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GLOSSARY

Big data and open data

Big data refers to the immense amount of data
that is the basis of digitalisation, and which is
collected by advanced sensors and networked
devices. Big data is exploited by analysis, which
is enabled by increased computing power and
advanced programming.

Open data is data that’s available to everyone to
access, use and share without restrictions from
copyright, patents or other mechanisms of control.

Biocapacity

The capacity of ecosystems to regenerate what
people demand from them, i.e. biologically
productive land and water on earth.

Carbon capture and utilisation (CCU)

The use of pure CO, or CO,-containing gas
mixtures as a feedstock to produce fuels,
chemicals and materials. When produced using
low-carbon energy sources, these products
could be used to displace their fossil counter-
parts and reduce net carbon emissions to the
atmosphere.

Cascading use of components and materials

Efficient use of resources by advancing repeated
use, particularly biomaterials or biomass.
Cascading use aims at the highest possible value
and utilisation as materials prior to utilisation as
energy.

Digital platform
An information technology system by which
different stakeholders (providers, end users etc.)
implement value-adding operations across oper-
ational borders.

Earth overshoot day, ecological debt day

The calculated calendar date on which humanity
has consumed all the resources earth is capable
of producing that year.

Energy recovery

The conversion of non-recyclable waste mate-
rials into useable heat, electricity or fuel
through a variety of so-called waste-to-energy
processes, including combustion, gasification,
pyrolysis, anaerobic digestion and landfill gas
recovery.

Material recycling

Upcycling. A process of converting materials
into new materials of higher quality and increased
functionality.

Downcycling. A process of converting mate-
rials into materials of lesser quality and reduced
functionality.

Mechatronics

Multidisciplinary field of technology combining
mechanica, electrical and computer engineering.

Micro-transaction

A revenue or business model based on quick
and virtual payments; a well-known example
is micro-transactions of virtual goods in video
games.

Mineral economy

The understanding of economic and policy issues
associated with the production and use of mineral
commodities.
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Non-renewable

A resource of economic value that cannot be
readily replaced by natural means on a level equal
to its consumption.

Rebound effect

Rebound occurs when circular economic activ-
ities that have lower per-unit-production cause
increased levels of production, reducing the
benefit.

Regenerative design

Regenerative design enables production and
manufacturing processes that restore and renew
sources of materials and energy aiming at sustain-
able and resource-wise systems.

Self-sufficient device

A device that can produce the energy needed for
its own functioning.

Servitisation

A business model that creates value by adding a
service element to a commodity.

Smart material

Smart or intelligent materials are designed on the
material, polymer or molecular level to be commu-
nicative and to have such properties that can be
changed in a controlled and programmed manner.
They can respond to external stimuli, e.g. temper-
ature, electricity, magnetic fields, light or chem-
ical compounds.

Societal stock

Societal stock consists of all human-made phys-
ical assets. The built environment quantitatively

dominates societal stock. Societal stocks includes
materials that are extracted from the environment
to make things like products, devices, household
appliances and machinery.

Synthesis gas, syngas

A mixture of carbon monoxide, carbon dioxide
and hydrogen. Syngas can be produced from any
hydrocarbon feedstock using steam or oxygen.
Syngas is a resource to produce for example
hydrogen, ammonia, methanol and hydrocarbon
fuels.

Urban mining

The process of recovering compounds and
elements from demolished buildings, spent prod-
ucts, materials and waste, including waste elec-
tric and electronic devices (WEEE).

Load following

The capability to adjust power generation
according to demand, for example regulating
power generation between night and day.

Capacity factor

A ratio that describes the expected capacity of
energy output over a period of time compared to
the maximum possible energy output over the
same period.

Great electrification

A phase when societies start to use electricity as
the main source of energy in all sectors, including
industry, transportation and agriculture. When
this phase has come to an end the main source
of energy is directly or indirectly electricity.
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GOING BEYOND A CIRCULAR ECONOMY

GOING BEYOND A CIRCULAR ECONOMY reflects the authors’ fact-based
vision of a future economy that transforms from being circular to sustainable. It is a
vision roadmap that establishes a path to resource sufficiency, and has been contem-
plated and written within the frameworks of the VTT strategy, the EU Action Plan for
the Circular Economy?, the UN’s 2030 Agenda for Sustainable Development? and the
Paris Agreement on climate change®.

The approach of this roadmap is to consider the sufficiency of resources, material
and energy. Resource sufficiency is a strong force that drives the transition from a
linear economy to a circular one and further still towards a sustainable economy. The
present transition from a linear to circular economy is inevitable because the abun-
dance of resources we have enjoyed until now is coming to an end. An increase in
production, manufacturing and consumption drives economies towards an ever-wors-
ening scarcity of resources, eventually resulting in a battle for resources, both virgin
and secondary. In order to escape this scarcity, we need to intensify not only recycling
and reuse of materials and substances, as well as the sharing of commodities, but
also the production of affordable and sufficiently renewable energy and fresh water.
Loss-resistant recycling, smart mastery of materials, high-performance materials and
the use of the atmosphere as a resource reservoir will together enable access to a
new era of sustainable resource sufficiency.

Certain technological solutions, which are evident and seem implementable but are
presently unrealistic due to cost, industrial feasibility or ethical considerations, do
not restrict our vision, and if anything serve to strengthen our resolve. For example,
gaseous carbon compounds, nitrogen and water in the atmosphere as well as solar
and other renewable energy solutions can all be used as affordable and sufficient
resources for the future production of fresh water, food, chemicals and materials.
We envision a circular economy and low-carbon economy as enablers when moving
towards a genuinely sustainable economy.

This work has been carried out in cross-disciplinary workshops and person-to-person
brainstorming sessions with VTT experts from different fields. In addition, experts from
industry, industrial associations, ministries, programme owners and funding bodies
have been interviewed to share their wisdom and broaden our minds. Our special
thanks are due to everyone who has taken their time to give their views on a future
sustainable economy.

Espoo, November 2018
Vafa Jarnefelt, Anna-Stiina Jadskeladinen, Jutta Laine-Ylijoki, Raija Lantto, Anja Oasmaa,

Henna Sundqvist-Andberg, Nesli Sozer, Matti Tahtinen
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WE OFFER three visions that establish a path
to develop technologies, process concepts and
business models as well as ways to produce,
manufacture and consume in the future. To
partake in the transition from a linear economy
to a circular one and beyond requires the courage
to abandon established ways of operating on all
levels; in society, in business life and as individ-
uals. It requires collaboration that crosses indus-
trial and business-sector borders and engages
research and development organisations, civil
society, policy makers and education systems.
Ministries (such as the Ministry of Economic
Affairs and Employment, the Ministry of Agricul-
ture and Forestry and the Ministry of the Environ-
ment) need to be on the frontline of this transition,
offering background support by easing regula-
tion and assisting in the creation of innovative
and collaborative ecosystems that could in turn
become thriving business ecosystems.

We propose a platform for collaboration and innova-
tion, open to all dedicated stakeholders, to kick-start
planning the concrete steps that need to be taken
along the development paths suggested in this
publication. The work necessitates impact assess-
ments, feasibility studies and collaborative devel-
opment projects together with companies across
business-sector borders, research organisations,
public funding organisations and civil society.

Although sustainably produced, reused products
and recycled materials are the core business in a
circular economy, digitalisation, information tech-
nologies, servitisation and platform economic
solutions are enablers that lay the groundwork for
the necessary changes. In the future, production,
manufacturing and consumption will transform
disruptively, entering into a cyberspace in which
“everything is connected to everything else” and
data creates power by managing with knowledge.
What are the possibilities of artificial intelligence
(Al), the Internet of things (loT), digital service plat-
forms, big and open data, as well as blockchain
and related technologies to manage trusted digital
transactions both for a circular economy and for
other economies that may emerge alongside it?

The most tangible benefit of digitalisation is
an increase in resource efficiency. Primary
and secondary materials and products can be
funnelled, used and reused in the most optimal
ways by exploiting digital systems, automation
and robotisation. Data will become a marked
productive means besides concrete resources
such as raw materials or energy; management
of data will mean management of material flows.

The value of a material increases when a service
element is linked to it. We need concrete actions
to be taken to push a circular economy from being
material and product-centric towards a data-
driven and service-centric operation model that
significantly reduces the overall use of natural
resources and stops further extraction.

Going digital will most certainly create new oper-
ational value creation and business models, and
eventually a business branch. If we do not do it
ourselves, somebody else certainly will. Stake-
holders that can see this progress will be the
competitive leaders of the economies and capable
of staying ahead of the game.

1.1

VALUE CREATION IN A
CIRCULAR ECONOMY
AND BEYOND

Future business will be conducted in a situation
in which a scarce supply of resources and envi-
ronmental concerns increase prices, cause price
volatility and create uncertainty. It should be a
trigger for companies to innovate solutions to
do “more with less and cleaner”. Many studies
have attempted to estimate the value of a circular
economy, but with disparate conclusions®. This is
due to the complexity of a circular economy per se
and a lack of common indicators and definitions
to measure value creation in a circular economy
compared with existing economic models.

Disconnecting the economy and business from
resource over-exploitation requires innovative
technological solutions, firstly to recycle non-re-
newable and critical materials, and secondly to
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replace them with renewable alternatives. Renew-
able material solutions have been seen to gain
ground in technical products such as electronic
and electrical devices. In addition, future product
or process solutions that generate excess mate-
rial or energy, rather than only consume them,
will become more important (see Chapter 5). An
existing example is consumer solar panels, which
pay back their production and running costs over
time, after which they produce excess energy
that can be sold to the common energy market.
However, these novel concepts face regulatory
obstacles that need to be overcome.

A circular economy is
a route into a genuinely
sustainable economy
in which material,
information and value
circulate together.

Integrated supply and value chains aim at waste-
less and emissionless circulation and cascading
use of materials and products, thereby optimising
resources. The essential objective is to keep
substances, materials and products in circula-
tion as long as possible and to keep their value as
high as possible. Achieving this objective neces-
sitates actions from all stakeholders throughout
the entire material and product life cycle, not only
when they are ready for disposal, or to be trans-
ferred to the next life via reuse or recycling.

Cascading use of materials is a central topic
emphasising end products of high value instead
of a direct conversion to low-value end products
or end uses, which is often seen as the easiest
way to get rid of loss and waste with present
technological abilities and in present non-collab-
orative business environments. Realising longer
product life cycles requires premeditated design
starting from the material level, covering produc-
tion and manufacture and ending with the design
of products and ways to consume. Resource
efficiency becomes a reality, as product lay days

are reduced to zero by increasing the number of
users benefitting from the same products and
sharing easy access to products and services
enabled by service platforms. This might also
mean a need to update legislation and taxation.
In many countries the transition from a linear
economy to a circular economy is hampered by
outdated regulations that do not support devel-
opment of technologies or new operational and
business models.

1.2

RESHAPING EXISTING
OPERATIONAL BUSINESS
MODELS

Overall global material extraction has multiplied
tenfold since the beginning of the 20" century,
starting at 7 billion tonnes per year in 1900 and
reaching 84.4 billion tonnes per year in 2015%¢,
We continuously use more resources than the
planet is capable of producing. At the current
rate of development, the global demand for mate-
rials is estimated to reach 180 billion tonnes per
year by 205078, The balance between the plan-
et’s biocapacity and human ecological insatia-
bility already had its turning point during the late
1960s°. Eleven years ago, in 2007, the so-called
Ecological Debt Day'® was in October. In 2018
humankind had already used nature’s annual
supplies by August'.

According to the law of
conservation of mass,
material does not cease
to exist. Currently,
material accumulates
iIn new, unpredictable
and difficult-to-

reach or challenging
locations such as in the
atmosphere, in water
systems and the deep
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sea, in landfills and
waste heaps — or is
scattered haphazardly in
the environment in forms
that are difficult to collect
and convert for reuse.

The global economy has increased material stock
on a macro level 23-fold, and this increase is in
line with the growth in GDP, which has increased
27-fold®. The amount of primary material used
to build up or renew stocks grew from 1 billion
tonnes per year to 36 billion tonnes per year over
the same period of time, from 1900-2010°. The
world is not capable of providing this amount of
virgin materials at all, much less sustainably. We
have become accustomed to using materials and
goods briefly and disposing of them when they no
longer serve their purpose, and have now reached
a crossroads where we must consider alternatives
to today’s consumption behaviour. The recognised
alternative is material and product circulation,
which in its purest form means wastelessness and
never-ending material cycles. However, keeping
materials in never-ending circulation is utopian
wishful thinking, even purposeless. Today, mate-
rial circulation reaches less than 10 %%, which is
alarmingly low. Increasing circularity, for example
to 50 %, would require fundamental and visionary
changes at all levels of economies worldwide.

The irrevocability and imperative of a transi-
tion towards a sustainable economy challenges
companies and communities to explore novel
ways to thrive and create value. The kick-start
moment is at hand. Making profit is obviously
an essential element in value creation, but envi-
ronmental and social sustainability are increas-
ingly important. Circular business models focus
on supporting long-life materials and products,
reuse, cascading use, renewability and regener-
ation, integrating production processes and the
sharing of goods. “It is about finding ways to move
revenue generation from selling physical stuff to
providing access to it and optimising its perfor-

mance along the entire value chain.”'2 Business
is done in collaboration using integrated systems
in which value chains are linked, thereby avoiding
loss and leakage.

One of the necessary changes could be concur-
rent energy production and chemical compound
recovery of organic and biological materials and
substances that have reached the end of their
life. Existing technological solutions enable the
recovery of CO,, CO and H, in addition to energy.
These gaseous compounds can be returned into
circulation as raw materials. They can be refined by
chemical and biotechnical means into new mate-
rials and substances provided affordable, emis-
sionless energy is available in sufficient amounts.

Reshaping existing
business models is a
necessity on the way to
change. The impact of a
quantum improvement
of current models will not
be enough. There is a
need to revolutionise the
economic structure. We
will have to forget how
business is done today
and start anew.

Yet another change is the transition from owner-
ship to sharing or leasing. Material producers and
product manufacturers sell services and the right
to use them rather than the materials or commod-
ities themselves. A service and leasing element
added to a material or product increases its value
to both consumer and producer. This new way of
operating focuses on optimal use of resources and
designing intelligent, high-performance material
solutions that enable long-lasting and value-re-
taining commodities that are easily reused or recy-
cled, provided these activities are organised in
a way that does not cause a rebound effect'?,
such as increased consumption and consequently
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increased production, meaning that what is thought
to be sustainable actually results in an increase
in the use of materials and energy. All of these
changes necessitate systemic thinking, resilient
enabling and on-time regulation, innovative mate-
rial and product solutions, novel operational and
business models, and industrial renewal enabled by
diverse digital and big and open data-based solu-
tions. For example, starting from integrating intel-
ligence into materials and ending with collecting
and analysing big and open data to plan efficient
circulation, as well as global digital platforms to
trace and trade materials and goods in circulation.

1.3

ACHIEVING A SUSTAINABLE
ECONOMY REQUIRES
MASSIVE DIGITALISATION

The exponential rise in digitalisation has already
had a huge impact on our society during the last
decade. Digital connectivity has brought with it
tremendous opportunities, and one of them is a
circular economy. However, the leverage of the
digital connectivity level that we are discussing in

this vision paper is much more extensive. Trace-
ability, quality information and condition esti-
mation of the materials and products requires
massive digitalisation of the material-related oper-
ations from extraction to production and end use,
as well as the restoration of materials back into
use. The goal is to collect data from all stages of
material circulation and share it in ecosystems
where materials exist and circulate. Added value
will be tapped through the information that is anal-
ysed from the data that is gathered at different
stages of the material circulation. The more the
different factors in the ecosystems communicate
and share data, the greater the understanding
achieved.

Currently, most digitalised environments operate
through centralised systems, which is a limiting
factor in building informational natural resource
management. To realise this vision we need
to move from a centralised and decentralised
towards a distributed network of systems where
all of the crucial assets and operations are
connected (Figure 1).

From centralised and
decentralised systems
to distributed systems

Sensors in conventional materials and
goods, and intelligent materials that
communicate together enable extensive
data flow in systems where materials are
produced and used.

Transition to
a network of systems

The goal is to enable fast connection of
the materials, goods, different factors
and stakeholders of the system to
accelarate transition to a network of
systems.

Network of systems

A network of systems enables information flow
on traceability and condition estimation of the
materials that generate value formation. Material
utilisation and optimisation is based on accurate
and real-time information generation.

Figure 1. Digital transition accelerates circulation of materials and goods.
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Accelerating the growth of distributed networks is
vital in transitioning to a network of systems. The
goal is to connect all existing separate networks
that carry critical information about material flows
and assets. By connecting different networks,
communication and data access will be dramati-
cally intensified. Data flow provided by this transi-
tion will allow precise calculations for all resources
used worldwide and enable real-time optimisation
of the material circulation. A network of systems
will open up a world where all of the critical deci-
sions regarding natural resource utilisation are
made based on precise real-time information.

Extensively connected systems will enable, for
example, feedback from the consumer directly
to the material owner or manufacturer, which in
turn enables a fast response to a consumer’s
needs. Unnecessary or incorrect material use,
product variations or manufacturing steps can be
avoided. Besides providing information about effi-
cient and deliberate material circulation, real-time
information is available about, for example, the
real-time state or availability of natural resources.
Transparent big data enhances an open dialogue
between stakeholders in ecosystems, which in
turn creates the shared holistic view that is needed
for building a sustainable and resilient society.

The transition to a network of systems has to take
place as we move towards 2030 to accelerate the
transition from a linear to a sustainable circular
economy, and thus have an impactful effect on
reducing material use and extraction. This might
happen even faster than expected. The transition
towards a network of systems is going on already
and is taking place in different locations and at
different speeds. The faster all of the crucial oper-
ations are digitalised and connected, the better
prerequisites to enter into a genuinely sustain-
able economy.
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THE TRANSITION towards a sustainable
economy is influenced by several current and
emerging megatrends and drivers (Figure 2).
Resource sufficiency, climate change, population
growth and the expansion of the global middle
class are all creating increasing sustainability
challenges for the planet. Increasing resource
insufficiency as well as worsening climate change
and its implications for the environment raise
some important questions: How do we maintain
economic growth without compromising the well-
being of nature and people, and how do we find
solutions to decouple economic growth from the
unsustainable exploitation of natural resources
with minimal greenhouse gas emissions? The
digital transformation of industries and society is
a megatrend that supports the transition towards
a sustainable economy on all levels, from opti-
mised material life cycles to circular business
models.

Global megatrends not only challenge the existing
economic model but also have an impact on the
development towards a circular economy and
beyond. A circular economy evolves gradually
from the existing linear economic approach,

eventually disrupting it. This process does not
take place in isolation. The current and emerging
economic models co-evolve along with other
economic models, as depicted in Figure 2. A
circular economy has many shared goals with
a low-carbon economy, which battles climate
change by reducing greenhouse gas emissions
with non-carbon energy sources (including solar,
wind, water and geothermal energy) and aims
to improve resource efficiency through energy
intelligence and carbon capture and utilisation
(CCU). Carbon reuse and CCU, which refers to
the separation of CO, from flue gases for example,
combined with the use of the captured CO, either
as such, or as a source of carbon for other chem-
ical and biochemical processes, is seen as part
of a new materials economy.

A traditional materials economy focuses on the
extraction and utilisation of raw materials, both
non-renewable and renewable, and operates
according to linear economy principles. Just as
with a circular economy, a new materials economy
strongly emphasises the value of raw materials
and waste minimisation. Sustainable extraction,
production, use and reuse of both non-renew-
ables and renewables can be seen as elements
of the new materials economy that should also
emphasise recycling critical raw materials over
utilisation of virgin alternatives.

The mineral economy and bioeconomy, as part
of the materials economy, are also drivers for
circular economies. Research, development and
innovation are at the centre of a new materials
economy. The development of sustainable substit-
uent materials and new, safe materials is driven
by scientific and technological advancements, for
example in industrial biotechnology and synthetic
biology. New technologies for intelligent mate-
rial circulation, extraction of materials from urban
sources (for example the rise of urban mining)
and accelerated nitrogen and carbon circula-
tion speed up the transition towards a circular
economy. Growing urbanisation will increase the
importance of cities and their role as economic
engines in this evolution.
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The evolution of platform and data economies
is enabled by the fast development of digital and
information technology (IT) solutions. Improved
processes, materials and product design rely
on the use of big data and artificial intelligence
to improve resource efficiency. Digital plat-
forms also play a crucial role in the development

of service and sharing economies as part of a
circular economy. Dematerialisation together with
servitisation are important factors in decoupling
economic growth from raw material use and its
environmental effects: physical items can often be
replaced with digital ones or services that signif-
icantly reduce overall material use.
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Figure 2. Global megatrends and drivers push the transition towards circular and sustainable economies.
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THIS PUBLICATION highlights three visions
that the authors believe can ensure future resource
sufficiency by moving via a circular economy
(present situation and near future) towards a
sustainable economy in the distant future. The
visions (Figure 3) are seen to emerge successively
over the next two decades, or even sooner, and all
effectively complement one another and enable a
future in which resources are sufficient for frugal,

Mastery of
materials

Loss-
resistant
loops

Regeneration Material
& upcycling flow
<=

Balance
of CE
s
=2

(

AAAAAAA

AAAAAAA

sustainable and intelligent production of food,
fresh water, materials, commodities and energy.
Comprehensive material and chemical compound
circulation, value maximisation, energy transition,
increasing data accumulation and exploitation,
as well as information flow in networks, form the
main thread of these visions: 1) Loss-resistant
loops, 2) Mastery of materials and 3) The new era
of resource sufficiency.

The new era
of resource
sufficiency

AAAAAAL

Figure 3.The authors’ threefold vision of the future sustainable economy.



0
LOSS-RESISTANT
LOOPS

Loss-resistant loops describe the prerequisites for the transition from the
current linear economy to a circular economy. In today’s world, materials
are still abundant enough to keep production and consumption going at
full speed, accumulating waste and depleting virgin resources along the
way. Although resources are available, increasing environmental debt is
resulting in severe damage. Insufficiency and eventually a loss of resources
are seen, which requires immediate and efficient corrective actions. Produc-
tion, manufacturing and consumption are therefore integrated to form loops
that enable the enhanced circulation of materials and substances aiming at
reducing waste and emissions, and increasing resource efficiency. Creating
these so-called loss-resistant loops requires solutions for sustainable and
clean energy, cascading use of primary and secondary materials, and mate-
rial design that enables long-lasting reuse of products and full recyclability.
Data-driven systems manage efficient material and product production
and circulation. The focus is on transitioning from waste management to
material flow management.
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MORE THAN half of globally processed mate-
rials leave society as waste. Almost one third go
to built stocks such as infrastructure for long-term
use'™. In 2015 the global circularity of materials
was reported to be alarmingly low, at only 9.1%?8.
Given that global production and consumption of
materials is constantly increasing, it is painfully
obvious that the circularity of materials needs to
be dramatically increased. The chilling fact is that
if everyone around the world consumed resources
at the same rate as we Westerners do today, we
would need a couple of extra planet earths to
survive in the future. Fundamental changes are
needed in food, energy, and material production,
material design and use, and the sustainability
of the way we do business. Efficient circulation
necessitates advanced supply chain manage-
ment; efficient data gathering, management and
use; as well as open cooperation between indus-
trial and societal actors, business players, policy
makers and individuals.

Proper end-to-end material flow management is
crucial, because the current recycling processes
leak both rejects and emissions, and vast amounts
of valuable raw materials are lost. As much as half
of all materials can end up in landfill or otherwise
unavailable for reuse. Traditional material recycling
focuses on recovering valuable and easily sepa-
rable material components — for example, base
and precious metals from waste electronics and
electric equipment (WEEE) or fibres from paper
and cardboard. Challenging materials, especially
heterogeneous organic matter, are not currently
utilised efficiently due to their complexity and
need for multiple recycling loops to prevent down-
cycling and severe loss. In the long run there will
be an urgent need to improve the efficiency of
the recovery of all materials, not only easily recy-
clable ones, with the priority being to restore ener-
gy-consuming and depleting critical raw mate-
rials into circulation.

More than half of all

materials can end up
in landfill or otherwise
unavailable for reuse.

Accelerated resource unavailability, volatile prices
and supply disruptions present a risk to busi-
ness, bring uncertainty in everyday operations
and can attenuate economic growth. In order to
stop natural resources from becoming seriously
depleted we need a clear increase in circularity
and for powerful actions to be taken. In order to
have an impactful effect on mitigating climate
change and the depletion of natural resources,
we suggest that the current focus should be on:

e decreasing fossil energy use by
increasing energy efficiency and the
gradual replacement of fossil with
sustainable energy

e emphasising the role of materials in
product design, production and use

¢ eliminating the use of hazardous
substances and complex materials

* providing access to transparent and
open data to enable value-creating
business

Decreasing fossil energy use by increasing
energy efficiency. Energy production solu-
tions need to be clean in order to avoid excess
emissions to air; either non-carbon energy or
recovery and reuse of emissions from carbon-
based (fossil or bio-based) energy and process
industries should be implemented. The short-
term emphasis, however, should be on decreasing
energy consumption in energy-intensive opera-
tions. At the same time, materials and commod-
ities need to be recovered back into use with
less energy-consuming solutions. Much relies on
energy transition, and there is an urgent need to
increase the sustainable share of overall energy
demand as it ensures a transition to a sustain-
able circular economy.
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In addition, it is crucial to direct the use of
energy primarily to the operations that return
non-renewable and non-replaceable materials
and substances, such as critical raw materials
(CRMs), back into use. Circular economy opera-
tions should be covered to an increasing extent
by sustainable energy to avoid excess emissions.
This requires prioritising the recycling of mate-
rials, concentrating first (besides CRMs) on mate-
rials that consume more energy when extracted
from nature compared to restoring by recycling
processes.

Emphasising the role of materials in product
design, production and use. Design and precise
information about demand plays a key role in
decreasing material and product production and
use. Long-lasting and recyclable materials and
products are needed, as is modular design that
allows update, repair and refurbishment. Hence,
material and product design will have to change
considerably to serve circular systems. At the
moment this is not the case as materials lose
functionality and value during recycling, and thus
cannot replace primary materials, meaning there
is still a need to extract materials from nature.

Additionally, it should be noted that vast amounts
of the produced materials are not available for
circulation, even if they are designed to circulate,
because they enter stocks that are in long-term
use. Besides material consumption, adding to
built stocks requires a vast amount of energy not
only in the building stage but also in maintaining
the existing and new additions (i.e. the built envi-
ronment). In most cases these stock materials will
not be recyclable, or they will lose value in recy-
cling processes, and as such, in most cases they
will not replace primary materials. This is due to
the fact that materials are not designed to circu-
late. There is a need to rethink how the newly built
stocks are added and maintained to avoid value
loss at the end-of-life of the built infrastructure.

Eliminating the use of hazardous substances
and complex materials. Today’s products
are designed and materials formulated in an

increasingly complex manner, making it difficult
to disassemble them and remove hazardous
substances, which is a prerequisite for safe recy-
cling and obtaining safe secondary materials.
Many of these substances become enriched and
may become even more problematic during recy-
cling processes, eventually curtailing the use of
an otherwise good secondary material. In plas-
tics, for example, the hazardousness and diver-
sity of chemical substances should be carefully
taken into account when recycling solutions are
planned and implemented. Added to hazardous
substances, the complexity of materials hinders
value-maintaining recycling. For example, food
packaging can contain several plastic types as
well as cardboard and aluminium, which are
all needed to provide functional attributes that
ensure proper food preservation. Complex mate-
rials are a challenge to recycling. Material design
and technological solutions to replace complex
multicomponent materials with mono-compo-
nent alternatives along with process solutions
to remove hazardous substances from recycled
materials are prerequisites for increasing the
circularity of materials.

In order to truly master
material flows there is a
need to move from waste
management to material
flow management.

Providing access to transparent and open
data to enable value-creating business. Effi-
cient material recycling is hampered by the frag-
mentation of industries and production. Players
along material supply chains tend to optimise their
own part, and significant gaps and inconsisten-
cies in data exist that in turn restrain fluent mate-
rial flow and value-chain performance. Sustain-
able and efficient generation of materials from
waste and secondary materials necessitates new
material and information technology solutions.
Shifting the focus from waste management to
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material flow management involves the collec-
tion and use of accurate information about the
quality, characteristics, quantity and location of
available materials. Safe and economically viable
material flows require end-to-end supply chain
transparency to enable real-time optimisation and
decision making along the entire material supply
chain. Open big data will enable the transpar-
ency and information needed to design sustain-
able supply chains. Blockchain technologies, in
turn, enable authentic traceability and identifica-
tion of materials in the supply chains, opening up
novel opportunities for businesses.

In frugal cycles materials
are being reformed and
circulated within and
between different supply
chains.

Balancing the circular economy structure

- creating value from regeneration

Current circular economic models are imple-
mented in ways that focus on end-of-life opera-
tions such as reuse, repair, recycling, incineration

and disposal. Regardless of the good intentions of
current models, they are consuming and loading
nature. We have a responsibility to correct this
imbalance and start finding regenerative and
upcycling solutions.

Correcting the circular
economy imbalance
requires a shift from
recycling to regeneration.

Upcycling means circulating materials in a way that
requires low energy and material input to main-
tain or increase value. Reuse, the most sustain-
able model in the present circular economy, by
itself is not enough to replace the use of virgin
materials and avoid excess use of materials, if
the value proposition has not been taken into
consideration at the very beginning of the mate-
rial or product life span. We propose balancing the
circular economy in the way depicted in Figure 4.

To avoid the nature-burdening imbalance (Figure
4a), there is a need to focus on circular activities
that generate value. By putting the emphasis on

Generating

Consuming

Generating Consuming

Figure 4. The sustainability balance of the circular economy operations. A consuming circular economy that burdens nature (a).
A generating circular economy that enables paying back the debt we owe to nature (b).
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CASE EXAMPLES

The cases described in this paper are not actually factual, but possible
glimpses into the future. They bring to life the visions described in this paper
and provide tangible and insipiring examples about what the future may look
like. Our imagination is only limited by the laws of nature.

upcycling and creating regenerative features, we
can start correcting the imbalance by ensuring
that materials can be used for longer and reducing
the need for incineration and disposal as well as
intensive recycling. Hence, we suggest reshaping
the circular economy model from the consuming
model (Figure 4a) to a generating model (Figure
4b). Consumption still takes place in the gener-
ating model, but the centre of gravity is shifted
from material consumption to generation, which
produces value and burdens the environment less
due to the avoidance of excess material extrac-
tion, which is instead achieved via regenerative
and upcycling activities. Circular economic models
can operate in both value decreasing and value
increasing ways. The more operations are moved
to the generating side of the balance the better
the outcome in terms of improved sustainability.

There is clearly a need for new innovations that
enable a shift from material and energy consump-
tion to regeneration of excess material-based
value and clean energy to society. We call these
innovations ‘self-sufficients’ (see Chapter 4 for
more information).

Integrated technologies and new
business models to promote the reuse
and recycling of end-of-life electronics

The present European generation of waste electri-
cal and electronic equipment (WEEE) is about 20
kg'® per person per year. WEEE is the most impor-
tant source of critical raw materials (CRMs) after
mining. Electrical and electronic equipment is not

designed for disassembly, but are composed of mul-

tiple parts and materials, which makes them very
difficult to recycle. As a consequence, vast amounts
of valuable parts and materials do not enter recy-
cling processes and are completely lost. Current
WEEE recycling focuses on recovering base and
precious metals such as gold, leaving other com-
pounds, especially organic material, unutilised. Pres-
ent urban mining concepts consist of local recy-
cling solutions to recover CRMs from WEEE and
other waste, thus guaranteeing a fluent and con-
tinuous supply of CRMs, but not other components
of the input waste materials.

CRMs such as gallium, germanium, platinum group
metals and rare-earth elements are used extensively
in electronics and energy industry products, includ-
ing rechargeable batteries, displays and comput-
ers. As the demand for CRMs continues to increase,
availability must be supplemented via intensified
recycling and regenerative design that allows proper
repair and recyclability of WEEE.

For the time being CRMs cannot be substituted
with other materials without losing product func-
tionality. On the other hand, demand for CRMs will
grow several dozen times compared to the current
level by 2030'. This situation calls for new recy-
cling concepts based on integrated technologies
that can increase the efficiency of material recov-
ery and reduce the use of virgin minerals and fossil
resources. Besides mechanical processing, various
thermal conversion technologies, for example gasifi-
cation, can be used to separate metals and organic
materials such as plastics from WEEE. Organic mate-
rial can then be converted into energy or hydrocar-
bons for plastic precursor and chemical production.
Those metals that have until now been left unuti-
lised can be separated from the thermal residues
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via mechanical and hydrometallurgical means. But
more important is to design appliances for efficient
disassembly at the end of life to enable fluent and
affordable reuse of the disassembled components.

Currently most electrical and electronic appliances
and devices are particularly challenging from a dura-
bility and recycling perspective, from two points of
view: 1) they are not designed for disassembly and
recycling, and 2) certain group of electronics, like
smart communicating appliances, develop rapidly,
so there is no point in making them too durable.
Design and information based optimisation is the
key element in managing all the materials that are
contained in these appliances in order to return the
materials back into loops. Current business models

do not support or incentivise repair or refurbishment.

What if there were autonomous
recycling and novel incentives
to return end-of-life devices and
their components back into use?

The big challenge in WEEE and battery reuse and
recycling is related to safe and smooth disassembly
of end-of-life devices into components and reassem-
bling them again. Proper disassembly is key because
it determines component and material flows and
ensures safety in handling. The shift from disposal
and mechanical, non-selective crushing of WEEE
towards disassembly of devices requires an empha-
sis on designing modular devices and developing
intelligent recycling processes that would selectively
sort disassembled components from heterogeneous
hard-to-recover material fractions. A non-destructive
recycling model would promote reuse and recycling
along the whole value chain, and would also enable
information flow and transparency throughout cir-
cular supply chains.

The deployment of autonomous recycling calls for
a new business model. It should be integrated as
an essential part of the business strategy and sup-
ply-chain management. In this type of business model

loss is created only if a device or component is not

returned to the manufacturer for reuse (Figure 5). In
this model the commodity, and therefore the material,
is the property of the manufacturer. The consumer
has temporary ownership of the commodity but not
the material. Value decrease is related to the loss of
material or components from circulation. The incen-
tive for a user to return a device after it reaches the
end of its expected lifetime would be adjusted by
dynamic pricing that can be related to, for example,
time of use, condition or even location. If the user
does not return the commodity for update, repair or
recycling the monthly costs rises.This incentivises
the consumer to return the commodity for necessary
updates or repairs that at this point are less costly
to the brand owner and producer and which ensure
that its value is preserved with minimum effort. The
update-repair-recycle service is free of charge to the
user. Additionally, this also means better value for
the user and improved customer loyalty. If the user
does not return the commodity at the expected end-
of-life, the cost continues to rise until the commod-
ity is returned for recycling. This model is based on
restoring commodities in order that they can be used
again and again, and ensures the return of the mate-
rials back into use through the use of dynamic pric-
ing. If the commodity is lost completely, the user pays
a one-off payment, agreed in advance, and starts a
new programme. The later the commodity is returned
to the manufacturer the greater the cost rises for the
manufacturer due to the increased effort, materials
and energy required to restore the lost value.

Business models can be based on information about
product use and lifetime. Information is used to opti-
mise the lifetime of devices and make them last for
a favourable time. Ideally, devices are returned to
the system multiple times by users for an upgrade
and when needed for refurbishment. Devices need
to be designed to be recyclable and easy to disas-
semble to avoid value loss and excess costs (Figure
5). Also, all the components and parts need to be
durable and designed to last. Information gained
from the use phase is also extremely valuable to
the manufacturer and to all stakeholders along the
value chain. The more data gained from cradle-
to-grave, the better the understanding is achieved
to plan operations and to design for purpose and
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Figure 5. Dynamic pricing to incentivise material return back to the manufacturer and preserve value.

durability. First glimpses of this kind of a business
model exist already, such as car tyres as a service.

To be competitive in the market, a service business
model has to provide value to the consumer. Value
increase is based on the service and the data gained
from the product use phase. Product use phase data
is valuable to brands as it allows better design and
management of the resources without value loss,
which in turn means better business and improved

competitiveness.

Trackable material flows -
autonomously communicating
products and devices

The circular economy relies on managing the lifecy-
cle of material flows and products. It requires large
amounts of data to be collected at various points
during the material and product lifecycle. Smart
items (i.e. items equipped with sensors) collect such

data. For example, hyperspectral cameras could be
utilised to support recycling to detect items and their
components and analyse material compositions as
well as the condition of components. Smart items
can also be tracked, if not for the entire lifecycle, at
least whether (where and when) an item has been
returned for recycling. Communication can be an
opportunity for new data-driven business models
around smart items and new digital platforms and
applications that make use of product lifecycle data.

Mastery of materials (see Chapter 3.2) relies on the
information of material flows based on the data gath-
ered from the flows. Data is transformed into infor-
mation by analysis of the big data. This means that
there has to be a systematic way to collect data
from all material flows, and this is currently lacking.

Most of the materials that are in use are not traceable.
It means that after procurement there is no information
available on where the materials or products are located,
how long they have been in use or what condition they
are in. This makes it very challenging to optimise the



GOING BEYOND A CIRCULAR ECONOMY

27

material use and circulation, for example planning the
best possible ways to collect materials for recycling.

What if all products and devices
could be traceable with the
capability to communicate?

For the purpose of enabling traceability and data col-
lection, materials and commodities can be divided
into two groups: smarties (products and devices with
the capability to communicate) and dummies (prod-
ucts and devices with no capability to communi-
cate) (Figure 6). Both are equally needed to fulfil the
demand of accurate information for decision making

in the circular economy.

Smarties - communicating devices

Smarties are devices that have the capability to mea-
sure and observe their surroundings. These devices, for
example mobile phones, are nodes that transfer data
from uncommunicative products and devices (dum-
mies) to an open database of material data. This makes
it possible to transfer data efficiently in units that are
designed for this purpose, and mobile phones serve
this purpose well. In addition, smarties gather data on
local conditions - like noise, temperature, humidity and

so on - that can be hard to reach or hard to measure,

and they also capture behaviour-related information.
Additionally, smarties autonomously provide informa-
tion about measurements relating to the human body,
such as movement. Smarties are communicating units
and thus intelligent in nature. They can communicate
with their close surroundings by sending and receiv-
ing information, and thus impact their own behaviour.
The traceability and information-gathering features of
smarties are the backbone of the mastery of materi-
als, supervising materials, products and goods around
societal stock (see Chapter 3.2 and 4).

Dummies - devices with no capability to com-
municate

Dummies are commodities that have value, but
these devices or products themselves are not capa-
ble of communicating actively with data clouds.
Examples can include products that are locally
used durable commodities such as a table or a
dresser. Dummies can be equipped with smart tags
or sensor beacons that record and broadcast data
to smarties, providing the possibility to follow val-
uable goods and products that don’t have inbuilt
intelligence for communication and traceability.
This data can contain information, for example on
temperature, pressure, humidity and movement. By
transmitting information via smarties to the clouds,
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Figure 6. Extensive data gathering by products and devices with the capability to communicate.
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new information on these types of commodities can
also be obtained. In this way it is possible to gather
data for product-lifecycle analytics from a commod-
ity group that was not available for value and con-
dition estimation. Information about these prod-
ucts allows better design for purpose and proper
recycling at end of life. In addition, it opens up
opportunities for business models related to rent-
ing and sharing.

With this type of data collecting, for instance, informa-
tion on household products inventory can be obtained
easily without user intervention. Since we have our
mobile phones constantly with us, the smarties in the
home will communicate constantly with the cloud,
providing information on their own use and also infor-
mation about the rest of the products that are located
in the home. This will allow massive generation of
information on the products, allowing better design
of these products that will serve the needs of the
users more precisely.

For instance, dining table sensors will provide infor-
mation about the material the table is made from, how
many people have been around the table and for how
long by measuring, for instance, body temperature
and movement, and thus be capable of estimating
how often the table is in use. With this type of infor-
mation and by using Al, it will be possible to estimate
the condition of the table and generate information
on how a table for that specific location and purpose
needs to be designed considering, for example, the
surrounding conditions and the profile of the family,
so it doesn’t need repair or refurbishment for a long
time. Data gathered about surroundings will allow
precise design using the most suitable materials for
the purpose, which will reduce material use drasti-
cally. For example, data gathered on surroundings
of the apartment based on, for example, the chairs,
sound system and refrigerator can estimate the best
material selection for a family dining table.

In future all the data gathered about surroundings
and the material or product itself will be utilised for
optimising features that ensure the optimal preser-
vation of commodities. Products will last longer with

the help of self-controlling features to enable better

durability. There are already examples of self-healing
and self-controlling materials and products. We see
development in this direction to be a growing trend
that will prolong the useful lifetime of commodities.

Privacy

Whenever real-life data is refined as information there
has to be discussion on privacy. There is always the
possibility to pinpoint users based on data that is
gathered, for instance, from communicating devices
such as smartphones. There are already several solu-
tions for detaching this type of personal informa-
tion from the gathered data that do not jeopardise
personal information. There is still a need to have a
proper privacy policy, otherwise security issues may
end up being showstoppers in digitalisation. And it is
evident that digitalisation provides many as-yet-un-
tapped opportunities for the circular economy that
we cannot afford to lose. Permissive legislation and
regulation will play a crucial role in both protecting
privacy and opening up opportunities for the digital
traceability of assets.

Food is a basic human need and
requires wasteless agricultural and
food production systems

The world is bipolar in terms of food sufficiency; while
there are 815 million malnourished people, one third
of food is wasted '”. The surplus between the availa-
ble food and the required food is food waste. In the
southern EU, the majority of the food waste occurs
during harvesting, storage, transport and primary
processing, whereas in the northern EU the waste
is generated mainly during distribution, home-meal
preparation and catering. Food and agricultural losses
and waste have important implications for resource
insufficiency, which ultimately causes poverty and
malnutrition and limits economic growth. The fight
against food loss and waste is as essential as reduc-
ing the environmental footprint of food systems and
improving global food security. If half of the loss and
waste were cut throughout the food chain, this would
account to a saving of 25% of current global agricul-

tural production™. A wasteless food and agricultural
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system not only means greater efficiency, but also
increased productivity in the manufacturing and retail
industries as well as direct savings for consumers.

Agriculture is the largest user of the world’s fresh-
water resources'®. Globally, there is enough water
to produce food for everyone, but sources are une-
venly distributed. The largest producing regions
suffer the most from climate change and popula-
tion growth-induced water scarcity. Non-conventional
water sources are needed as well as technological
solutions for food production in general.

The transition to wasteless food and agriculture will
happen through applying agile and smarter produc-
tion systems from farm to fork, “just-in-time”, “just-in-
place” and based on individual needs. We also need
to create ecosystems that close the loop of nutrient
flows from microorganisms and plants to animals
and vice versa. Advanced sensory systems, auto-
mation, robotics and mechatronics-integrated farm-
ing systems should be the backbone of the produc-
tion systems. Plant factories should be coupled with
their process digital twins to manage the food pro-
duction and distribution cycle more efficiently. Plat-
form economy-integrated food distribution will also
ultimately reduce waste generation. (For more infor-

mation see Food Economy 4.02°)

What if food production
challenges could be solved by
closed-loop food factories?

Before technologies are mature enough (and people
are free from prejudices) to use atmospheric com-
pounds as raw materials, food production moves from
natural waters and arable land to compact closed-
loop factories that minimise the need for nutrients,
feed, clean water, agricultural land and energy. For
example, an integrated and closed-loop fish, insect,
plant and algae factory essentially mimics nature’s
own ecosystems found in ponds, lakes, rivers and
their banks. In the factory, fish and insect farming is
integrated into plant production in greenhouses and
photosynthetic algae cultivations in reactors. At the
heart of the integration is solar energy as well as water
that circulates in a closed-pipe system between the
fish tanks, greenhouses and algae reactors, which in

turn enable cross-use of O, generated by the plants
and algae, and CO, and nutrients generated by the
fish and insects. Insects are fed by the excess fresh
biomass produced in the system. (Figure 7).

Putting a closed-loop food factory into practice
necessitates multiple technologies such as auto-
mation, robotisation, Al, loT, data, sensor, water and
food technologies. It also requires expertise in chem-
istry, biology, cultivation as well as integrating and
optimising diverse production systems to be com-
patible with each other. Once these challenges have
been resolved, closed-loop factories will be scala-
ble, flexible, convertible and free from regional and
climatic boundaries. The environmental sustainabil-
ity of a closed-loop food factory is guaranteed by
clean energy and by collecting and using rainwater
and condensed atmospheric water vapour. Establish-
ing waste and emission-resistant closed-loop facto-
ries in densely populated areas supports food pro-
duction through improved energy efficiency as well
as reductions in raw materials, packaging, storage
and transport costs.

Fish farm Greenhouse

Cco,

cultivation
reactor

& 11

Figure 7. A scalable and convertible closed-loop food factory
is resource efficient and independent of regional and climatic
boundaries.
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Recap of loss-resistant loops - a change path from a consuming to a regenerating
circular economy.
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PRESENT SITUATION 2018

Virgin resources are depleted

and waste accumulates.

Recycling processes leak rejects
and emissions, and focus is
on easily separable material

components.

Materials and products are

increasingly complex in design.

Materials and products are

resource consuming.

REQUIRED CHANGE

Loss-resistant recycling
concepts for heterogenic waste.
Design of materials and products
for reuse and recycling, in this

order.
Recycling solutions focusing
primarily on critical materials and

substances.

Feasible solutions for carbon

capture and storage.

Regenerative design of products.

FUTURE VISION 2030

and beyond

Waste generation is minimised.
Circularity target of 50 % is
reached.

Critical materials are fully
restored and in continuous

circulation.

Fully recyclable and functional
material solutions enable long

life and reuse of products.

Circulation of value together
with products is enabled by
regeneration and upcycling.

Energy is mainly fossil-based.

Progress of renewable energy
production is increasing, but
too slow.

Acceleration in development
of feasible renewable energy
solutions.

Enhanced energy efficiency in
energy-intensive operations

Development of advanced
energy storage technologies.

Global energy is significantly
renewable and energy
production is emissionless.

Industrial processes

are energy saving and
emissionless and primary
focus is on energy-intensive
operations.

Massive digitalisation is going
on, but lack of consistent
material information prevents
development of end-to-end
material supply chains across

industry borders.

Transition from siloed to holistic
thinking in production and

manufacturing.

Building of open data platforms
to enable fluent material flow

and ecosystem creation.

Ecosystems are formed based

on open data.

Digitalised supply chains reduce
resource loss due to on-demand

production.

First steps towards material flow

management.

Waste management sector
is the main service provider.
Partnerships with other

industries are lacking.

Development of data-driven
material, market and service

platforms.

Accelerated transition to

decentralised systems.

Waste management is an
integral part of material

circulation.

Material-as-a-service concepts

start to emerge.




@

MASTERY
OF MATERIALS

In the vision of mastery of materials, data and materials are fused together.
Materials become intelligent, safe, traceable and identifiable. The need
for intelligent materials and products is a consequence of the predomi-
nant resource scarcity. This development leads to volatility of raw material
prices and the emergence of new business opportunities such as ‘mate-
rial as a service’. In this vision, masters of raw materials have control of
supply and value chains, which is possible only when the mastery can be
authenticated. Information fuses with materials to make them identifiable
and traceable during endless flows from cycle to cycle and transforming
anew along the way. Open data clouds help to ensure that material supply
and demand are more evenly matched. Fluent data-driven material flow
management is the focus.



32

VTT VISIONS

OUR FIRST actions in moving towards a genu-
inely sustainable economy were to concentrate
on loss-resistant loops — decreasing the loss of
materials during extraction, manufacturing, use
phase and at the end-of-life by transitioning into
circulating business models and systems. Another
focal point was to diminish energy use (especially
fossil), remove hazardous substances from the
loops and reduce overall material use by adopting
regenerative design of materials and products and
moving to service and sharing economy models
that are enabled by accelerating digitalisation and
open and big data.

Many estimates show that the global population
will still continue to grow for several decades.
At the same time living standards are improving
and developing economies continue to grow,
increasing overall production and consumption.
Over time the imminent scarcity of resources
will start to show in the form of even more vola-
tile prices and unavailability of raw materials.
Uncertainty about the supply of raw materials will
increase and the security, and safety of all global
supply chains will be at stake if the exploitation
of natural resources continues at the same pace.
The primary question is how to avoid the battle
for resources from arising in the first place? One
answer is through efficient material flow manage-
ment. We believe that creating an optimal system
in which materials, value and information can flow
together is the solution to keep materials in use for
longer and circulating effectively. For the mastery
of materials, traceability and condition estimation
require intelligent material design, connectivity
between items and digital systems.

Intelligent products supported by digital solu-
tions will play a crucial role in enabling the effi-
cient and optimised usage of materials. This
was discussed already in connection with the
first vision, ’loss-resistant loops’, in which infor-
mation flow is enabled by smart appliances and
various connected devices. In the mastery of
materials part of this vision, information about
the location, condition, characteristics, compo-
sition, availability and ownership of materials

will change the game in unprecedented ways.
Information fused with materials themselves, not
only smart appliances in which the materials are
used, will enhance material usage and promote
looping materials back into the systems. Reliable
mastering of the data will play an essential role
in managing material flows and the promotion of
new services.

Information is intrinsic in commodities; in the
future it will also be intrinsic in materials. This
enables follow-up of materials in commodities
or as such during the entire lifespan, even if the
material ‘visits’ various products during its life
cycle. Material data from all stages of the lifespan
can be fed back to the design phase where mate-
rial life extension and full recyclability are the main
targets. Analysis of the data in materials will also
provide information needed to optimise produc-
tion. Through this process, designed-on-demand
materials will precisely meet the desired perfor-
mance. (Figure 8).

What if we could have
materials that can
circulate freely within and
between in any loops
without losing value,

and regenerate excess
value to the existing
surroundings?

In order to avoid the production of excess and
incorrect materials and products, data must be
utilised in every material-related industry and busi-
ness. Data gathering and analysis will provide
accurate information on the amounts and desired
specifications and performance for materials and
products, which will reduce unnecessary produc-
tion; in some cases it may even call into question
the need for production with the right information
obtained from the data. For instance, some goods
need to be designed to last longer while others
are intentionally made to serve for a shorter life-
time. A significant amount of energy and materials
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can be saved if the optimal lifetime of the goods
is taken into account at the material design and
production phase. Lifetime optimisation will be
provided by the constantly evolving data anal-
ysis and Al that turn the material’s data into useful
information and knowledge, which in turn ensures
that systems can be optimised effortlessly and
without generating waste. These evaluation and
estimation tools will help to direct each resource
to the right place, where they are non-substi-
tutable and needed the most, like metals and
other non-renewables. Precise estimation tools
will evaluate the need for substituting the crit-
ical materials that are currently non-substitutable
and depleting. This will activate massive research
on substituting critical metals and minerals with
renewable alternatives.

As a consequence of the limited amount of mate-
rials circulating in the future economy, material
ownership will become highly desirable. Brand
owners will also become raw material owners in
order to guarantee continuation of their operations

in a business environment suffering increasingly
from resource scarcity. Thus, in addition to the
value-gain models described above, we propose
yet another model called material as a service
(Figure 8). In this model, business is based on the
right to use the materials rather than the mate-
rials themselves being sold. This model generates
profit for the material’s original owner at every step
of the supply chain, as well as when the mate-
rial enters the next supply chain. The more value
the material can preserve during its lifetime, the
more profit the original material owner can gain.

Material as a service
will change the game
of ownership.

Unique information in materials acts as proof of
ownership. It helps to identify, locate, quantify
and qualify materials, thereby enabling ‘from local
to global’ leasing and trade as well as the crea-
tion of material-as-a-service business models
where material is leased rather than sold. Digital
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Figure 8. Mastery of materials becomes possible with intelligent labelling and traceability as well as material-as-a-service business models.
The digital systems needed for the mastery of materials necessitate efficient data and information management and processing in a ‘cloud
of clouds’, where information about resources, products, productions, logistics and consumers will be merged.
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follow-up of materials in circulation will enable a
material owner to decide in which loop their mate-
rial cycles. Mastery of materials will enable value
maximisation and offer many novel possibilities to
the actors of the business environment. Besides
enhanced material management and business
possibilities, mastery brings with it a responsi-
bility for the material during the whole of its life-
time, which at present is passed to the second
actor when a purchase is made. In the future, the
original owner of the materials has an interest in
keeping them in different cycles for as long as
possible due to the better economic value gained.
This model works when a material is traceable and
identifiable, and is free to take new forms as it
circulates; in other words it can jump from a lower
to a higher value level. This model requires tech-
nological disruptions that enable programmable
and intelligent materials, platform economy solu-
tions that enable traceability and identification of
materials, as well as open and reliable platforms
for material exchange.

Intelligent materials

The flow of information is managed by sensors
and other IT solutions that connect computing
devices and machines to each other, enabling the
transfer of data without human interference. This
system is the Internet of Things (loT). Today loT
connects machines to people provided they are
carrying a smartphone or, for example, wearing
smart running shoes. loT enables the identifica-
tion of smart objects and determines their loca-
tion. However, the materials these objects are
made of are non-communicating and therefore
out of reach of loT when an object is disassem-
bled for recycling.

In the future circular
economy, information is
deeply embedded into
materials.

Embedded information enables traceability,
authentication and condition estimation during the
whole life span of a material. The information tells

whether, when, where and how much material is
in primary use, recycling or removed from circula-
tion. Material identification will become a central
issue in the future economy as materials remain
in value-maintaining circulation for a long time
and may transform during circulation. Intelligent
and self-sufficient materials will be the assets that
enable a shift from the present production-centric
operation model to material circulation and mate-
rial-as-a-service business models.

Fusing information into material can be performed
in many ways, the most ingenious and most prac-
tical of which are obviously still to be discov-
ered. It is done by labelling material either on
the internal, external, structural or molecular
level. Combining labelling with sensors makes it
possible for materials to communicate and react
to external stimuli. Various labelling methods
exist, starting from molecular-level solutions
and going all the way up to bar codes and radio
frequency identification (RFID) tags on everyday
commodities such as keychains and wristbands
used in public swimming pools or rock festivals.
Labelling is used to brand and prove ownership of
products. However, external labelling is no longer
workable when commodities and appliances are
disassembled into components and further to
material fractions during the recycling processes,
and yet further still when separated materials are
fractionated to smaller components, polymers for
example, and modified once more for another use.

Although materials fused with intelligent and
communicating components and molecules may
sound like something from science fiction, rapid
technological development in robotics, mecha-
tronics, printed intelligence, material science and
technology, biotechnology and synthetic biology
will offer us the means to create smart material
solutions sooner than we can imagine possible
today. When it comes to making materials intel-
ligent, common sense is a wise adviser. A bulk
material destined to last a short period of time and
serving a single and simple service, toilet paper as
an extreme example, is not the target for embed-
ding information; it is scarce, highly valuable and
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high-performance materials that need informa-
tion to keep them in long-lasting and value-pre-
serving use.

What if smart labelling could
enable materials to communicate
autonomously with owners, users,
each other and the surrounding
environment?

Nanorobots or nanomachines, still lurking in the
future when it comes to material applications, may
become everyday labelling options. They arrange
themselves inside or on the surface of a material
matrix and carry out programmed functions during
usage. They can prove or change ownership, col-
lect and store data regarding usage, and update
the characteristics of the material as a response to
changes in the surrounding conditions.

There is no doubt that it will be necessary to har-
ness nature’s power in order to convert non-com-

municating materials into communicating ones that

are also adaptable to external changes. Nanorobots
communicating and operating closely together with
living organisms multiply the amount of data content
in the form of the DNA the organisms carry in their
genome. Future ‘nano cyborgs’ are highly functional
combinations of nano-scale biological and mecha-
tronic parts that may serve multiple functions in
materials that are yet to be discovered.

There is one potential obstacle on the nanorobots’
road to becoming reliable information carriers within
materials: they might be too big when the informa-
tion has to dive deep into molecules. As nanoro-
botics may provide added functionalities and intel-
ligence to otherwise non-communicating materials,
biotechnology and its spearhead synthetic biology
offer a means to synthesise and produce molecules,
non-existent in nature, with built-in functionalities
and intelligence. Materials composed of or con-
taining these molecules incorporate entirely new
and unique features that are exploited to perform
special functions, to prove the material ownership
down to the molecular level, and to enable material
flow management in its broadest sense (Figure 9).
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Figure 9. Intelligent materials are capable of communicating with their owners, users, the surrounding environment and each other.

Materials will be labelled with different magnitudes of accuracy.
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Molecular-level labelling will enable traceability of
materials and even molecules.

What if all trade could be automated by
micro-transactions?

In an accelerated circular and sharing economy,
commodities will be reused and recycled multiple
times during their lifetime, changing hands between
users much faster and more often than today. This
change will require much more agile data process-
ing, which will call for autonomous trading with
micro-transactions.

Micro-transactions will enhance a circular and shar-
ing economy by making trade fast and easy. In future
we will be able to just simply pass a product to the
next user; there will be no need for manual money
transactions or any kind of contracts between
trading parties. The system will detect the iden-
tity of the trading parties and the transaction will
happen autonomously. There will be no need to
worry about contracts because smart contracts
will govern common rules and an individual’s rights

within the system.

Micro-transactions

will enable real-time
optimisation of material
circulation due to fast
data exchange and
gathering.

Data obtained from the commodity use phase will be
exploited to optimise the production of materials, the
manufacture of products and the supply of services.
Fast micro-transactions will enable data gathering
about the circulation of commodities that is presently
lacking, and this data can be used to plan better cir-
culation of the commodities back into use. The reuse
of commodities can thereby be more effectively man-
aged, monitored and encouraged, for instance through
a compensation system or via regulatory incentives.

A good example of an incentive-based system could

be metal recycling. A customer returns used metal
cans to a recycling unit, which detects the cans and
the customer, and pays the recycling deposit directly
to the customer’s account. For instance, if the recy-
cled item is an old kitchen appliance, the transaction
can include the history data of the device, which can
in turn be used to optimise design and manufactur-
ing to make better appliances. The customer ben-
efits financially from recycling the device while the
service provider benefits from the material and data
gained, resulting in improved service and commod-
ities for customers in the future.

Another example could be a car driving via a ring road
and visiting a market. Car sharing can be charged
directly from the account based on time and travel
to the market. The user is directly invoiced a road toll
fee based on the kilometres driven on the ring road.
For instance, if there are three persons travelling in
the car, parking-related costs are charged to all pas-
sengers in the car. The car itself can make payment
transactions at charging stations or at specific elec-
tricity producers. Transactions can take place every
minute, and the value of the service is directed to
the service provider’s account in seconds.

In this kind of trading system the customer can decide
how the data is utilised, and in so doing affect the
value creation of the data. The value of the data can
be automatically evaluated and invoiced. There are
already demonstrations of data marketplaces for
sensors. The quantity of transactions increases rap-
idly when machines make transactions, so transac-
tion technology needs to have good scalability. One
major challenge of a proof-of-work blockchain is
scalability and transaction costs, which are import-
ant for micro-transactions.

Fast micro-transactions will also change how digi-
tal platforms operate. In future, digital platforms for
materials will contain real-time information on the
location, condition, quantity and availability of mate-
rials by creating an ‘automated valuation of unused
commodities’. Data from commodities will be able
to interact in the system using Al and the system
will be able to define a reasonable global price for
all commodities. These novel platforms will enable
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autonomous global trade in commodities without
human interaction or precise decision-making.

What if there were incentives to
maintain and increase the value of the
commodities?

There are already service models in our society, like
leasing tools or a car, where we benefit from the
on-demand performance of the commodities instead
of the ownership itself. In the future there will be only
a few commodities that we will own in the traditional
meaning of the word. Novel business models will pro-
vide easy access to commodities without the need
to actually own them. Most of the commodities that
we need during our lifetime will be available for inter-
mittent ownership through leasing, renting or other
novel business models. Users will pay for the perfor-
mance of commodities in the same way as they do

today when they stream movies from Netflix.

Today, private ownership does not necessarily incen-
tivise users to take care of the commodities because
they are owned as private property and the owner
gets to decide how the commodity is sustained. When
the commodities are available only for performance
use and the commodity itself will not be available for
ownership, this will lead to better stewardship of the
commodities while they are, for instance, leased for
use. For this to become a reality, the trade system
must identify the user in real time in order to be able
to transfer the intermittent ownership and therefore
the responsibility. The user can be quickly identified
if the trade is done via micro-transactions.

The idea of this type of system is to initiate a busi-
ness model that regenerates value for both the busi-
ness owner and society as a whole, and promotes the
responsibility to maintain commodities in such a way
that their value is preserved or even increased. Eval-
uation of the value is based on the current market,
in a similar way to stock markets.
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Recap of mastery of materials — changing path from material production to a networked
management of material circulation.

MATERIALS

SITUATION 2025

Resource insufficiency is a

serious threat.

Material circulation and flow
management are not realised

as materials are not traceable.

Products are designed for
reuse and recycling, but

materials are not.

REQUIRED CHANGE
Development of fully recyclable and
traceable materials with desired

performance.

Development of self-sufficient and

regenerative materials and products.

FUTURE VISION 2040

and beyond

Critical and valuable materials
are traceable and fully

recycled.

Self-sufficient materials are

increasingly used.

.ENERGY

A moderate proportion of
global energy is sustainable,
but progress needs to be

accelerated.

Exploration of novel solutions to

increase renewable energy.

Adopting energy-efficient, energy-
conserving and renewable energy-
powered technologies that have

a short energy payback time.

Disconnecting from fossil
energy is focused but not yet

total.

Renewable energy solutions
are diverse and increasingly

decentralised.

DATA

All critical operations are
digitalised.

Most critical and valuable
materials and products are
tagged and data gathered.
Blind spots of untagged
resources are filled with

information from data.

Investing in sovereignty, reliability

and cyber security of data.

Blockchain technology applied
to enable authentic traceability of

materials.

Transition from distributed networks
to a decentralised network of

systems

Real-time material flow

management is fluent.

SERVICE &
SHARING

Value of materials has
increased dramatically due
to exhaustion of raw material

reservoirs.

Solutions to transform value
generation from selling physical

items to providing services.

Accelerated transition towards a
network of systems.

Materials are used for as
long as they contain value.
Material-as-a-service
business models are in full
use.




@

THE NEW ERA
OF RESOURCE
SUFFICIENCY

The new era of resource sufficiency will rely on radical innovations enabling
sufficient access to affordable, sustainable and renewable energy as well as
life-supporting and life-facilitating compounds and materials made exten-
sively of gaseous raw materials and fully recycled minerals without compro-
mising the capacity of the planet. In addition to industrial exhaust gas and
traffic emissions, the atmosphere is a significant reservoir of CO, together
with other essential elements such as nitrogen and compounds such as
water. The new era of resource sufficiency will rely on technological inno-
vations enabling the use of atmospheric raw materials. Instead of being
restricted to selected locations, resources will be available everywhere.
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MAN-MADE, intelligent and programmable
molecules are synthesised of fully recycled
substances. We can fight the battle for resources,
forcing resource scarcity and climate change to
fall by offering high-performance compounds and
materials based on biological functionalities or,
beyond this, materials which are produced as
needed, on-demand and with features non-ex-
istent in nature. By this point the boundary
between non-renewables and renewables will
blur. The possibilities are limitless. Materials are
designed to be assembled and disassembled on
a molecular level, thus making them reusable in
multiple applications.

Insufficiency of nutritional food is a serious
problem due to concomitant population growth
and declining food production because of failing
cultivation conditions caused by climate change
and the reduction of arable land in areas where
the need for food is the most urgent. Although
moderate warming and CO, level increase is
mostly beneficial for agriculture, severe warming
followed by erosion, floods, drought and other
natural calamities is becoming more common.
Livestock is at risk because of diminished fresh
water supply and edible feed is primarily fed to
people. Although measures are being taken to
limit GHG emissions through the use of techno-
logical solutions and regulative actions, they are
not enough. Climate change and the depriva-
tion of land have already had a negative impact
on nature. Disruptive new innovations in primary

and industrial production emerge to overcome
these challenges.

The capability to use atmospheric raw materials
enables access to sustainable, life-supporting and
life-facilitating compounds and materials without
compromising the capacity of the planet.
Population growth is predicted to increase the
need for food by 70 % towards 2050'®. To tackle
this threat, the sufficiency of sustainable, renew-
able and emissionless energy must first be
secured. By this period, if not before, carbon-
based energy production is experiencing radical
change as there might not be enough of even the
lowest-value organic or biomaterial available for
energy production. Turning back to fossil is not
an option. Businesses will evade the CO, risk
and invest in non-carbon energy solutions such
as solar, wind, geothermal, wave and nuclear
power. By definition, the sun is an infinite source of
energy. Technological solutions are approaching
such readiness levels that enable feasible and
sufficient solar energy supply together with wire-
less electricity transfer solutions. Novel technol-
ogies for energy storage will evolve to mitigate
the variations in the solar energy availability on a
seasonal and regional basis.

Gasification and other thermal processes are
increasingly used to produce simple carbon
compounds and hydrogen from end-of-life organic
and biomaterials, and these compounds serve as
feedstock for chemical compound and material
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synthesis and production. Minerals and metals
are recovered from ash and other fully recycled
sources. Apart from non-carbon solutions, energy
is generated in thermal processes as a co-product
together with CO,, CO and H,, the capture and
utilisation of which are common practise. Ener-
gy-self-sufficient and energy-regenerative material
and product solutions are increasingly in use to
ease sustainable energy sufficiency (see Chapter
4 for more on this topic).

In the first phase of carbon capture and utilisa-
tion (CCU) CO, will serve as a starting material
for a number of chemical compounds, some of
which are converted to materials by biological and
chemical means. This phase is followed by food
production provided other necessary components,
such as nitrogen and phosphorus, are sustainably
available. Although biomass reserves are used in
a cascading manner, population growth and an
increased need for food necessitate novel raw mate-
rial reserves to be taken into use to provide food
for all people. Traditional agricultural and aqua-
cultural production will not be enough to feed the
human population and livestock. In the future suffi-
cient and affordable sustainable energy makes
it possible to direct CCU to produce food and
offer clean, fresh water to all people and livestock
and for the irrigation of plantations. Agriculture,
water systems and nature in general can recover
in dried and wasted areas. This development

strengthens climate change mitigation and eases
the evident geopolitical pressures caused by
increasingly uneven distribution of fresh water,
food and bioresources. Nevertheless, turning back
to the present-day overproduction and conspic-
uous consumption will no longer be an option.

Nature has amazing capability to convert atmos-
pheric CO, into sugars and further still into a
plethora of other compounds. Photosynthesis also
requires water and an energy source — the sun.
The man-made conversion of CO, into chemical
compounds and materials mimics nature’s own
way of producing multiform biomass. Currently,
the most promising synthesis routes include the
exploitation of microbes using CO, and sunlight,
microbes using CO, and hydrogen and microbes
using reduced one-carbon molecules (carbon
monoxide, methane, methanol) as nutrients for
growth?! (Figure 10).

In the new era of resource sufficiency, no distinc-
tion is made between bio-based and fossil feed-
stocks as the original source of CO, is irrelevant.
By definition, the utilisation of fossil resources
is reduced significantly from the present state.
The newly generated CO, emissions come from
the thermal conversion of biomass and organic
end-of-life products as well as iron, steel and
cement production, deforestation and land
clearing for agriculture. As gaseous emissions

photosynthesis
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Figure 10. There are several technological possibilities to utilise CO, as a raw material. Photosynthesis and man-made syntheses will be all
in use when flue gas and atmospheric compounds are converted to chemicals, polymers and materials.
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from industry are increasingly captured for use,
at some point in time we will withess a tipping
point. The worldwide renewable biomass growth
and CCU together will exceed CO, emissions,
eventually leading to a negative carbon balance.
CO, will not dilute out from the atmosphere alto-
gether, but return to natural levels.

Carbon, hydrogen, oxygen
and nitrogen together make up
96 % of living matter — all these
elements are available in the
atmosphere.

Nature’s synthesis power supports the return to
the era of resource sufficiency. Microbes convert
organic waste to desirable products via biotech-
nical and biological processes. They also exploit
CO, and N, by nature. Biological and biotechnical
processes are combined with chemical ones. In
thermochemical processes heterogeneous and
fluctuating organic matter is converted to simple
carbon compounds, which natural and engi-
neered microbes use for biosynthetic reactions.
Living cells are factories that produce a variety
of products ranging from chemicals and mate-
rials to food.

What if there would be no need for

oil, arable land or fresh water to
produce nutritious food and functional
materials?

In addition to optional routes for capturing and pro-
ducing chemicals and materials from CO,, fixing
atmospheric nitrogen to ammonia (converted fur-
ther to amino acids and proteins by either natural or
engineered microbes) enables food production from
‘thin air’ (Figure 11). The atmosphere is also a notable
reservoir of water. The ability of certain autotrophic
microbes, with the help of electricity to reduce CO, to
simple hydrocarbons, such as methane or methanol,
has been known for many decades.??>2® Harnessing

the microbial ability to fix nitrogen for industrial use

is an alternative to be reckoned with, as the indus-
trial nitrogen fixation process (Haber-Bosch synthe-
sis of ammonia) is an energy-intensive process that
emits significant amounts of CO,.

60
Atmosphere

Carbohydrate

Figure 11. Essential food components are synthetised by
natural or engineered microbes from atmospheric elements and
molecules using sunlight or electricity as an energy source.

Food production is decoupled from agriculture, live-
stock husbandry and aquaculture. In turn this will
partially solve the challenges related to land use,
eutrophication of water systems, over-fishing and cli-
mate change. The environmental impacts are mini-
mised to zero, and eventually solutions for produc-
ing personalised and nutritious food at home will be
realised, although centralised closed, controlled and
optimised food production “farms” will also emerge.
Food production is no longer dependent on any spe-
cific temperature, humidity, soil type or region, and
as such a food source can also be provided in loca-
tions that suffer from famine and lack of arable land
due to drought and erosion.

Synthetic biology will
revolutionise future production.
Industrial biotechnology is revolutionised by syn-

thetic biology, a combination of biology, engineer-
ing and information technologies?'. Synthetic biology
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paves the way for multiple applications responding
to requirements caused by climate change, resource
scarcity and waste accumulation. It enables 1) the
development of powerful biocatalysts targeted to
convert challenging heterogeneous organic and bio-
materials into useful chemicals and materials with
minimal environmental impact; 2) design and syn-
thesis of high-performance molecules and mate-
rials, existing and non-existing in nature; 3) design
and construction of production microbes needing
less carbon and energy compared to their natural
counterparts; 4) design and construction of microbes
capable of synthetising predetermined molecules
and building blocks for information-containing and
high performance materials; as well as 5) modelling
and design of resilient microbe populations capa-
ble of converting a vast array of heterogeneous and
transforming waste streams into defined molecules.
Synthetic biology is a disrupting technology that will
blur the boundary between renewable and non-re-
newable materials.

The boundary between non-
renewable and renewable will
blur when we enter the new era
of resource sufficiency.

Critical raw materials (CRMs) are economically and
strategically important but have a high risk associated
with their supply. They are particularly important in
electronics, environmental technologies and the auto-
motive, aerospace, defence, health and steel sec-
tors, but are currently lacking feasible substitutes .
Synthetic biology focuses on synthetising materials
having similar (or better) functionalities as their nat-
ural analogues, for example spider silk. No doubt
synthetic biology will possess the power to create
molecular solutions that can be used to replace, for
example, precious metals in electronics.

Information technologies, bioinformatics and compu-
tational design of organisms and molecules together
enable the synthesis of a limitless variety of com-
pounds and materials essential to life. Biosciences
in many application fields generate huge amounts
of data. This data is converted into mathematical
models and algorithms as well as further to pro-

grammed organisms that produce predetermined
compounds. Biological compounds and materials
have excellent life-supporting properties due to bil-
lions of years of development carried out by nature
itself through evolution. Nature is a mastermind in
creating high-performance materials, such as feather,
mother-of-pearl, spider silk and cellulose, to name
just a few. Even so, synthetic biology can beat nature
when it comes to bringing completely novel function-
alities to materials and how these materials are pro-
duced. Nature provides an abundance of materials
in impressive packages, such as cellulose in trees,
feathers on a peacock, or pearls in shells. Going syn-
thetic liberates us from these packages, which have
essential tasks in nature’s grand ecosystem but are
unnecessary and extravagant from the efficient and

frugal chemical and material production viewpoint.

Future agile biorefineries - creating
speciality and high-performance
materials from CO,

What if we could produce high-
performance materials based on
solid knowledge of what society
needs?

To avoid the production of unnecessary and excess
materials we need technological and business solu-
tions to produce the right materials for use; at the
same time we also need accurate information on
what is needed. Information gained by taking advan-
tage of big data and digital solutions will allow us to
design production based on precise information on
what is needed and what the specific criteria are for
production and manufacturing to be able to answer
the demand precisely using resources optimally.

Cellulose is one of the most important raw materi-
als for future product applications (see VTT vision
paper ‘Cellulose goes digital’2). New building blocks
(nanocellulose, hemicelluloses, dissolving pulp) are
already replacing oil-based and non-biodegradable

plastics in consumables. Digital data management
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Figure 12. The future biorefinery produces high-performance materials from CO,, the supply chain is loss-resistant, material
efficient and resilient due to a digitalised service network.

and transfer makes it easy to predict the market
need and to react in real time to the production of
different products.

Currently, cellulosic pulp production in modern biore-
fineries is a carbon-neutral process that does not
require fossil raw materials or energy. In addition
to cellulosic pulp, biorefineries produce many other
products, such as lignin and ash that are valuable
intermediates for chemicals or fertilizers. The pulp-
ing chemicals are recovered by combusting the dis-
solved organic matter, and the amount of energy
produced during this process exceeds the needs of
the biorefinery.

The chemical recovery cycle of pulp biorefineries pro-
duces significant amounts of CO, and will continue
to do so in the future. However, instead of emitting
CO, into the atmosphere as happens at present, it
will be captured and transformed first into commodity

chemicals and further to materials and even food.
This will be achieved by artificial photosynthesis or
other synthesis routes that convert CO, and water
in the presence of carbon neutral energy into carbo-
hydrates and oxygen, just like nature does in pho-
tosynthetic plants. In the biorefineries of the future,
engineered microbes will produce speciality cellu-
lose and other high-performing materials from the
exhaust gas. Biotechnically engineered microorgan-
isms will allow the production of entirely novel types
of cellulosic polymers that are free of the functional
limitations of plant celluloses. They embrace infor-
mation needed for identification and traceability in
whatever product the cellulose is used. Alteration
of the cellulose degree of polymerization, nanofi-
bril width, crystallinity, crystal structure and sizes
as well as embedding information and novel func-
tional groups is used to tailor cellulose properties,
enabling applications in which plant cellulose does
not meet the requirements.
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The new era of resource sufficiency — the path for change from a battle for resources
to resource sufficiency.

MATERIALS

ENERGY

SITUATION IN 2025

The carbon balance of industrial
ecosystems is at a tipping point.

Material loops are loss-resistant.

CO, capture and storage is

commonplace in industry.

The battle for resources,
particularly in relation to critical
raw materials and water, is being

won.

REQUIRED CHANGE

Substituting critical non-
renewable materials with

renewable alternatives.

Development of high-

performing materials.

Development of solutions to
convert captured CO, and
atmospheric compounds
into food, chemicals and

materials.

FUTURE VISION,

beyond 2050

Food, chemicals and
materials are produced in an

environmentally friendly way.

Everything physical circulates
in a way that imitates natural
circulations, but in an accelerated

and controlled manner.

Renewable materials are
largely replacing exhausting

non-renewables.

Carbon-based energy production
is undergoing radical change;
there is not enough organic or
biomaterial available for energy

production.

A significant proportion of global
energy is sustainable, but it is
not sufficient to cover all needed

operations.

Acceleration of self-sufficient
devices that use and provide

sustainable energy.

Flexible and scalable
solutions to capture
sustainable energy from

different resources.

Most energy is sustainable.

A substantial amount of devices
are self-sufficient and provide

sustainable energy.

Big data is exploited for all
critical activities, such as
resource management, health

and wellbeing, and education.

Development of a network of
systems to manage massive
digitalisation of all critical

assets.

The world is managed by data,

enabling resource sufficiency.

Data is exploited to produce
nutritious food and high-

performance materials.




CIRCULARITY
AND THE ENERGY
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ENERGY IS one of the critical challenges of our
time. Together with the digital transition, a world
where all materials circulate without generating
waste and emissions necessitates a transition
from fossil to sufficient sustainable energy. The
dilemma of consolidating energy and the circular
economy can be expressed simply: demand for
energy is growing, meaning there is a need to
generate more energy, but this energy must be
produced in an emission-free way.

The growth rate of the sustainable energy share
is promising, though the pace is not rapid enough
to combat climate change. Approximately 80 % of
the energy consumed is still from fossil stocks, the
rest being from renewable sources like biomass,
solar, wind, hydro, tidal, wave and geothermal
heat?®. There is an urgent need to increase the
capacity of sustainable energy. Nuclear power
is considered as one of the sustainable energy
sources in mitigating climate change.

The economy today consumes a vast amount of
energy and materials, resulting in emissions to air
and land-use deprivation. The circular economy
provides sustainable solutions to today’s opera-
tive models. However, circular operations, such as
logistics, separation and enrichment of the mate-
rials can backfire in the form of emissions and
material loss if the operations are not designed
and implemented from a system-level perspective.

When it comes to evaluating the impact of
extraction and recycling, there should be sustain-
ability assessments. Without accurate calcula-
tions it can be challenging to prove which oper-
ations are burdening the environment more than
others. Thus, the sustainability of circular activi-
ties cannot be taken for granted. If fossil or other
carbon-based energy is used, in general, most of
the circular operations result in emissions. The
energy demand of circular economy operations
should be covered by sustainable energy to a
growing extent. Without sustainable and emis-
sion-free energy, the principles of the circular
economy are not built on a healthy foundation in
the long run. However, in reality this is a transition,
and despite the fact that today’s circular opera-
tions generate emissions they must be continued
if we are to succeed in changing the dominant
(non-sustainable) state to a sustainable one.

Low-carbon energy
IS a necessity

for a sustainable
economy.

Currently, the energy transition is slow compared
to the extensive need for energy that needs to be
sustainable, but at the same time there are limited
options for emission-free and sustainable energy.
The use of biomass or waste as energy contradicts
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the cascading use of resources in the circular
economy. Thus, utilisation should be focused on
the material, not the energy use. As for replacing
fossil energy, the quantity of available biomass or
waste is not enough to fulfil the growing energy
demand. However, at the present stage of the
transition from fossil to sustainable energy all
possible sustainable energy sources should be
utilised to accelerate the energy transition.

In order to substitute fossil resources there is a
need to increase energy production capacity by
thousands of gigawatts, depending on the capacity
factor of the technology used. Capacity scalability
plays a crucial role in solving the urgent need for
energy, and it favours photovoltaic (PV) and seri-
ally constructed nuclear technologies (standard-
ised plants built by experienced crews assisted
by established supply chains). PV technology has
shown rapid growth in terms of production and
installation capacity. Standardised serial produc-
tion of nuclear power plants has happened histor-
ically, for example in France, but has stalled glob-
ally. Small modular reactors (SMRs) are an attempt
to gain the benefits of serial production quickly,
and are well under development and have other
advantages for the energy system such as load
following, a high capacity factor and suitability
to locations where renewable energy produc-
tion is not feasible. Intensive electrification of the
energy system together with an increase in energy
demand may create massive capacity increase-re-
lated challenges. Total energy, and especially elec-
tricity demand is anticipated to increase due great
electrification and circular economy-related mate-
rial processing or substitution.

Due to the urgent need to increase energy capacity
it is vital to direct resources (investments and
natural resources to produce sustainable energy
solutions) to places that ensure maximised sustain-
able energy vyield. But this alone is not enough
if, for example, geographical conditions are not
taken into account properly. To utilise available
PV capacity most efficiently, it should be located
where capacity factor can be maximised.

Upcycling aims to circulate materials in value-pre-
serving and increasing ways, and aims to use less
energy and material inputs compared to traditional
recycling. At the same time, there are some mate-
rials that are irreplaceable, and they need to be
processed despite their high energy input. This
might direct investments for material reuse and
remanufacturing to areas where the energy cost is
lowest. In these cases upcycling will be focused
on products and materials that are energy inten-
sive, for example, chemicals with high hydrogen
content. Potential limiting factors to this path
are, for example, material logistics and related
expenses.

Intermittent energy sources such as PV and wind,
both of which have a relatively low capacity factor,
may result in the production of excess energy that
can be used in intermediate products. These inter-
mediate products do not act as energy storage, but
rather as rational energy investments to attain value.
These can be, for example, pure water, commodity
chemicals, alloys or composites, which need a
significant amount of energy to be produced, but
also have multiple uses. Intermediate products
can be processed and shaped on-demand locally
where excess energy is available and then distrib-
uted further. This also supports exploitation of
the locally produced energy for self-consump-
tion. However, there are inconsistencies in where
sustainable energy is available and where produc-
tion is located. Thus, demand and supply does
not necessarily meet from the energy perspec-
tive, which means that there is need to decrease
energy consumption, increase energy efficiency
and rationalise material use.

Entering the second stage, Mastery of materials
(Chapter 3.2), and the third stage, The new era
of resource sufficiency (Chapter 3.3) of our vision
is dependent on a transition towards CO, emis-
sion-free energy. Without sufficient sustainable
energy, most of the developments outlined in this
vision paper cannot be realised without gener-
ating excess emissions. The technologies used
to solve this challenge will be solar (photovol-
taic and concentrated solar power, CSP), wind
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or other new energy production technologies.
Nuclear energy is seen as one of the poten-
tial alternatives in the energy transition. Reali-
sation of these investments is related to the
cost of increased capacity and valuation of end
products. Without intensive investment in emis-
sion-free energy climate change cannot be miti-
gated. This means that there is a need to mark-
edly increase the amount of these sustainable
energy sources in society, starting now. Thus, all
sustainable energy production methods should
be used at the beginning of the energy transition,
even if some of the used technologies will be the
dominant ones in the long-term. In this transition,
local conditions, geopolitics, legislation and the
economy will guide the regional energy mix.

What if we could harness sustainable
energy that is regenerated by the
societal stock?

Today, the majority of energy production is related to
material resources such as coal, gas and oil. Figure 13
depicts the flow of material resources and energy in
the current linear economy, where materials are being
extracted from nature and energy is obtained from
fossil sources. Societal stock?’, mentioned in the
figure, consists of all human-made material physical
assets. The built environment dominates quantita-
tively societal stock. Societal stocks include materials
that are extracted from the environment to make, for
example, long-lasting products, devices, household
appliances and machinery. Eventually these materials
and products accumulate in societal stocks, and at
the end-of-life are discharged to the environment as
waste and residuals. Each year a considerable amount
of materials are used as net additions to stocks in form
of long-lasting or durable products (‘stock building’).
A significantly smaller amount of materials are leav-
ing the societal stock than entering it. The amount
of ‘demolition and discard’ is much smaller than the
amount of new material added to societal stock each
year. As a consequence it is continuously growing, and
a bigger societal stock’ tends to trigger more mate-

rials and energy for ‘maintenance and repair’. At the

moment, the energy needed to sustain these activi-
ties and products is mainly covered by fossil sources.

We need to rethink the energy
and performance features of
societal stocks. Intelligent and
communicating self-sufficients
have a crucial role in reshaping
the current state.

As shown in the Figure 11 with the dashed line, only a
small proportion of the activities are covered by sus-
tainable energy. Of all of the commodities and mate-
rials exploited globally, only 9.1 %68 returns to socie-
tal stock through reuse, repair, remanufacturing and
recycling activities. In order to enable a transition from
a linear economy to a sustainable economy there is
a need to reshape the current linear model and its
activities from a consuming to a regenerative one.

During the loss-resistant loops stage (Chapter 3.1),
as suggested in our vision, energy efficiency in mate-
rial circulations need to be enhanced significantly. In
addition, there is a need to develop alternative solu-
tions to generate sustainable energy while at the same
time reducing energy use in energy-intensive areas.
A first glimpse of solutions for this could be devices
and components that generate their own energy and
even more energy during their lifetime than is required
for production and disassembly combined. We refer
to these devices, units, components or functionalities
as ‘self-sufficients’. There are already great examples
of self-sufficients in societies that, for example, pro-
duce sustainable energy for society and operate on
self-produced energy, such as windmills and solar
panels. We refer to self-sufficients such as these,
which are capable of producing larger amounts of
energy, as ‘macro self-sufficients’. Another example
of self-sufficients are things like the glass surfaces of
buildings that generate energy for micro-grids that
power, for example, the building’s air conditioning.
Self-sufficients like glass surfaces can produce sus-
tainable energy in smaller and limited amounts, and
we refer to them as ‘micro self-sufficients’. The exam-
ples discussed in this section demonstrate the pos-
sibilities that regenerative design offers.
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The idea of regenerative design is to move from away
from devices and materials that only consume energy
towards devices and materials that generate suffi-
cient energy to meet their own needs while also pro-
viding excess energy to the societal stocks where
they are located. There is a great need to utilise sus-
tainable energy from resources that aren’t yet being
exploited, like built infrastructure. However, it must
be noted that regenerative design is not a foregone
conclusion of a sustainable solution and should not
be taken for granted. Regeneration is a sustainable
option when it is calculated from the impact per-
spective of the whole entity that is under consider-
ation. There are limitless opportunities in terms of
how regenerative design could be implemented. For
instance, a wider range of the different structures
of the societal stock could be designed to harness

energy whenever it is beneficial and creates value.

Figure 14 shows the circulation of materials and
energy in the future sustainable economy, where
materials are sourced via upcycling and energy is pro-
duced sustainably. In this new model, societal stocks
will be responsible for self-producing the energy that
is required for the maintenance of the existing infra-

structure. Great electrification in this process will

enhance the operations more efficiently based on
electricity. In addition, in future societal stocks will
produce sustainable excess energy to cover the
energy demand that is required for the excessive
share of the operations, like recycling processes and
carbon capture and utilisation, thus ensuring the use
of resources from sustainable sources of CO, and
other upcycled materials without emissions.

Macro self-sufficients like wind and solar-power
devices are in a defining position in the energy tran-
sition. It is evident that micro self-sufficients like ener-
gy-generating glass surfaces of buildings are not
capable of producing enough energy to cover the
sustainable energy demand. However, the amount
of energy produced by them can play a vital role in
making local infrastructures self-sufficient and thus
less dependent on outside energy input. Together,
applied successfully, these two types of self-suffi-
cients will speed up the energy transition.
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THIS WORK wishes to attest that although
global resource sufficiency and sustainability
challenges are immense, they are beatable. We
need to be open-minded enough to accept that
increasing resource insufficiency will inevitably
lead to a situation where we must be dauntless in
pursuing radically ambitious technological, busi-
ness and societal innovations to enable recovery
and a return to resource sufficiency. Mere recy-
cling of materials, however efficient, as well as
carbon-neutral energy solutions, will not save us
from making resource insufficiency and climate
change worse. Starting to beat the challenges
necessitates pragmatic ‘first things first’ solutions:

® investing in resource and energy-efficient
processes

e prioritising energy saving in the most
energy-intensive production and
manufacturing processes

® Keeping critical non-renewables in
circulation

¢ developing feasible carbon capture and
storage solutions

It is nevertheless clear that radical ‘propeller-head’
inventions and innovations in the form of tech-
nologies and operational models in societies and
business life, as well as among individuals, will
change the direction of the progress we are being
confined to follow. Some glimpses of these inno-
vations have been presented in this paper. Serviti-
sation concepts need a nudge towards materials.
Efficient material flow management and intelli-
gent materials would be a significant factor in
terms of intensifying resource efficiency, material
circulation and material performance. At the same
time, development in energy and other production
should result in process and business concepts
that enable emissionless production by capturing
off-gases for use as raw materials.

The rewards of success belong to those who
have the courage to quickly make the first radical
moves. This requires broad-minded collabora-
tion, new networks and new ways of thinking.
We need flag-bearers and forerunners in disrup-
tive technology development and application, and
we should support industrial sectors to connect
with each other and jump out of the ‘linear inertia’
towards circular activity and further — beyond the
obvious!

WE SUGGEST YOU to take a glance
at the roadmaps and scenarios written
by experts of VTT on the future food
economy (Food 4.02°), future renew-
able materials (Cellulose goes digital?®),
digitalisation of bioeconomy (Bitteja

ja Biomassaa?®, in collaboration with
the Institute of Natural Resouces, only
in Finnish), low carbon bioeconomy2°
(Growth by integrating bioeconomy and
low carbon economy ref) and synthetic
biology?'in which many of the themes
discussed in this paper are contem-
plated more deeply and from different
angles.



54

VTT VISIONS

REFERENCES

10

11

Closing the loop — An EU action plan for the

Circular Economy. European Commission. (2015).
https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX%3A52015DC0614

Transforming our world: the 2030 Agenda for Sustainable
Development. (2015). https://sustainabledevelopment.
un.org/post2015/transformingourworld

The Paris Agreement. UNFCCC. (2015). https://unfccc.
int/process-and-meetings/the-paris-agreement/
the-paris-agreement

Ellen MacArthur Foundation (2013). Towards the Circular
Economy. Vol. 1. Rethink the future. Economic and
business rationale for an accelerated transition. Ellen
MacArthur Foundation (2013). Towards the Circular
Economy. Vol. 2. The opportunities for the consumer
goods sector. http://reports.weforum.org/toward-the-
circular-economy-accelerating-the-scale-up-across-
global-supply-chains/from-linear-to-circular-accelerating-
a-proven-concept/?doing_wp_cron=1527572847.967721
9390869140625000

Krausmann, F., Wiedenhofer, D., Lauk, C., Haas, W.,
Tanikawa, H., Fishman, T., Miatto, A., Schandl, H., Haberl,
H. (2017). Global socioeconomic material stocks rise
23-fold over the 20th century and require half of annual
resource use. Proc. Natl. Acad. Sci.114: 1880-1885. doi.
org/10.1073/pnas.1613773114

de Witt, M., Hoogzaad, J., Ramkumar, S., Fried|, H.

and Douma. A. (2018). The circularity gap report. An
analysis of the circular state of the global economy.
Circle Economy and Shifting paradigms. https://www.
circularity-gap.world/

Dittrich, M., Giljum, S., Lutter, S., Polzin, C. (2012). Green
economies around the World? In Implications of Resource
Use for Development and the Environment. Sustainable
Europe Research Institute (SERI), Vienna, Austria, p. 43.
https://www.boell.de/sites/default/files/201207_green_
economies_around_the_world.pdf

Schandl, H., Hatfield-Dodds, S., Wiedmann, T., Geschke,
A., Cai, Y., West, J., Newth, D., Baynes, T., Lenzen,

M., Owen, A. (2016). Decoupling global environmental
pressure and economic growth: Scenarios for energy use,
materials use and carbon emissions. J. Clean. Prod. 132:
45-56. doi.org/10.1016/j.jclepro.2015.06.100

Meadows, D., Randers, J., Meadows, D. (2004). Limits to
growth. The 30-year update. Chelsea Green Publishing
Company, Vermont.
https://www.footprintnetwork.org/our-work/
earth-overshoot-day/

www.overshootday.org/

12

13

14

15

16

17

18
19

20

21

22

23

24
25

26

27

Accenture, Circular advantage. Innovative Business
Models and Technologies to Create Value in a World
without Limits to Growth. (2014). https://www.accenture.
com/t20150523T053139__w__/us-en/_acnmedia/
Accenture/Conversion-Assets/DotCom/Documents/
Global/PDF/Strategy_6/Accenture-Circular-Adva ntage-
Innovative-Business-Models-Technologies-Value-Growth.
pdf

Zink, T. and Geyer, R. Circular economy rebound.
(2017). Journal of Industrial Ecology 21: 593-602. doi.
org/10.1111/jiec. 12545

Haas, W., Krausmann, F., Wiedenhofer, D. and Heinz, M.
(2015). How Circular Economy is the global economy?:
An Assessment of Material Flows, Waste Production,
and Recycling in the European Union and the World in
2005 Journal of Industrial Ecology 19: 765-777. doi.
org/10.1111/jiec.12244

Eurostat. (2018). Waste electrical and electronic
equipment (WEEE). http://ec.europa.eu/eurostat/web/
waste/key-waste-streams/weee

Critical minerals for the EU economy: foresight to

2030. https://warwick.ac.uk/fac/soc/pais/research/
researchcentres/csgr/green/foresight/economy/2013_
ec_critical_minerals_for_the_eu_economy_-_foresight_
to_2030.pdf

FAOQ. (2016). According to the UN, more than 1.3 billion
tons of food is thrown away each year, representing 3.3
billion tons in annual carbon dioxide emissions. http://
www.fao.org/
http://www.fao.org/save-food/resources/publications/en/
http://www.unesco.org/new/en/natural-sciences/
environment/water/wwap/facts-and-figures/
all-facts-wwdr3/fact2-agricultural-use/

Food economy 4.0. VTT’s vision of an era of smart
consumer-centric food production. (2017). https://www.
vit.fi/inf/pdf/visions/2017/V10.pdf

Synthetic biology as an enabler of sustainable
bioeconomy — A roadmap for Finland. (2017).
https://www.vtt.fi/inf/julkaisut/muut/2017/
syntheticbiologyroadmap_eng.pdf

Schlegel, H.G. and Lafferty, R. (1965). Growth of
‘knallgas’ bacteria (Hydrogenomonas) using direct
electrolysis of the culture medium. Nature 205: 308-309
Nevin, K. P., Woodard, T. L., Franks, A. E., Summers, Z.
M., and Lovley, D. R. (2010). Microbial electrosynthesis:
feeding microbes electricity to convert carbon

dioxide and water to multicarbon extracellular organic
compounds. mBIO. 1: 1- 4. doi: 10.1128/mBio.00103-10
http://criticalrawmaterials.org

Cellulose goes digital. VTT’s Vision of digital cellulose-
based industries. Visions 14. https://www.vtt.fi/inf/pdf/
visions/2018/V14.pdf

IEA. (2017). Energy access outlook 2017. From poverty to
prosperity. World energy outlook special report. https://
www.iea.org/publications/freepublications/publication/
WEQ2017SpecialReport_EnergyAccessOutlook.pdf
http://ec.europa.eu/eurostat/cache/infographs/
circulareconomy/



GOING BEYOND A CIRCULAR ECONOMY

55

28 Bitteja ja biomassaa: Tiekartta digitalisaation
vauhdittamaan biotalouteen. (2017).
https://www.vtt.fi/inf/pdf/visions/2017/V11.pdf

29 Growth by integrating bioeconomy and low carbon
economy. Scenarios for Finland until 2050.

(2018. https://www.vtt.fi/inf/pdf/visions/2018/V13.pdf

SUGGESTED
FURTHER
READING

Baldé, C.P, Forti V., Gray, V., Kuehr, R., Stegmann, P. The
Global E-waste Monitor — 2017, United Nations University
(UNU), International Telecommunication Union (ITU) &
International Solid Waste Association (ISWA), Bonn/Geneva/
Vienna. https://collections.unu.edu/eserv/UNU:6341/Global-E-
waste_Monitor_2017__electronic_single_pages_.pdf

Lyytimaki, J., Lahteenoja, S., Sokero, M., Korhonen, S. and
Furman, E. (2016). Agenda 2030 in Finland: Key questions
and indicators of sustainable development. http://vnk.fi/
documents/10616/2009122/32_Agenda+2030+in+Finland-
Key+questions+and+indicators+of+sustainable+development.
pdf/cb556¢cc7-05bf-446a-b3c4-dd63ce154958

The European Sustainable Biofuels Forum. (2012). http://www.
sustainablebiofuelsforum.eu/index.php/biofuels-overview/
definitions

Franconi E., Brindgeland B. et al. (2016). A new dynamic 2.
Effective systems in a circular economy. Edited by the Ellen
MacArthur Foundation.

Sitra (2016). Leading the cycle: Finnish road map to a circular
economy 2016-2025. https://www.sitra.fi/en/publications/
leading-cycle/

The European Commission’s 7th Environment action
programme to 2020. (2014). http://ec.europa.eu/environment/
action-programme/

Agenda 2030 in Finland: Key questions and indicators
of sustainable development http://tietokayttoon.fi/
julkaisu?pubid=13401

Accenture. Circular advantage. (2014). Innovative business
models and technologies to create value in a world
without limits to growth. https://www.accenture.com/
t20150523T053139__w__/us-en/_acnmedia/Accenture/
Conversion-Assets/DotCom/Documents/Global/PDF/
Strategy_6/Accenture-Circular-Advantage-Innovative-
Business-Models-Technologies-Value-Growth.pdf

The European Commission’s strategy on plastics in the
circular economy. (2017). http://ec.europa.eu/environment/

circular-economy/pdf/plastics-strategy.pdf

European Commission. A Roadmap for moving to a
competitive low carbon economy in 2050. (2011). http://www.
cbss.org/wp-content/uploads/2012/12/EU-Low-Carbon-
Road-Map-2050.pdf

Strategic Programme of Prime Minister Juha Sipild’s
Government. (2015). Finland, a land of solutions.
Government publications 12/2105. http://valtioneuvosto.fi/
documents/10184/1427398/
Ratkaisujen+Suomi_EN_YHDISTETTY _netti.
pdf/8d2e1a66-e24a-4073-8303-ee3127fbfcac

Pyykkonen, J. (2016). Vaikuttavuuden hankinta. Kasikirja
julkiselle sektorille. Sitran selvityksiad 115. https://media.sitra.
fi/2017/02/27175254/Selvityksia115-2.pdf

Kiertotalouden toimenpideohjelma. (2017). http://www.
ym.fi/download/noname/%7B9496AD91-E6CC-4892-AE4A-
462F538B6611%7D/132802

Kraaijenhagen, C., van Oppen, C and Bocken N. (2016).
Circular Business: Collaborate and Circulate. Circular
Collaboration. https://circularcollaboration.com/

Raitanen, E., Antikainen, R., Turunen, T., Primmer, E., and
Seppala, J. (2017). Biomassan kaskadiperiaate ja muut
politiikkatoimet. Suomen ymparistokeskuksen raportteja
27/2017. https://helda.helsinki.fi/handle/10138/224563

Ellen McArthur Foundation. (2016). Intelligent Assets:
Unlocking the circular economy potential. https://www.
ellenmacarthurfoundation.org/publications/intelligent-assets

Esnouf, C., Russel, M., & Bricas, N. (Eds.). (2013). Food
system sustainability: insights from duALIne. Cambridge
University Press. doi.org/10.1017/CB09781139567688

Hig, C., Pradhan, P. Rybski, D. and Kropp. J. P. (2016). Food
surplus and its climate burdens. Environmental science &
technology 50: 4269-4277. doi: 10.1021/acs.est.5b05088

Geissdoerfer, M., Savaget P., Bocken, N. and Hultink, E.
J. (2017). The Circular Economy — A new sustainability
paradigm? Journal of Cleaner Production 143: 757-768.
doi.org/10.1016/j.jclepro.2016.12.048

Digitaalisen alustatalouden tiekartasto. (2017).
https://www.businessfinland.fi/globalassets/julkaisut/
alustatalouden_tiekartasto_web_x.pdf

EEA. (2018). The circular economy and the Bioeconomy.
Partners in sustainability.
https://www.eea.europa.eu/publications/
circular-economy-and-bioeconomy



56

VTT VISIONS

Andrews, D. (2015). The circular economy, design thinking and
education for sustainability. Local Economy. 30: 305-315. doi.
org/10.1177/0269094215578226

Bakker, C., Wang, F., Huisman, J. and den Hollander, M.
(2014). Products that go round: exploring product life
extension through design. Journal of cleaner production 69:
10-16. doi.org/10.1016/j.jclepro.2014.01.028

Jensen, J. P. and Remmen, A. (2017). Enabling circular
economy through product stewardship. Science Direct.
Procedia Manufacturing 8: 377-384.
doi.org/10.1016/j.promfg.2017.02.048

Urbinati, A., Chiaroni, D. and Chiesa, V. (2017). Towards a new
taxonomy of circular economy business models. Journal of
Cleaner Production 168: 487-498.
doi.org/10.1016/j.jclepro.2017.09.047

Virtanen, M., Manskinen, K. and Eerola, S. (2017). Circular
Material Library. An innovative Tool to Design Circular
Economy. The Design Journal 20:1611-1619.
doi.org/10.1080/14606925.2017.1352685

Geyer, R., Kuczenski, B., Zink, T. and Henderson, A. (2015).
Common Misconceptions about Recycling. Journal of
Industrial Ecology. 20: 1010-1017. doi.org/10.1111/jiec.12355

Prieto-Sandoval, V., Jaca, C. and Ormazabal, M. (2018).
Towards a consensus on the circular economy. Journal
of Clearer Production. 179: 605-615. doi.org/10.1016/j.
jclepro.2017.12.224

Pomponi, F. and Moncaster, A. (2017). Circular Economy
for the built environment: A research framework. Journal of
Clearer Production. 143: 710-718.
doi.org/10.1016/j.jclepro.2016.12.055

Reh, L. (2013). Process engineering in circular economy.
Particuology 11: 119-133.
doi.org/10.1016/j.partic.2012.11.001

Simons, M. et al. (2018). Taloudelliset ohjauskeinot
kiertotalouden arvoketjuissa. VNK julkaisusarja 54/2018. http://
julkaisut.valtioneuvosto.fi/bitstream/handle/10024/160994/54-
2018-Taloudelliset%200hjauskeinot%20kiertotalouden %20
arvoketjuissa.pdf

IPCC. (2018). Global warming of 1.5 Celsius degrees. an
IPCC special report on the impacts of global warming of 1.5
°C above pre-industrial levels and related global greenhouse
gas emission pathways, in the context of strengthening the
global response to the threat of climate change, sustainable
development, and efforts to eradicate poverty. http://report.
ipcc.ch/sr15/pdf/sr15_spm_final.pdf

APPENDIX:
FLOW OF

THE ROADMAP
WORK

We started the roadmap work during spring 2017 as part

of the VTT strategy process. We soon realised that the
framework of the roadmap must be sufficiency of resources
and envisaged three development paths concentrating on
seeking solutions for material and resource sufficiency for
future economies. To establish a solid base for the work,

we acquainted ourselves thoroughly with international and
national strategies, action plans, articles and reports on the
circular economy, platform economy, digital economy and
energy disruption, present and future regulatory framework in
Finland and within the EU, and trends and drivers pushing the
change out of the present economy.

The roadmap work was carried out in collaboration with VTT
experts and experts outside VTT. In the first workshop, the
trends and drivers triggering development and change were
identified under the topics of mindset, technologies and
production, as well as key competence areas contributing to
the change. In the second workshop, three tentative visions
perceived were acid-tested with VTT researchers from various
fields of expertise and development steps were created.
During this work, experts outside VTT were interviewed about
how the circular economy appears from their field of expertise
and about the expectations for future development. Also
several VTT experts were challenged in one-to-one brainstorm
sessions to assess the tentative visions and polish them
further.

We, the working group, reviewed and processed the materials
created in workshops, discussions and interviews and
together with the reference literature compiled the roadmap
as it is now, containing suggested visions for the future and
development paths within the visions.

The following experts have participated in workshops,
brainstorming discussions and interviews.

Interviewees:

Nina Elomaa, Fazer Ltd.

Tarja Haaranen, Ministry of the Environment (YM)

Anu Kaukovirta-Norja, Valio Ltd.

Matti Rantaniemi, Martela PLC

Maija Heikkinen, Finnish Forest Industries

Tuula Savola, Business Finland

Irina Simola, Finnish Food Industries’ Federation (ETL)
Marja-Liisa Tapio-Bistrdm, Ministry of Agriculture and Forestry
(MMM)

Sari Tasa, Ministry of Economic Affairs and Employment (TEM)
Niklas von Weymarn, Metsa Fibre Ltd.
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VTT’s brainstorm troopers:

Workshop, 15 May 2017, “Building VTTs visions for a circular
economy”:

Maria Antikainen, Mona Arnold, Maija Federley, Ali Harlin, Juha
Honkatukia, Anna-Stiina Jaaskeldinen, Johanna Kohl, Pertti
Koukkari, Jutta Laine-Ylijoki, Raija Lantto, Juha Lehtonen,
Tiina Nakari-Setala, Tiina Pajula, Merja Penttila, Lauri Reuter,
Anu Seisto, Nesli S6zer, Henna Sundqvist-Andberg, Katariina
Torvinen, Matti Tahtinen and Maria Akerman

Workshop, 16 January 2018, “Concretising development paths
within the visions”:

Maria Antikainen, Maija Federley, Katja Henttonen, Vafa
Jarnefelt, Anna-Stiina Jaaskeldinen, Tiina Koljonen, Jutta
Laine-Ylijoki, Raija Lantto, Anja Oasmaa, Tiina Pajula, Juha-
Pekka Pitk&nen, Anu Seisto, Nesli S6zer, Henna Sundqvist-
Andberg and Matti Téhtinen

One-to-one discussions:

Maria Antikainen, Antti Arasto, Mona Arnold, Ali Harlin, Tiina
Koljonen, Tiina Nakari-Setéla, Merja Penttila, Juha-Pekka
Pitkanen, Lauri Reuter, Anne Ritschkoff, Anu Seisto, Tuomo
Tuikka and Riikka Virkkunen
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