChina/Syngenta
USD 47 billion, Dow/Dupont USD 68 billion, Bayer/Monsanto USD 64 billion) demonstrates the
economic strength and potential of these industries. Biofertilizers (world market USD 946.6 million,
2015) are a niche that is growing at an above-average rate (AGR 14%) compared to conventional
fertilizers, which are produced using considerable amounts of fossil energy (Lokko et al. 2018).

Figure 6 (Roser and Ritchie 2017) shows the dependence of fertilizer consumption on farmers’
incomes. In low-income African countries, consumption is less than 30 kg/ha, while in high-income
Europe, 100–300 kg per hectare are used. Access to agrochemicals is thus an issue that affects both
SDG 2 (zero hunger) and SDG10 (inequalities). At the same time, it should be remembered that the
ill-considered use of fertilizers is already violating the planetary limits of the natural nitrogen and
phosphate balance. From an economic point of view, the long-term supply of phosphate is a major
issue. Today, phosphate is extracted by mining phosphate rock, with Morocco having the only very
large deposit. The peak of production is expected in this decade. In view of the growing demand for
fertilizer, the recovery of phosphate from waste water and sewage sludge, for example, is therefore
becoming an economically interesting topic (USDA 2014). In Germany, for example, operators of
wastewater treatment plants have been obliged to recover phosphate since 2017. This example shows
how waste management is becoming increasingly important for the supply of raw materials.
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Sustainability in land management and biomass use is one aspect of adherence to planetary
boundaries; another is biodiversity. This is the topic of the next section.

4.2.3. Biodiversity

Biodiversity affects the entire biosphere, i.e., all species. Their complex interaction makes the living
system stable on the one hand; on the other, isolated interventions can lead to massive disturbances
of our basic living conditions. It is therefore essential to integrate the future growing production of
biomass sustainably into the overall fragile ecosystem. It should be noted that extinctions are not
a new phenomenon per se, but an enormously accelerated one. Worldwide species diversity has
decreased by 8.1% with increasing land use over the last 500 years (Newbold and Hudson 2015), but in
modern times, species extinction has accelerated by a factor of 1000 (Barnosky et al. 2011; Wilson 2016).
Between 1970 and 2012, 14,152 populations of 3706 species were monitored worldwide. The resulting
Global Living Planet Index documents a decline of 58% (WWF 2017). In 2019, IPBES sounded the
alarm by reporting that 1 million species are on the verge of extinction (IPBES 2019). SDG 14 and 15
(life on land and below water) are, therefore, serious issues. Today, almost no ecosystem has remained
untouched by human use (Table 5) (De Groot 2010). On the other hand, protected areas of up to 50% of
the land area are considered necessary for the conservation of biodiversity (Wilson 2016).

Biodiversity is also of enormous economic importance. For example, insects play a central role in
the pollination of plants and in the natural nutrient cycle. It is estimated that 80% of wild plants are
pollinated by insects. Insects are the beginning of the food chain for 60% of bird species. This also
applies for many mammals and amphibians. All the more alarming is the worldwide decline in the
diversity and population of insects. For Europe it is estimated that butterflies, bees and moths have
decreased by 50% (Hallmann et al. 2017), and a German study has observed a decrease of 94% in the
number of insects and 28% in the number of species over 25 years (Vogel 2017). Figure 7 documents
the drastically decreasing insect biomass of a species in a German region since 1989 (Sorg et al. 2013).
This biological loss reduces the value of ecosystem services provided by insects, which is estimated at
USD 57 billion annually for the US alone (Hallmann et al. 2017). With the loss of this natural service,
paid workers must, for example, take over the pollination of fruit blossoms, as has already been
reported from China (Goulson 2012). Ignoring the planetary boundaries is expensive.
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Table 5. Share of untouched nature in different ecosystems (De Groot 2010).

Ecosystem Area (1000 km2) Share of Untouched Area

Ocean 416,546 10–15%

Mediterranean shrubland 1741 38%

Coastal systems not specified 40%

Temperate mixed forest 5914 49%

Grass & rangeland 19,056 50%

Warm mixed forest 5835 52%

Savanna 15,604 57%

Cool coniferous forest 3130 72%

Tropical forest 9149 76%

Desert 22,174 83%

Boreal forests 17,611 85%

Wooded tundra 2596 93%

Tundra 6375 94%
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Agriculture, forestry and fishing must therefore recognize that they are part of and dependent
on the ecosystem. To achieve sustainability, biomass production methods must be integrated into
natural cycles, and must respect their limits. Depending on regional conditions, this also includes not
using all the land area that could be used for the production of biomass. In accordance with SDG 12
(responsible consumption and production), the industrial use of biomass should therefore be limited to
applications where there is no alternative to biomass or bio-based carbon. The markets that should be
prioritized by the bioeconomy is the topic of the next section.

5. Markets to Be Prioritised

The prioritization of bioeconomy markets is necessary because the substitution of coal, natural gas
and mineral oil places a very heavy burden on the biomass producing ecosystems. These fossil
resources contain about 12 billion tons of fossil carbon. However, global agriculture produces only
7 billion tons of bio-carbon (Kircher 2012) (the total photosynthetic fixation of carbon worldwide is
estimated at 120 billion tons of carbon (Effenberger 2014)). In theory, global agricultural production
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would have to be increased by a factor of 2.5 to 19 billion tons of bio-carbon to cover current fossil
and bio-carbon consumption (this simplified figure only illustrates the challenge; energy content is
not taken into account). In practice, the demand would be even higher because the transformation
efficiency of biomass is, on average, significantly lower than that of fossil carbon sources. As already
discussed, however, agriculture cannot expand indefinitely.

Therefore, the use of bio-carbon or biomass must be concentrated on markets and applications for
which there is no alternative to carbon. Nutrition, which comes first, depends on vegetable carbon
sources. Its priority is unquestionable (Sillanpää and Ncibi 2017a). Organic chemistry also needs carbon
and must be given the second priority. This sector consumes worldwide 420 million tons of mineral oil
products, 200 million tons of natural gas and 55 million tons of coal per year and produces 550 millions
tons of chemicals plus 275 million tons of nitrogen-fertiliser (Levi and Cullen 2018) containing in the
chemicals only about 500 million tons of carbon. Table 6 shows examples of large-volume basic chemistry
from which most organic chemicals are derived (Bender 2013a, 2013b; Eramo 2018; Manesh et al. 2014;
Statista 2018d, 2019b; US Grains Council 2017; Zinke 2017). For comparison, biological substances
are also listed whose carbon volume also reaches the 100 million ton scale. The price of carbon of
biological origin is lower than that of fossil-based molecules. However, the further processing of plant
materials is more complex, which leads to comparatively high production costs (see below).

Table 6. Fossil (olefines, aromatics) and biological bulk products; global production, carbon content
and cost of carbon (Bender 2013a, 2013b; Eramo 2018; Manesh et al. 2014; Statista 2018d, 2019b;
US Grains Council 2017; Zinke 2017).

Bulk
Products

Production
(Mio ton)

Carbon Content
(Mio ton)

Market Price
(USD/ton)

Theoretical Cost of
Carbon (USD/ton)

Olefines

Ethylene 150 128.6 1200–1500 1630–1750

Propylene 120 102.8 1200–1500 1630–1750

Methanol 130 37.2 200–280 670–980

Total 400 286.6 - -

Aromatics

Benzene 50 46.1 1200–1500 1300–1625

Toluene 17 15.5 1000–1300 1100–1423

Xylenes 45 40.8 1300–1600 1430–1770

Total 112 102.4 - -

Biologics

Sugar 178 71.2 360–400 900–1000

Lignin 50 36.0 500 700

Total 228 107.2 - -

The energy industry is different. Solar, wind, hydro-, geothermal and nuclear energy are
carbon-free. Like fossil energy, they can supply heat and thus electricity. These very large fields of
consumption can therefore basically do without carbon, which is why the buzzword “decarbonization”
is shaping the public debate.



Economies 2019, 7, 73 15 of 36

The transport sector can also switch at least in part to carbon-free fuels. Cars, which in principle
can be powered by electricity or hydrogen, now run on petrol and diesel. In 2012, these two fuels
accounted for 77% of total consumption for transport (Maritime Executive 2019). However, heavy goods
traffic (trucks), freight shipping, and aviation will in the foreseeable future require fuel with a high
energy density that is currently only available from carbonaceous fuels. Heavy goods traffic, shipping
and aviation each consume around 300 million tons of diesel, marine diesel, bunker oil and kerosene
annually (Concawe 2016; Indexmundi 2019; Maritime Executive 2019), i.e., a total of 900 million tons.
With a carbon content of around 85%, this volume contains 765 million tons of carbon. Together with
the chemical industry, the sustainable supply of these prioritized markets with bio-based raw materials
thus requires an additional carbon requirement of around 1.3 billion tons of carbon, which would
correspond to around 2.6 billion tons of primary biomass (the different energy content is not taken
into account in this estimate for simplicity’s sake). The provision of such a volume of biomass seems
feasible, taking into account the recycling of residues and cascade use (see below). Otherwise, the SDG
12 (responsible consumption and production) will move into the distant future.

Investors should take into account the predictable and increasing pressure to priorities biomass
use, paying particular attention to carbon-free energy, bio-based chemicals and bio-based heavy-duty
fuels. In particular, investment in chemicals is attractive because it generates 4–9 times more value
added than energy (EIB 2017). However, the current framework conditions relativize this advantage,
because in many countries, bio-based fuels are supported by admixture quotas, but corresponding
chemical products are not. Certainly, different framework conditions have an influence on the market
penetration of bio-based chemicals (nova-institute 2019). The underlying competitiveness will be
discussed in the next section.

6. Industrial Practice

6.1. Biomass Transformation

Previous considerations have initially focused on sustainable carbon supply in the bioeconomy.
The effort and costs of processing bio-based raw materials into chemicals and fuels have not yet been
taken into account. The complexity and costs of processing are a real competitive hurdle. Fossil fuels
and basic chemicals are produced by simply refining mineral oil. Basic chemicals such as ethylene
are easily accessible by cracking naphtha (a fraction in oil refining) (Table 7) or processing natural gas
(methane). At the same time, the carbon of fossil raw materials is almost completely converted into the
target product; the carbon efficiency of these processes is therefore very high. The labor intensity, on the
other hand, is low. The oil refineries in the USA (total capacity 0.9 billion ton per year) (EIA 2018),
offer 127,000 jobs (DATAUSA 2019). The labor intensity is thus 137 jobs/1 million tons of oil.

In contrast, biomass does not only require more processing steps (Table 7), many are technically
more complex and economically more expensive and produce considerable secondary flows. To produce
ethanol, sugar plants must be cultivated, harvested and the crop transported. This is followed by the
refining of sugar with loss of residual biomass and finally the sugar is fermented to ethanol.

In the USA, ethanol production costs of USD 408 per ton have been reported. Taking into account
the carbon credit defined in the renewable fuel standard (D6 RIN), this bioethanol would be competitive
with an oil price of USD 55 per barrel (Lane 2017). Chemicals for which there is no credit system would
have a competitive threshold of USD 90 per barrel oil. At the oil price level of 2013, a price of biomass
in the order of USD 60 per ton was estimated to be competitive (USA) (Philp 2018).
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Table 7. Processing steps to fuel (fossil petrol, bio-ethanol) and chemicals (example ethylene) from fossil oil and biomass fractions (sugar, lignocellulose).

Fuel
Processing Step from
Feedstock to Product

Chemicals

Fossil Biomass Fossil Biomass

Mineral Oil Sugar Lignocellulose Mineral Oil Sugar Lignocellulose

Drilling Farming Farming 1 Drilling Farming Farming

Logistics Harvesting Harvesting 2 Logistics Harvesting Harvesting

Refining Logistics Logistics 3 Refining Logistics Logistics

Petrol Refining Preprocessing 4 Cracking Refining Preprocessing

- Sugar-conversion Saccharification 5 Ethylen Sugar-conversion Saccharification

- Ethanol Sugar-conversion 6 - Ethanol-conversion Sugar-conversion

- - Ethanol 7 - Ethylen Ethanol-conversion

- - - 8 - Ethylen
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The published investment costs for bioethanol from corn alone amount to USD 0.7–0.75 per liter
per year, with the largest share of 38% being spent on the processing of by-products (Cleanleap 2013).
If wood-like materials (lignocellulose) are used instead of sugar, the process chain is extended by 2
further steps of preprocessing and saccharification. Investment costs will thus rise to USD 2.9 per liter
of annual capacity (Tsagkari et al. 2016). If the target product is ethylene, a further chemical catalytic
step will follow. Due to the complex composition of biomass and losses in processing, a carbon yield is
achieved from biomass that is significantly lower than that of fossil raw materials.

The considerable personnel requirements for the production and processing of biomass must
also be taken into account. Biochemicals are much more labor-intensive than biofuels due to their
multi-stage conversion (Table 8) (Piotrowski and Carus 2015). EuropaBio therefore expects 900,000 to
1.5 million new jobs for the EU by 2030 (EuropaBio 2019), which at the same time confirms the higher
cost level of the bioeconomy.

Table 8. Labor intensity in the production and processing of biomass (EU-28; 2011) (Piotrowski and
Carus 2015, modified).

Producing Biomass (Jobs/1
Million Tons of Biomass) Processing Biomass (Jobs/1 Million Tons of Biomass)

5400
Biofuels 5400

Bio-Chemicals 12,400

Today, biobased chemicals are established in the fine chemicals sector, where biological raw
materials and biotechnological processes often offer a technical advantage. The large market for
cellulose fibers can also be attributed to the bioeconomy (nova-institute 2019). However, due to cost
disadvantages, e.g., PLA (polylactic acid), a biopolymer made from sugar by NatureWorks (USA) and
Total Corbion (NL), has not pushed its oil-based counterpart PET (polyethylene perephthalate) out of
the market. This also applies to other sugar-based chemicals such as succinic acid (BioAmber, USA;
Reverdia, Succinity, both The Netherlands), (iso-)butanol (Gevo, Butamax, both USA; Green Biologics,
UK) and butanediol (Novamont, Italy). Such products are successful if the more positive life cycle
assessment or specific technical properties are assessed and buyers pay a premium. In fact, there is still
a small but growing market for bio-based plastics (2% of the total polymer market of 6.6 million tons
with EUR 13 billion in 2016 (nova-institute 2017).

As mentioned, the competitiveness of such products, however, depends strongly on the oil price
level or the price of biomass. At the same time, the economic challenge of using biomass becomes clear
because this raw material consists of different fractions. The use of all material flows and their coupling
constitutes the economic and ecological value, thus supporting the path towards sustainable industries
(SDG 9), responsible consumption and production (SDG 12) and climate protection (SDG 13).

6.2. Expansion of the Raw Materials Portfolio

At present, primary carbon sources (sugar, vegetable oil) dominate the production of bio-based
fuel and chemicals, but when it comes to truly expanding bio-based capacities, these raw materials
will reach their limits. For example, global production of ethylene from sugar would require 20–50%
of current arable land (Gruhlke and Bürger-Kley 2015). The expansion of the raw materials portfolio
is therefore urgently needed. Sillanpää and Ncibi (2017c) published an excellent overview about
feedstock options considering the local potential in the US, in Europe, and in China. In fact, companies
are already exploring the suitability of alternative raw materials. Corbion Total (Netherlands) is
developing PLA based on biomass residues (lignocellulose) (Laird 2016). Lignocellulosic ethanol
(fuel) is already marketed in the USA (DSM/POET, Advanced Biofuels, Synata BIO; all USA) and
Brazil (Granbio). Clariant (Switzerland) is building two bioethanol plants in Slovakia and Romania,
each with capacities of 50,000 metric tons per year, working with wheat straw as the raw material.
Energochemica (Slovakia) is also investing in a bioethanol plant in Slovakia (55,000 metric tons per
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year) based on lignocellulose from wheat straw, which, in addition to bioethanol, is intended to produce
ethylene, ethylene oxide and lignin, as well as heat and electricity, making it a model bio-refinery.
Recently, the new platform chemical levoglucosenone was introduced, which in this example is
produced from wood waste (sawdust) and is to be a suitable starting material for bio-surfactants,
flavors, agrochemicals, biopolymers and bio-solvents (Duncan 2019). Liquid and solid industrial and
municipal by-products and waste, as well as gaseous carbon (CO, CO2), offer additional options for
expanding the raw materials portfolio beyond food biomass (Table 9).

Table 9. Valorization of various bio-based feedstock options.

Feedstock Carbon Source Technology Product Development
Stage

Sugar cane Sugar
beet Starch-derived

Sugar
Sugar Fermentation

Bioethanol Amino acids
Enzymes Biopolymers

Pharmaceuticals and more
Commercial

Woody materials Sugar Fermentation Bioethanol Commercial

Woody materials Wood gas Thermochemical
catalysis Aromatics Lab-scale

Liquid sewage,
Solid municipal
waste, manure

Complex waste
ingredients Fermentation Methane Commercial

Municipal solid
waste Synthesis gas (CO) Gas-fermentation Chemicals Commercial

Biogas CO2-emission Gas-fermentation,
Algae cultivation Methane, Chemicals Demonstration

Steel mill
synthesis gas CO Gas-fermentation,

Fischer-Tropsch Ethanol, Hydrocarbons Demonstration

Key concepts for the use of these previously neglected resources are cascade use and recycling.
Cascading involves using all intermediates along the processing chain according to its material and
energy value. Many processes already function in this way, but all too often, the material and energy
potential is incompletely recorded. One model is the industrial location of Frankfurt (Germany)
(Figure 8). A large company at this location produces biodiesel from rapeseed oil with glycerin as
a by-product. This glycerin is introduced into its process line by a pharmaceutical company at the
same site. Bio-waste from this pharmaceutical production and food waste from the neighboring
region supply the site’s biogas plant, which is one of the largest in Europe. Part of the biogas is used
to generate heat and electricity for the industrial site, while another part is fed into the natural gas
network. Upgrading the fraction of CO2 in biogas to methane is a future option. This cascade of
material use (rapeseed oil, biodiesel, glycerin, pharmaceuticals) and energy use (heat, electricity, biogas)
significantly improves raw material efficiency and the CO2 footprint and is economically viable.

Technologies that continue the cascade by using CO2 emissions from biogas plants are currently
being tested on a pilot scale (biogas consists of 50–60% methane plus 40–50% CO2). With the use of
CO2 emissions, biogas-related CO2 emissions could be reduced to almost zero and the efficiency of
raw materials increased to almost 100%. MicrobEnergy (Germany) and Electrochaea (Switzerland)
use CO2 with the addition of hydrogen to produce methane. In parallel to the biocatalysts on which
these companies rely, homogeneous catalysis for the utilization of CO2 is also being investigated
(Klankermayer and Leitner 2015).

Hydrogen is available by the electrolysis of water (power-2-gas). However, this is only economical
if energy is available at very low cost (e.g., excess wind, solar, geothermal, hydro-power). This is an
example of how the cascade use of carbon sources and renewable energies can be combined and create
synergies. In the future, biogas could play a central role in carbon recycling. In fact, the global biogas
market is expected to grow from USD 1.5 billion (2016) to USD 2.6 billion in 2025 (Kennedy 2019).



Economies 2019, 7, 73 19 of 36

The chemical industry could be integrated into the carbon cycle created in this way, because the
methane contained in biogas can be further processed into methanol. Methanol is a suitable raw
material for many chemical process chains (Bertau et al. 2016).
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The organic fraction in household waste (MSW) offers further potential. This waste material is
available in large quantities, especially in growing mega-cities and urban regions. Today, MSW is still
dumped in many countries without any use. OECD countries use MSW to generate energy through
incineration. The city of St. Hyacinthe (Canada) goes one step further and produces biogas from
MSW. This biogas fuels the city’s bus fleet and the residues from biogas fermentation are marketed as
fertilizer (Ville de St. Hyacinthe 2017). New Delhi (India) also operates buses with biogas; here it is
produced from waste water (The Hindu 2011).

Sekisui Chemical (Japan) and Lanzatech (USA), on the other hand, rely on chemicals. Synthesis gas
obtained from MSW by gasification is converted into ethanol by fermentation. A pilot plant was
commissioned in Japan in 2017 (Lanzatech 2017). The technology is of particular interest in the coming
transition phase, in which fossil and increasingly bio-based raw materials are being processed, because it
works with synthesis gas from both fossil and bio-based sources. In this way, the so-called learning
curve with new technologies accelerates at an early stage. For example, steel mills produce and emit
enormous quantities of synthesis gas based on coal. A demonstration plant for the production of ethanol
from steel mill emissions is currently being built in a steel mill in Ghent (BE) (ArcelorMittal 2015).
This is a real model for a “technical” carbon cycle (Kircher 2015). Carbon is not emitted into the
atmosphere, but is returned to a production process. All these examples show, firstly, the potentials
of recycling carbon-containing waste, secondly, the innovative power of cross-sector cooperation,
and thirdly, that traditional fossil-based industries are willing to invest in carbon-recycling technologies.

The improvement of raw material efficiency, cascade use and recycling is crucial for the
development of the bioeconomy and leads to the so-called closed-loop economy. This model contributes
to the goals of sustainable industries and infrastructures (SDG 9), cities and municipalities (SDG 11),
consumption and products (SDG 12) and climate change (SDG 13).

6.3. The Greenhouse Gas Balance

After discussing the complexity of the alternative feedstock portfolio, the question arises as to how
effectively GHG can be reduced and how climate change (SDG 13) can actually be tackled. Table 10
shows the share of different global greenhouse gas emissions from fossil as well as non-fossil sources
(USEPA 2014).
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Table 10. Share of global greenhouse gas emission compounds (fossil and non-fossil) (USEPA 2014).

Emission CO2 Methane Nitrous Oxide F-Gases

Fossil 65% - - -

Non-fossil 11% 16% 6% 2%

The largest share of greenhouse gases, 65%, is CO2 from fossil fuels (42%), (transport 24%, industry
19%, households 6%, services 3% and others 3%) (Statista 2018e). Non-fossil CO2 also contributes to
the GHG balance. Soil is a living system that emits CO2 (11%) by nature. Methane (16%) is released by
nature from swamps and bogs as well as from livestock breeding (ruminants). Nitrous oxide (6%) is
produced in the soil when the microflora degrades synthetic nitrogen fertilizers. Fluorinated gases (2%)
are of industrial origin. Biogenic CO2, methane and nitrous oxide from agricultural activities account
for 24% worldwide (Table 11) (USEPA 2014). The ecological footprint of food, feed and biomass for
industrial purposes should therefore not be underestimated.

Table 11. Global greenhouse gas emissions by economic sector (USEPA 2014).

Economic Sector Emission Sources Greenhouse Gas

Energy Power, heat generation 25%

Agriculture, Forestry Crop cultivation, cattle breeding 24%

Industry Production processes 21%

Transport Automotive, railway, aviation, shipping 14%

Buildings Air conditioning, power consumption 6%

Other - 10%

Not only the production, but also the processing of biomass produces greenhouse gases. Figure 9
shows greenhouse gas emissions in the bioethanol processing chain (Carvalho-Macedo et al. 2015).
The largest part of the greenhouse gas is released by the steps of raw material production and ethanol
fermentation, in agriculture by cultivation and fertilization, in fermentation by microbial CO2 emission,
and in both steps by machines running on fossil fuels. The importance of emissions from process
energy is illustrated by the fact that sugar cane ethanol emits 2.5 times less GHG than corn ethanol.
The reason for this is that only the residual biomass of the sugar cane (bagasse) is suitable for generating
process energy, so that the use of fossil energy can be dispensed with. A further improvement of the
sugar cane energy yield is possible by producing biogas from sugar cane waste water. The Brazilian
start-up SANergyo makes this a business and was awarded first prize in a multinational business plan
competition (PRP USP 2017).

Biopolymers also demonstrate the significant influence of the energy source on the carbon footprint
(Figure 10; (Carvalho-Macedo et al. 2015)). The use of emission-free process energies in PLA production
reduces emissions by 95%. The comparison of conventional PET versus bio-PLA shows that the change
in the starting material also reduces greenhouse gas emissions, but only to a lesser extent. When
comparing specific production costs, the advantage also lies in renewable energies. The conversion to
low-carbon energy costs USD 10–200 per ton of plastic, while the use of organic raw materials leads to
much higher additional costs. The importance of reducing energy consumption is also reflected in the
climate protection measures planned by the chemical industry in the short term. Increasing energy
efficiency and switching to renewable energies is regarded as a priority by German companies. The
change in raw materials is only mentioned after that (Table 12) (Gruß 2019).
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Figure 10. CO2 emissions from the production of fossil and bio-based plastics with conventional or
low-carbon energy (PLA is a bio-based alternative to fossil PET; HDPE is available from fossil and
bio-based raw materials) (Carvalho-Macedo et al. 2015, modified).
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Table 12. Climate protection measures announced by chemical industries (Germany; 2019) (Gruß 2019).

Measure Planned by Chemical Industries (%)

Improving energy efficiency 86

Optimising running processes 81

Increasing the share of renewable energies 60

(Increased) use of renewable raw materials 56

New business models based on circular economy 54

New production technologies 51

Use of CO2 as carbon source 18

These examples of fuels and polymers show that fuels and chemicals from biomass currently cannot
be produced without greenhouse gas footprints. Emissions are generated above all by agriculture
and processing. The use of sustainable energies seems to be most effective in processing. Investors
who rely on bio-derived processes and products should therefore carefully analyze the raw material
source and energy intensity of a particular process and examine possibilities for process integration
into emission-free energy systems.

6.4. Value Chains and Infrastructure

International supply chains for biomass or biomass fractions are nothing new in themselves.
The German industry already processes bio-based raw materials, 62% of which come from domestic
areas and 38% from foreign areas (Kircher 2018). The same applies to Europe, which “imports”
18 million hectares per year from outside, especially from Asia. This area is equivalent to 65% of the
total agricultural area used for industrial purposes (Bruckner et al. 2019).

The modern bioeconomy will intensify such supply chains considerably. Corn and soya from
the USA, sugar beet from the EU, wheat from Russia, sugar cane from Brazil, palm oil from Malaysia,
to give just a few examples, are future industrial goods. In the long term, therefore, the supply chains
for carbon sources will start with fossil resources less in the Middle East and other regions, but will
move to biomass regions. OECD countries in North America and Europe, emerging economies of
the former Soviet Union, South America and Southeast Asia, and developing countries, especially in
sub-Saharan Africa, will benefit. Thus, new biomass value chains can contribute to poverty reduction
(SDG 1), economic growth (SDG 8) and inequality reduction (SDG 10).

Whether raw crops or biomass fractions such as starch, sugar, vegetable oil or processed products
such as fuel and basic chemicals are delivered to global industrial centers depends on processing
capacity in the biomass region and logistics costs. Due to the high logistics costs of biomass, transport
distances to bio-refineries are kept short. Today’s bio-refineries receive biomass from a radius of only
50–100 km. Due to this limited catchment area, bio-refineries are preferably built in the biomass growing
regions. However, the small catchment area limits the capacity of bio-refineries that use primary
biomass. Large bio-refineries have a capacity of 500,000 tons of ethanol per year (FarmProgress 2016)
containing 206,000 tons of carbon. Large oil refineries, on the other hand, reach capacities in the order of
20 million tons of crude oil (Shell 2019); this corresponds to a carbon content of around 16 million tons.

Bio-refineries thus reach only 1–2% of the capacity of oil refineries. Economically, this is a
significant factor, because it limits the benefits of economy of scale. Therefore, investments to improve
the economic efficiency of bio-refineries and the development of capacities in biomass regions are
urgently required.
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7. Financing

7.1. Capital Requirements

In view of the enormous scale of the raw material change, correspondingly high financial
expenditures are necessary, especially in the areas of energy, fuel and chemicals.

As mentioned, energy should find a carbon-free future. Capacities have been built in industrialized
and emerging countries since the 1990s. It is estimated that in the next 30 years, Germany will
need EUR 30–60 billion annually for the energy system transformation alone (1–2% of GDP;
Acatech and Akademienunion 2017). The British House of Commons also mentions this order of
magnitude for the energy system transformation in Great Britain (BBC 2019a). The EU Commission
estimates that an annual investment requirement of USD 180 billion (1% of the EU GDP of 2017) exists for
the achievement of the climate target by 2030 for renovation and energy efficient buildings, renewable
energy generation and transmission, and low-carbon transport, to name a few (EU-Commission 2018).
The transfer of this assumption to the global economy leads to a vague estimate of about 800–1600 billion
US dollars per year by 2050 (1–2% of GDP per year; global GDP amounted to 80,000 billion USD
in 2017).

Organic chemistry relies on carbon, whether from plants, lignocellulose, waste recycling or
gaseous carbon sources. Investment is particularly needed in the early transformation steps from
raw bio-materials to basic mass chemicals such as ethylene, propylene, methanol, benzene, toluene,
xylene or new candidates for basic chemistry such as succinate. However, the subsequent steps
of chemical processing into intermediates and components remain largely unchanged. Therefore,
investments in raw material processing and mass chemistry are required first. The global volume of
this sector is currently 550 million tons of carbon per year. Carbonaceous fuels should be phased out in
the long term, but some applications where there is no carbon-free alternative will still require carbon
fuel. Therefore, there is still a need for fuels, which amounts to around 900 million tons annually.
Both markets, i.e., chemicals and fuels, add up to around 1500 million tons.

With an estimated investment volume of USD 1 million per 1000 tons of bio-refinery capacity
(Wagemann 2012), the theoretical investment requirement is USD 1500 billion by 2050 in the
chemical and fuel industry only or—if spread evenly over 30 years—around USD 50 billion per
year. Taking infrastructure and other adaptation measures into account, this sum could double to
the order of USD 100 billion. This would correspond to 1–2% of the worldwide turnover of the
chemical industry of USD 4.8 trillion (2017) (Statista 2019c). This figure should only give an idea
of the dimension required; it is far from being an accurate calculation and does not take account of
technological progress, market developments and raw material supply. If declining sales of fossil
raw materials disrupt or interrupt established supply chains, development could be dramatically
accelerated. With this estimate, the financial sector should prepare itself to finance bio-based chemicals
and fuels as well as carbon-free energy in the range of up to USD 1600 billion over 30 years—around
2% of world GDP annually. In addition, it is estimated that USD 200 to USD 400 billion per year are
required to secure ecosystem services on the long term (WWF et al. 2014; Credit Suisse and McKinsey
2016). Table 13 summarizes these considerations and gives an overview of the various investment
requirements. Switching to bio-based chemicals and fuels and maintaining ecosystem services is a big
challenge, but also a great investment opportunity.

Table 13. Estimation of the annual investment requirements till 2050 in renewable energies, bio-based
chemicals and fuels, ecosystem services (USD billion per year), and share of global GDP.

Investment Field Renewable
Energies

Bio-Based Chemicals
and Fuels

Ecosystem
Services Total

USD (billion per year) 800–1600 50–100 200–400 1050–2100

Share of global GDP 1–2% 0.06–0.12% 0.26–0.53% 1.3–2.6%
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7.2. Supply of Capital

There is a growing demand for the financial system to focus more on a sustainable future
(UNEP 2015; FOEN 2016). In fact, investors are preparing for the post-fossil economic age and are
increasingly taking sustainability criteria into account. Checking investments for compliance with
SDGs is becoming a risk assessment tool (IFoA 2018). Market leaders such as BlackRock, Bloomberg,
Thomson Reuters, MSCI, Standard & Poor’s and others are establishing corresponding sustainability
databases and ratings. One example is the ESG Scoring Methodology (Huber et al. 2017; MSCI 2017),
which analyses 37 comprehensive key issues that are broadly in line with the UN SDGs. ASN Bank
(The Netherlands) is an example of a bank that has set itself a very concrete goal with a focus on
biodiversity. A net positive effect on biodiversity as a result of their loans and investments should be
achieved by 2030 (ASN Bank 2019). Together with other banks, a separate evaluation methodology for
financial transactions has been developed (Berger et al. 2018).

An important part of the financial needs will be covered by the reallocation of investment budgets.
The fossil sector should provide funding sooner rather than later to invest funds no longer needed for
fossil resources in sustainable projects. The chemical industry is also expected to make a significant
contribution. The chemical sector in the four top chemical nations China, USA, EU-28 and Japan
invested USD 148 billion in 2016 (VCI 2018) and it can be plausibly assumed that the lion’s share of this
was invested in plants for fossil-based processes. Instead of investing primarily in the construction
and maintenance of such plants, at least part of this funding could be used to switch to bio-based
processes. Such a financial reorientation would make a significant contribution to building up the
capacities required for the processing of bio-based raw materials by 2050. In fact, the industry makes
such investments. In just two years (2014–2015), European companies have invested around EUR
2.2 billion in pilot and demonstration projects for bio-based fuels and chemicals (Piotrowski et al.
2016). This volume corresponds to about 10% of the investments of the chemical industry in the EU
(EUR 21.7 billion in 2016) (VCI 2018).

The commercial and investment banking sector, which provides loans, is also turning to
investments in bio-economic opportunities. BNP-Paribas (France) intends to invest up to EUR
15 billion in renewable energy projects by 2020 and up to EUR 100 million in start-ups focusing on
energy system transformation (BNP-Paribas 2017).

Private capital will also be refocused. While in 2005, only EUR 13 billion of private money flowed
into sustainability-oriented opportunities, the total amount in 2016 grew by a factor of 25 to EUR
326 billion (Austria, Germany, Switzerland) (Wagner 2017).

Another source of capital is public financing. The developed countries that are signatories to the
Paris Climate Agreement announced that they would mobilize USD 100 billion for their own measures
and another USD 100 billion to support developing countries (Thwaites 2015). The investment plan
for Europe, the so-called Juncker Plan, aims to mobilize EUR 315 billion within three years and
HORIZON2020, the EU’s program for research, development and innovation, provides EUR 80 billion
(2014–2020), with a focus on sustainable energies, fuels and chemicals.

Additional grants are provided by charitable foundations. The Bill & Melinda Gates Foundation
supports research & development in sustainable agriculture with USD 300 million over the next
three years (Gates Foundation 2017). Gates is joined by a co-founder of the Breakthrough Energy
Coalition, which focuses on low greenhouse gas and sustainable electricity, transportation, agriculture,
manufacturing and buildings (Breakthrough Energy 2019).

Public funding and private grants go primarily to research and development projects (Technology
Readiness Level (TRL) 5–7). In the financing of pilot (TRL 7–8) and demonstration plants (TRL 8–9),
this share decreases in favor of private financing (Figure 11) (EIB 2017).
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The aforementioned financial resources demonstrate that funds are available and that industry is
in principle willing to invest. However, the general business climate and economic and regulatory
conditions are still favorable to conventional behavior. A strong factor is the subsidies for fossil energies
in tax policy, which are estimated at USD 5.3 trillion worldwide (Coady et al. 2015). The transfer of
part of these financial resources to the development and implementation of the bioeconomy would
significantly improve its competitive position and the conditions for achieving the SDG.

8. Investment Timing

The public and politicians are increasingly pushing to speed up the process of raw material change.
Young people are committed to climate protection, as the student demonstrations under the motto
“Fridays for future” show, and the Irish and British parliaments declared a climate emergency in 2019
(BBC 2019b). Furthermore, the industry itself is already feeling the effects of climate change and is
taking measures. For example, the unusual drought in Germany in 2018 had such a severe impact on
BASF’s raw material supply and production that the consolidated result amounted to losses of EUR
250 million. 73% of German chemical companies therefore declare the reduction of CO2 emissions to
be a corporate goal (Gruß 2019). In principle, bio-based raw materials and processing technologies
are available to supply the markets under discussion (nova-institute 2019). The appropriate time for
investment, of course, depends on competitiveness and framework conditions.

For fuels, the EIA complains that the increase in capacity is not in line with the self-imposed
target of 200 million tons of oil equivalent by 2025 (EIA 2019d). This is mainly due to the political
framework conditions. On the one hand, bio-fuels are only profitable through mandatory admixing
quotas, and on the other, the EU has capped the admixtures (EU-Commission 2016). Therefore
investment opportunities in these fields will arise as soon as the framework conditions permit.
However, this dependency also entails a risk, as politically defined framework conditions can undergo
unexpected changes and jeopardize a business case.

The same applies to basic chemicals. Although small capacities already exist, competitiveness
is developing only hesitantly for further expansion. However, in Europe, for example, the price of
emission certificates has risen significantly, and a general taxation of CO2 emissions is increasingly being
discussed. Both factors will increase the attractiveness of investments in such production facilities.

Beside solid feedstocks, the use of carbon monoxide and CO2 as gaseous carbon sources appears
attractive. Due to the large volume of emissions, the production of large-volume bulk chemicals from
gaseous carbon sources is of particular interest. One cost hurdle at present, however, is the high energy
requirement of such processes. Only when the supply of volatile energies (wind and solar energy)
is so large that the storage of cheap excess energy in chemical products is worthwhile can economic
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efficiency be expected. The networking of the chemical and energy sectors therefore determines the
right time for investments here.

Many bio-based fine and specialty chemical products based on conventional bio-based raw
materials such as sugar and vegetable oils are already competitive and commercially successful due to
their functionality, thus offering worthwhile investment targets.

9. Conclusions

In order to achieve the objectives of the Paris climate agreement, a reorganization of the carbon
processing industry is unavoidable. Changing the raw material base, applying more sustainable
practices, adapting infrastructure and implementing new supply and value chains are major challenges,
but also major opportunities. Figure 12 shows that the priority markets for food, chemicals, fuels and
energies offer rewarding investment opportunities. The nutrition markets will of course remain
bio-based. For the other sectors, i.e., chemical and energy production, which today are predominantly
supplied by fossil raw materials, the product areas that are dependent on carbon must be prioritized.
This applies in particular to the organic chemistry sector, whose products by definition contain carbon.
For the energy sectors, it must be demanded that priority be given to building up capacities for
emission-free energies. For technical reasons, however, bio-based carbon fuels will also have to make
a contribution in the foreseeable future, and at the end of the usage cascade, part of the bio-based
residual flows will also be used to generate heat and power. It is obvious that in the sense of sustainable
investment, the boundary conditions of the bioeconomy, such as planetary limits and the preservation
of ecosystem services, must be taken into account.
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Figure 12. Markets affected by the transition to the bio-economy and framework conditions to
be observed.

For this reason, investors are increasingly taking the comprehensive criteria of the UN SDG into
account in project evaluations and risk analyses. Recently, a global expert survey was published that
highlighted 5 SDGs as critical factors: SDG 12: responsible consumption and production; SDG 9:
industry, innovation and infrastructure; SDG 13: climate action; SDG 7: affordable and clean energy;
and SDG 11: sustainable cities and communities. Conflicts of interest are seen above all in the fields of
non-food uses of arable land, use of crop land to produce feed, and land use change (Issa et al. 2019).

Societies, governments and industries are increasingly aware of the urgency of driving forward
the transition to a bioeconomy. Emission-free energy and bio-based materials have already begun
to develop large and growing markets. Nevertheless, bio-based raw materials and products are too
often not competitive in comparison with fossil-based alternatives. Politicians are therefore called
upon to create framework conditions that incorporate the damage caused by the present economic
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system into the costs of fossil-based products. The financial sector already perceives these damages as
a risk. Investors now have a responsibility to identify profitable business cases in the bioeconomy and
promote them sustainably.
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