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1. Introduction

a) Background

Wind power industry has been developing very fast in recent years as costs have come down to a level
where energy from wind power is cheapest in most markets.! In fact, in Sweden, onshore wind projects
are nowadays being financed without any subsidies.? Increasing the length of wind turbine blades and
such the area swept by the rotor has been and will continue to be one of the main keys to bringing
down the costs and increase efficiency® (see Figure 1). Doubling the length of the rotor results in an
increase in energy production by four®. Wind turbine blades have thus become ever larger thanks to
the achievements in design and manufacturing using polymer composites reinforced with glass- and
carbon fibres.
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Figure 1 Technological development of wind turbines in height and installed power between 2010 and 2040°.

Wind farms and therefore also wind turbines are designed for a lifetime of 20-25 years since permits
usually are limited to this time frame. The share of wind power in Sweden’s —and the world’s — energy
mix is constantly increasing. According to the Swedish Wind Power Association, wind power
production will be doubled in the years 2019 to 2022, resulting in production of just below 30 TWh per
year (of around 140 TWh of total electric energy consumption in Sweden®). The volume of wind energy
being deployed every year will continue to grow in order to increase the share of emission-free,
renewable, and affordable clean energy (UN, SDG 77) and fulfil Sweden’s energy and climate goals.

Decommissioning of wind farms, that means the taking down after final shutdown of operation, is
necessary as permits expired or as wind farms with former technology are no longer financially viable
to be operated further under current market conditions. In some places where new permits could be
obtained, a reduced number of new wind turbines with state-of-the-art technique with larger rotors
and higher towers are being installed, which is called repowering. In most of these cases energy
produced by the new set-up is exceeding the original wind farm, in some cases doubling production.

The effects of the worldwide pandemic crisis of Corona on the advancement of wind power production
can right now not be estimated, however, those will probably show on a mid to long term. Electricity

LIRENA (2019), Renewable Power Generation Costs in 2018, International Renewable Energy Agency, Abu
Dhabi.

2 Svensk Vindenergi, oktober 2019, 100 procent férnybart 2040 Vindkraft fér klimatnytta och konkurrenskraft.
3 Electric Energy An Introduction Third Edition, Mohamed A. El-Sharkawi, 2013

4 Energy Revolution: The Physics and the Promise of Efficient Technology

5> Svensk Vindenergi, oktober 2019, 100 procent férnybart 2040 Vindkraft fér klimatnytta och konkurrenskraft.
5 Energimyndigheten, May 2020, Energildget 2020

7 United Nations, Sustainable Development Goal 7: Affordable and clean energy.
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prices have been low in the Nordics during the first months of 2020 due to a reduced demand induced
by the crisis on the one hand. On the other hand, the year started with above average wind months,
and besides also favourable weather conditions supporting good production potential for hydropower
are lowering the prices in the northern parts. As a high share of power production is located in the
northern part of the country, southern parts of Sweden are experiencing times with high electricity
prices due to bottle necks in transmission.

b) Issue

When decommissioned, around 85 to 90 % ® of the parts of a wind turbine are usually being recycled
e.g. all large metal components both from towers but also from gearboxes and generators. However,
EOL wind turbine blades are an exception. The blades are made of composite material which is
challenging to recycle due to its complex structure. Besides, virgin GF and plastics — the main
constituents of the composite blade are relatively cheap and given the current market and regulatory
conditions, not providing enough economic incentives to develop and upscale recycling processes for
GFRP. As installation volumes increase, so does the future volume of FRP structures to be taken care
of.

It is expected that the wind industry’s total volumes are going to increase further on the road towards
a 100 % renewable energy system. Swedish government has committed to 100 % renewable energy
by 2040 at the latest.® The polymer composites, however, are not biodegradable nor are there
industrial scale material recycling processes that will separate plastics and fibres and make them
available for reuse.

c) Purpose
The purpose of the study is to provide an overview for wind turbine blades in the context of circular
economy including:
o estimated amount of wind turbine blades to reach EOL in Sweden
o repair, maintenance and lifetime extension of wind turbine blades
o outlook on second-hand market
o recycling options
o new value streams from recycled GFRP
This report is focusing mainly on handling of wind turbine blades made of GFRP composites as this is
currently the core challenge to be overcome for EOL of wind turbines.

d) Limitations
A wind turbine can consist of approximately 25 000 different components®. Therefore, descriptions of
components other than wind turbine blades are only pointing out the main parts for the sake of a
general overview and understanding. In a geographic sense, the report is limited to the Swedish
market, where to date no wind turbine blades are manufactured on industrial scale. The report is such
only focusing on wind turbine blades that are or have been in operation in Sweden, not taking into
account GFRP waste generated during production of wind turbine blades.

8 ETIP Wind, How Wind is Going Circular, September 2019.
° Energimyndigheten, januari 2019, Sveriges energi- och klimatmal.
10VESTAS, 2019, Life cycle assessment of electricity production from an onshore V150-4.2 MW Wind Plant.
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2. General description of polymer composites

Artificially composited materials of polymers and fibres are used in many industries to achieve mass
reductions not achievable by metals, i.e. in aerospace, transport, marine, leisure and construction
industry. The increased use of fibre reinforced polymers enables more light-weight constructions
whilst strength and loading capacity can be kept or even improved, resulting in reduced fuel costs and
reduced greenhouse gas emissions.

In polymer composites, the individual constituents are polymer matrix and reinforcement!'.The
polymer matrix material surrounds and supports the reinforcement by maintaining their relative
positions. The role of the polymer matrix is primarily to bind the reinforcement together and to
transfer and distribute loads between the reinforcing fibres. The reinforcement, in most cases fibres,
carries the structural load, reduces thermal stresses and provides macroscopic stiffness and strength.
The properties of composite materials can then be tailored to the application through varying fibre
strength, orientation, length and content and in the selection of polymer matrix. Fibre reinforced
polymer composite materials can be divided into two main categories referred to as short fibre
reinforced polymers and continuous fibre reinforced polymers. A variety of fibre are used in
composites. Most common are glass, carbon, polymer fibres and natural fibres. CF are developed
particularly towards lightweight and high-performance applications, for example aerospace, and
continue to make anincreasing engineering impact. Polymer matrices are divided into thermosets
and thermoplastics. In general, thermosets have higher thermal, chemical and creep resistance
compared tothermoplastics. For this reason, high performance composite materials are usually made
from thermosets in combination with some fibres!?2. Thermosets are polymer materials that
irreversibly cured, i.e. once the polymer is hardened, it cannot be melted and reshaped. In contrary, a
big advantage for using thermoplastic matrices is that they can be reshaped and reprocessed several
times, which makes them much easier to recycle compared to thermosets.

In composite materials, matrix and reinforcement must cooperate to be able to support external loads.
A strong bond (so called interface) between fibres and matrix is needed for good transfer of load to
ensure good mechanical properties of the composite. This is on one hand a decisive factor for high-
performance composites and problematic on the other hand if it comes to subsequent separation of
the constituents for recycling purpose. Consequently, composites mechanical performance depends
tremendously on the quality of the interface.

The characteristics of the fibre composite materials depend not only on the nature and properties of
their constituents, but also on the manufacturing methods. Although some manufacturing routes can
be used for both thermosets and thermoplastics composite materials, the processes differ due to the
different nature of the polymer materials themselves. The key difference between thermoplastic and
thermoset is that heat needs to be applied during processing in order to melt thermoplastic. The next
step is usually to cool the composites down to achieve dimensional stability. The thermosets are
already in liquid state before processing. Due to this, a long curing process needs to be employed
where thermoset chemically reacts to form a solid. For this reason, one of the advantages to
manufacture thermoplastic composites compared to thermoset composites is a faster and less
complicated processing, which makes the manufacturing process less expensive.

1 Hull D, Clyne T. An introduction to composite materials. Cambridge University Press, 1996.
12 Astrom BT. Manufacturing of polymer composites. Chapman & Hall, 1997.
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3. Wind turbine components

a) Wind turbine blades
Wind turbine blades are the core structural part of a wind turbine, harvesting the energy from wind.
Requirements on their durability, stability and flexibility during continuous cyclic loading and extreme
loading are very high and weight must be managed carefully. The industry is nowadays with giant steps
moving beyond blade lengths of more than 100 m13 and a total weight of 40-50 t each, which gives an
indication on the future EOL volumes to be expected.

Historically, wind turbine blades are thermosets (plastics) reinforced with GF. Different manufacturers
have also introduced carbon fibre reinforcements in varying ways, for example VESTAS started to do
so in 200114. CF do have favourable characteristics such as low density and high strength in
comparison with GF, nevertheless, they are also more costly as the energy demand for production of
such is higher. As a result of high conductivity, CF make wind turbine blades also more prone to be
damaged by lightning strikes, which is putting owners’ assets at higher risk in certain weather
schemes.15 Apart from structural advantages, due to the excellent conductive properties in cold
climate applications, carbon fibre elements can be integrated for heating certain parts of the surface
of wind turbine blades in order to avoid accretion of ice. (Ice and snow that accrete on wind turbine
blades change aerodynamic characteristics and lead to a change in dynamic and cyclic loading, thus
causing power production losses, damage to bearings or even standstill.) Advancements in design and
manufacturing for GFRP and CFRP wind turbine blades continue to meet structural performance,
durability and dynamic stability requirements, so further challenges are to be expected in the handling
of wind turbine blades containing both GFRP and CFRP or even hybrid GF-CF-reinforcement.

Reduction of levelized cost of wind energy (LCOE) continues to be one of the main drivers of success
for wind farms penetrating the energy market, blade manufacturers have so far continued to focus on
capturing as much energy from wind as possible by increasing the rotor swept area at lowest weight
possible. Wind turbine blades consist of further material, i.e. a sandwich core made of balsa wood or
foams, polymers (epoxies, resins, thermoplastics), coatings and also metal parts. There is such a range
of different materials incorporated in just one blade, making it a complex but strong and durable
structure. Additionally, several manufacturers are and have been serving the market and hence blade
types available on the market are varying, providing diversity to which specific material compositions
can be found in wind turbine blades. Generally, for reinforcing fibres, glass, carbon, aramid or basalt
can be used. For polymer matrices, thermosets such as epoxies, polyesters, vinylesters, polyurethane
(PUR), or even thermoplastics16 are in use. This however concerns the new generations of the blades.
If it comes to older blades models, for those which are about to be decommissioned, material
composition is neither obvious nor are there detailed specifications available to the owners. Generally,
it is a challenge to gather information on the exact composition and share of material in a certain
turbine’s blades. An example of the complexity of a blade component can be seen in Figure 2.

13 GE Haliade 12 MW, blade length 107 m; https://www.ge.com/renewableenergy/wind-energy/offshore-
wind/halidade-x-offshore-turbine

SIEMENS GAMESA SG14-222DD, blade length 108 m; https://www.siemensgamesa.com/en-int/products-and-
services/offshore/wind-turbine-sg-14-222-dd

4 Workshop, May 14, 2020 (online)

15 Interview with blade specialist at RWE Renewables Sweden (earlier E.ON Renewables), dtd 2019-03-28

16 Jensen JP, Skelton K. Wind turbine blade recycling: Experiences, challenges and possibilities in a circular
economy. Renewable and Sustainable Energy Reviews. Volume 97, December 2018, Pages 165-176.

Dnr 2018-007282
Projekt: Kemisk atervinning av glasfiberkomposit fran vindturbinblad Projektnr 47044-1



Circular economy and the management of end-of-life wind turbine blades Page 6 of 20

3, glass fiber/polyester, balsa wood, thermoplastic PVC?

Figure 2 Several cross-sections of wind turbine blades. The above shown blade no 1 was a small-scale blade model used for
testing during product development at WRD GmbH (part of Enercon) supplied for chemical recycling testing at RISE. Blades
no 2 and 3 were supplied by Anmet, a recycling company from Poland.

As the blades are a core part of wind turbine product development with respect to performance,
turbine designers and manufacturers are not willing to disclose information about detailed material
composition nor about their aerodynamic profile. As mentioned earlier, the industry is technologically
advancing at quick pace, development of high strength and fatigue resistant blades included, so it is
not expected that blade waste material is going to be more standardized nor homogeneous in the
future.

b) Other components
The blades of horizontal axis wind turbine are connected to a rotor hub of cast steel, which holds blades
in position as they turn and connects to the main shaft of the machine. Generator and gearbox (apart
from direct drive turbines) are located in the nacelle of a wind turbine and are consisting of mainly
metal parts.

Nacelle housing is made of GFRP to cover the turbine’s drive train. The entire nacelle including hub
and rotor is held by a strong but not too heavy steel main frame. The tower is traditionally also made
of steel, mostly in a conical structure. There are lattice steel structures and there are towers with
concrete bottom sections combined with steel sections; there are also timber towers!”!8, although
they are not commercially available at the moment. The foundation is made of concrete with
reinforcing steel.

The majority of offshore wind turbine foundations are also consisting of huge steel pipes called
monopiles. However, at sea there are several different foundation designs deployed, including lattice
steel structures or concrete gravity-based structures. The choice of foundation is highly dependent on
soil conditions at the individual site.

17 Modvion, April 2020, http://www.modvion.com/wp-content/uploads/2020/04/200429-The-first-wooden-
wind-power-tower-has-been-erected-in-Sweden ENG.pdf

18 German Timbertower GmbH raised several timber towers for wind turbines but has not continued to do so
since 2014
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4. General outlook on Life-cycle assessment on wind turbines

Return-on-energy is showing the relationship between the energy requirement over the whole life
cycle of the wind power plant versus the electrical energy output. Generally, the energy payback time
for wind power plants is far less than one year.?® Specific examples in life-cycle assessments usually
show an even better ratio, e.g. an offshore wind farm based on a Siemens Gamesa 8 MW turbine can
reach energy payback after 7,4 months?, a low-wind onshore wind farm based on a VESTAS 4.2 MW
turbine is reaching it after 7,6 months2%. Of course, the exact time is not only depending on the turbine
itself but also on the distances to be overcome by logistics, the siting itself, wind conditions and
operating conditions.

Most critical for the assessment of the lifetime of a wind power plant are the production stage (mainly
sourcing materials but also manufacturing and installation) and the disposal stages (including
dismantling) of the life cycle. Due to the fact that electricity is generated without fuel consumption,
the entire operation phase is very low in emissions compared to production and installation. The
disposal or EOL stage is characterized by uncertainties of temporal and technological kind as the
options available for treatment technologies and recycling or take-back systems at a future point in
time are insecure.

Wind turbine parts consisting of mono-materials like metals are commonly fully recycled, after being
dismantled they are fed into standard metal recycling processes. Recycling of metal parts is such
achieving a ratio of more than 98 % for e.g. tower sections, 95 % for e.g. cables. A ratio of 92 % can still
be achieved in mixed metal parts. In a modern wind turbine of the 4-MW-class polymer materials
including blades are accounting for about 2,7 % of the total turbine mass, respective share of the entire
wind farm is about 1,2 % of the total, of course, depending on the specific wind farm design and
conditions.?? The same maghnitude of ratio can be assumed even for older wind turbines of smaller size
and capacity. However, as this report is pointing out, the total volumes GFRP from wind turbine blades
are still challenging to take care of as they nowadays are going to incineration or — only with specific
waiver by authorities — to landfill?.

5. Today’s circular economy actions for wind turbine blades

For the last few years, the trend has gradually shifted from recycling or dispose to prevention mostly
via maintenance and repairs of products. These operations are to prolong the useful life of a product,
saving the raw material consumption, the value invested in a product (design, calculations, marketing),
the environmental impact from recycling processes and other EOL treatments such as incineration
and/or landfilling. That is called a circular economy. The concept of circular economy is to prolong the
design life of a product throughout maintenance, reuse, remanufacturing or recycling so that the value
of the product is maintained in the economy and the generation of waste minimised. New value-adding
products and uses must be explored to succeed with the transition from a linear economy (“use and
dispose”) to a circular one. The actions on circular economy for wind turbine blades are listed below.

1% Bonou, A., Laurent, A., & Olsen, S. I. (2016). Life cycle assessment of onshore and offshore wind energy - from
theory to application

20 Sjemens Gamesa, Environmental Product Declaration SG 8.0-167 DD

21 Vestas, 2019, Life Cycle Assessment of electricity production from an Onshore V150-4.2MW wind plant

22 Vestas, 2019, Life Cycle Assessment of electricity production from an Onshore V150-4.2MW wind plant

2 vattenfall, 2019, Utgrunden vindkraftpark, Redovisning av aterstillning av vindkraftverk och fundament
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a) Repair, maintenance and lifetime extension of wind turbine blades

Following the principles of circular economy, actions on maintenance (including repair) and lifetime
extension (the replacement of older parts of wind turbines by new ones with increased performance)
are necessary in order to prolong the useful life of wind turbine blades. According to Windpower
Engineering and Development?*, less attention has been paid to the repair and maintenance of turbine
blades versus other components. Instead, preventive maintenance programs have focused on the
internal mechanics of turbines due to the predictability of their maintenance requirements. Typical
preventive maintenance plans for internal components fall into 3, 6, and 12-month work schedules. By
nature, blade repairs are more difficult to plan since damage can occur during the different stages
before commissioning (manufacturing, transportation, tower construction and erection) as well as due
to weather conditions during operation, e.g. heavy rain or hale. An example of the latter can be seen
in Figure 3 below, where a blade is damaged by a lightning strike, which is a common failure®. The
solution on repair shown in Figure 3 is based on the principles of a resin infusion process —a commonly
used technique for thermoset composite production. The damaged area is resected and GF are placed
on the top to cover the cavity. Once it is in place, thermoset resin in infused. After the resin is cured,
the excess of it is removed by polishing the infused area.

Figure 3 Repair of a wind turbine blade damaged by a lightning strike at Blade Solutions AB26,

For lifetime extension, the entire wind turbine must have sufficient structural life remaining so that its
safety level is not compromised. This can be evaluated using RUL (remaining useful life assessment)?’.
For example, in Denmark wind turbines subjected to lifetime extension must receive extended service

24 www.windpowerengineering.com

25 Orebrandt, A., Marsh, June 2020, Svensk Vindkraft Skador under drift

26 https://blade.solutions/index.html

27 WindEurope End of Life issues and Strategies. Webinar 27th of May 2020, presentation by UL Renewables.
https://windeurope.org/eolis2020/
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inspections from certified companies. Such inspections must consider all structural components
(annually) and cover a visual inspection of wind turbine blades every three years?,

b) Second-hand market for the entire wind turbines?®*°

Wind turbines from the pioneer years of wind power that have become unprofitable due to low
electricity prices in one country, may well function for at least an extra decade in another one. For that
reason, a second-hand market has evolved, where used wind turbines have a chance for a second life.
The example of Swedish wind turbines being exported for re-establishment in Ireland has been
practiced for some time on a smaller scale. The significantly higher electricity price there made it
possible for using older and less efficient wind turbines from Sweden. The subsidiary factor is that the
Irish government offers a favorable support schemes for small-scale production. Swedish market
players on the other hand have been buying second-hand wind turbines form the Netherlands. The
Swedish customers are mostly private clients such as farmers being interested in an extra energy

supply.

Figure 4 Swedish company Flodmans El & Energi dismantles a wind turbine for the second-hand market in Ireland?..

c) Reuse of wind turbine blades
Upcycling of wind turbine blade structures for other industrial usage, i.e. as structural parts in building
or infrastructure or recycling of wind turbine blade waste into separate origin material flows would be
ideal ways to improve circularity of the material and to make wind power more sustainable from a life
cycle approach. It is important to look into new solutions that enable the reuse of EOL wind turbines
blades. By reusing, the entire value chain of a product including design, calculations, production and
marketing is recovered, not only the materials as in the case of recycling. Figures 5 and 6 show some
examples from Anmet on how to reuse wind turbine blades. Anmet contributed to the current project
by supplying a part of EOL wind turbine blade for chemical recycling. In addition, RISE has initiatives

28 Zieglera L, Gonzalezc E, Rubertd T, Smolkaa U, Meler JL. Lifetime extension of onshore wind turbines: A
review covering Germany, Spain, Denmark, and the UK. Renewable and Sustainable Energy Reviews, Volume
82, Part 1, February 2018, Pages 1261-1271.

2 https://www.nyteknik.se/energi/het-marknad-for-begagnade-vindkraftverk-6392590

30 Telephone conversation with Mats Flodman at Flodmans el & energi, 2019-10-31.
http://www.flodman.nu/en/flodmans-el-energi-home/

31 Flodmans El & Energi AB, www.facebook.com
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both ongoing (“RECINA”®?) and submitted to Swedish Energy Agency (Energimyndigheten) called
“Blade 2 Bridge” regarding the subject of reuse of polymer composites.

Figure 6 A concept of a pedestrian bridge by Anmet for the use of EOL wind turbine blades.

d) Recycling of wind turbine blades

a. Regulations and framework

Although recycling is not the highest prioritised action within the world of circular economy, there is a
point, where a rotor blade reaches the end of its lifetime and recycling becomes unavoidable. In
addition, legislation policys, increasing environmental awareness and threat of shortage of raw
materials are factors that still coerce society into recycling. There are a few regulations that are highly
related to recycling of polymer composites:

* Directive 2008/98/EC on waste (Waste Framework Directive)

e The 7th Environment Action Programme (EAP) “Living well, within the limits of our planet”

e Agenda 2030

* Closing the loop - An EU action plan for the Circular Economy COM/2015/0614

* Directive 2000/53/EC - the "ELV Directive" on EOL vehicles

Directive 2008/98/EC3 sets the basic concepts and definitions related to waste management, such as
definitions of waste, recycling, recovery. The European Union's approach to waste management is

32 RECINA — Ateranvindning av Kompositdelar i Infrastruktur. RISE ongoing project financed by Swedish Energy
Agency (Energimyndigheten), Dnr 2019-021576.

33 https://www.thefirstnews.com/article/the-green-team-turning-disused-wind-turbines-into-stylish-street-and-garden-
furniture-10543?fbclid=lwAR2MymmDHXJMNZWUuAfAKG NhvulVPbLvVPFdndkaPHBE QcDMLe6RfsFOt4

34 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008L0098
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based on the "waste hierarchy”, which sets the following priority order when shaping waste policy and
managing waste at the operational level:

* prevention

* reuse

e recycling

* recovery

e disposal (includes landfilling and incineration without energy recovery).
In line with this, the 7th Environment Action Programme® puts the following priority objectives for
waste policy in the EU:

e reduction of the amount of waste generated

e maximizing recycling and reuse

¢ limiting incineration to non-recyclable material

e phasing out landfilling to non-recyclable and non-recoverable waste

e ensuring full implementation of the waste policy targets in all Member States

Agenda 2030%, released in 2015 by United Nations under the title “Transforming our world: the 2030
Agenda for Sustainable Development” presents 17 goals with 169 targets covering a broad range of
sustainable development issues. One of the goals involves sustainable consumption and production
patterns where the target is to substantially reduce waste generation through prevention, reduction,
recycling and reuse.

Also the EU’s action plan for the Circular Economy?’ is of importance, where clear targets for reduction
of waste and a long-term path for waste management and recycling are identified.

Directive 2000/53/EC - the "ELV Directive">® on EOL vehicles sets the following requirements:
e Every car produced must be recycled to at least 95%
e |tis the car manufacturers' responsibility to comply with the law
e (Cars that the manufacturer put on the market in Sweden must be received free of charge
within a nationwide reception system

It is worthwhile noting that the Swedish government in June 2020 broadened their “Delegation for
Circular Economy” with representatives from food packaging industry, automotive and recycling of
plastics®. According to the delegation’s communication, increased focus for 2020 is on traceability of
materials and on a stronger responsibility scheme in waste management for producers. The Delegation
is also having clear focus on the power of public sector purchasing as this sector could clearly lead the
way towards a circular economy“. It is to be expected that future recommendations will also include
fibre reinforced composite material not only plastics. Producer’s responsibility in waste management
as required in the automotive industry is likely to be applied to other industries as well.

35 https://ec.europa.eu/environment/action-programme/

36 https://www.globalamalen.se/

37 https://ec.europa.eu/environment/circular-economy/pdf/new circular economy action plan.pdf

38 https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02000L0053-
201306118&qid=1405610569066&from=EN

39 pressrelease by Ministry of Environment, June 2020, Regeringen stirker Delegationen fér cirkuldr ekonomi
40 https://www.delegationcirkularekonomi.se/ , dtd 2020-06-26
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b. Technical solutions — general description

Generally, recycling of composite materials is difficult due to the complex structure of these materials.
Various types and content of fibres and polymeric matrices as well as very different applications are
factors that make recycling complicated. Consequently, methods to recover composite materials and
to reuse them are still under development. General recycling techniques for handling of EOL
composites are listed below.

e Mechanical recycling

e Thermal recycling

e Chemical recycling

e Incineration (energy recovery)

Mechanical recycling refers to processes, which involve shredding or granulation of composite waste.
The waste material is reprocessed (in this case grinded) excluding energy recovery or disposal, without
changing the chemical structure of the processed material. The granulated composite material can
then be used as a filler in the construction industry and/or in production of new composites. The
method is relatively cheap and has been industrialised worldwide.

Thermal recycling involves high temperature treatment, recovering energy from the polymer part of
the composites as well as recovering fibres. The recovered fibres can then be reused in new composites
products. Several different types of thermal recycling methods are available for thermoset-based
composites such as: pyrolysis in nitrogen environment*, fluidised bed process in oxygen
environment*? or low temperature pyrolysis *3. Pyrolysis is however the only worldwide industrialised
thermal recycling method, recovering both energy from polymers and fibres itself.

Chemical recycling processes are designed to reclaim not only fibres but also polymer waste materials.
These processes break down polymer matrix into monomers, fibres are usually separated for a
subsequent reuse. Recovering of both fibres and matrix are a clear advantage of chemical recycling
processes and ideal process conditions need to be found for the materials in order to recover them
with still acceptable mechanical properties.

Incineration (also called energy recovery) is from the circular economy approach a largely inefficient
solution. This is because the main component of GFRP is fiberglass (about 70%) - an inorganic material
that cannot be combusted, resulting in large ash residues when incinerated. Besides, the CO, emissions
caused by incineration of waste materials are significant for the environment. Today, the ash from
combustion of municipal waste in Sweden is transported to a Norwegian island Langgya for landfilling
(see Figure 7). The ash consists of mixed hazardous and valuable substances with the potential for
separation®. As a result, environmental company Ragn-Sells has signed an agreement with Swiss
Hitachi Zosen Inova to build its new plant for the treatment of fly ash from waste incineration. Within

41 Gopalraj SK, Karki T (2019) A review on the recycling of waste Carbon fibre/glass fire-reinforced composites:
fibre recovery properties and life-cycle analysis. SN Appl. Sci. 2, 433 (2020). https://doi.org/10.1007/s42452-
020-2195-4.

42 pickering, S.J., Turner, T.A., Meng, F., Morris, C.N., Heil, J.P., Wong, K.H. and Melendi-Espina, Sonia (2015)
Developments in the fluidised bed process for fibre recovery from thermoset composites. In: 2nd Annual
Composites and Advanced Materials Expo, CAMX 2015; Dallas Convention CenterDallas; United States, 2015-
10-26 - 2015-10-29.

43 Gong G, Nystrom B, Juntikka M, Oxfall H, Lindqvist K, Olofsson K. (2016). Experimental verification of Re-Fib
method for recycling fibres from composites. Advanced Manufacturing: Polymer and Composites Science;
2(01)27-33.

4 https://www.svd.se/sa-undviker-vi-att-skapa-fler-giftoar
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two years from now, the plant outside Stockholm will be able to separate hazardous ash from valuable
one equivalent to half Sweden's production each year.

Figure 7 Landfilling of waste incineration ashes at Langgya
(Norwegian island, located ca 50 km south-west of Oslo). Photo: Hakon Bonafede.

c. Technical solutions applicable to EOL wind turbine blades

Mechanical recycling, pyrolysis and co-processing in cement kilns are at the moment the only
industrialized methods to recycle GFRPs*. The output of mechanical recycling is a grinded composite
material with inconsistent size that includes contaminants. The quality of the recyclate is therefore
considered to be poor. The fragmented material is usually used in low performance applications within
the construction industry. The results of the pyrolysis process are gas and oils (from polymer matrix)
that can be used as energy source. The recovered fibres may retain oxidation residues or char that
decrease the overall quality of the material. Co-processing in cement kilns is a highly efficient and fast
process where large quantities of composites can be processed. The main advantage of the process is
that it can substitute up to 75 % of the raw materials used in the cement industry. The main drawback
of the process is the loss of the original material form and hence significant loss of mechanical
properties.

There are also methods being currently under development with a potential to be applied to EOL wind
turbine blades. Solvolysis is the method studied by RISE in the current project. High voltage pulse
fragmentation is an alternative solution to conventional grinding processes. The method requires high
voltage electrical pulses to selectively fragment a composite material®. The result is a crushed mass of
particles each of a single material, which is opposed to the less selective breakage that occurs with
traditional mechanical fragmentation methods described earlier. Soft milling is a less energy
consuming and less abrupt alternative to conventional grinding processes*’. The method works in
harmony with the materials, breaking them along their natural boundaries and transforming to high
value commodities. The technology has been used and tested in smaller applications for many years
but not industrialized in large scale so far. Within a fluidised bed process contaminated and mixed
waste from EOL composites are treated. The oxidising conditions allow full removal of any organic
materials and the fluidised bed effectively separates fibres from other incombustible materials, such

4 Workshop, May 14, 2020 (online). Presentation by Bax & Company.
46 SELFFRAG Waste to value, http://www.selfrag.com/about/.
47 https://librixer.com/
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as metals. Due to oxidation, fibre tensile strength is significantly reduced. The process can only be
economically viable if it reaches capacities of more than 10,000 tonnes per year®.

d. Potential market for recycled polymers and GF

Increasing awareness and concern about climate and environment has encouraged many industries to
introduce sustainable solutions. This has led to a rise in demand for recycled polymers across the
world. In the packaging industry, recycled plastics are used in a wide range of applications such as food
packaging, plastic containers, bottles, closures, jars, engineered pumps, sprayers, and caps. Thus, the
increasing demand for recycled plastics from the packaging industry is expected to drive market
growth during the coming years. If it comes to polymer composite industry, the use of recycled
materials has been significantly lower. The automotive industry forced by the regulations is currently
looking into recycled options for both fibres (glass and carbon) as well as polymers.

There is an economic value in some of the recycled materials. For instance, recycled CF are still
expensive (prise comparable with virgin GF) with a huge potential to reuse in other applications*. The
opposite situation is for recycled GF as the virgin material is generally inexpensive. However, the
coming volumes of EOL GF based composite blades force to develop sustainable solutions. One of them
has been solvolysis developed in the current project with the potential to recover high quality fibres
and polymers.

In the current project a variety of discussions were held in both workshops, working groups and
individual interviews. Several non-evaluated concepts of how recycled polymers and GF streams have
such been presented. GF could be fed into manufacturing processes of insulation material or of bottle
glass manufacturing, possibly with some pre-processing to fit an existing process. New appliances for
recycled GFRP are possible in 3D-printing, in furniture or in any covers for e.g. snow mobiles, city
scooters, etc. where requirements of mechanical strength are limited. Sizing, resizing or sheet
moulding are other possible appliances.

Interesting to note is that also the oil produced from the polymer fraction could be of increased value,
not only for producing recycled plastic products, but also as crude oil supplement°. Market actors are
perceiving that interest has risen in order to be able to declare a higher share of recycled oil fraction
and such more sustainable mix. However, pre-processing is most likely needed in this case as well in
order to remove e.g. chlorides that would harm existing processes.>!

As for the high energy consumption of a solvolysis process, it is important to note that power mix of
the Nordics with low greenhouse gases is favorable for such establishment.

6. Landfill

Landfilling of EOL wind turbine blades is not practiced in Sweden. Those few that have been
decommissioned so far, were incinerated® and hence indirectly landfilled in Langgya island as
described in the previous section. Some of the blades are stored as spare parts>3.

48 |erides M, Reiland J. (2019) Wind turbine blade circularity. Technologies and practices around the value
chain. www.baxcompany.com

% Pimenta S, Pinho ST. Recycling carbon fibre reinforced polymers for structural applications: Technology
review and market outlook. Waste Management 31 (2011) 378-392

50 Sott R, Mattsson C. (2020) Solvolys av vindturbinblad. RISE Rapport 9P02934

51 ReComp, March 2020, reference group meeting

52 Workshop, May 14, 2020 (online)

53 Telephone discussion with Flodmans El & Energi AB, www.facebook.com
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7. Logistics challenge

Wind turbine blades installed in Sweden range within a variety of lengths, when in 1990 an average
rotor diameter was around 24 m, it was already 44 m in diameter in the year 2000. It is from 2000
onwards that the first 1 MW wind turbine generators were installed and round about 50 units per year
were erected during that time. Today wind turbines of name plate capacity of more than 4 MW and
rotor diameters of 150 m are installed in Sweden>*. This shows the range of blades to be handled during
decommissioning is varying a lot, from about 20-25 m until more than 60 m length.

Decommissioning is a reverse process of installation and commissioning, however at the EOL, owners
are not prone to take on the costs of special purpose transport vehicles for the transport of obsolete
giant parts unless they are sold within second-hand-markets and transported for being erected in
another country. Whichever the case, special cranes are needed to safely take down wind turbine
blades from their rotor hubs and also to take down nacelle and dismantle tower segments.

The transport of these oversize parts (tower segments, blades) or overweight parts (nacelle) imposes
not only the necessity of special transport vehicles but also requires detailed planning for handling
road restrictions (clearance under overhead bridges or power lines, bends, risk of damage of bridges
etc) on transport routes. From a life cycle perspective transporting oversize items is also negative as it
imposes further greenhouse gas emissions to the wind farm project. In this respect it is preferred to
strip down or even cut and grind the parts as much as possible, thus improving towards a mass-efficient
transport that can be done with standard vehicles and on standard roads.

The sawing, shredding or grinding of GFRP at site imposes some challenges as well as methods of
demolition are limited. Besides, as wind farms are located in forests and farmland it is very important
to ensure that no dust, debris or other residues are left in the environment. Manual operation with
e.g. diamond rock saws is strong equipment being used in order to cut the blades into more easily but
still quite big sections. It needs careful arrangements to ensure the collection of fine dust for protection
of both workers and environment.

One concept presented by Eno Energy is using non-contact and semi-automated water jet technology
disassembly cell. Through their self-sufficient closed water system, they claim to control the avoidance
of hazardous fine dust. The portable solution is located on a truck where automated cutting is done
with the help of sensors and robot sawing system.>> Afterwards shredding or grinding can be
performed at respective facility depending on the process chosen.

8. Mapping Sweden — mass of wind turbine blades expected

a) Motivation
The wind industry is one branch of the cross-sector challenge of composite waste, including
automotive, marine and building industry to name a few. By year 2025, it is estimated that blade waste
will be contributing with 10 % of the total estimated thermoset composite waste in Europe. Wind
businesses’, however, thrive to bring GFRP recycling forward as an implicit motivation lies in the nature
of the business. First, wind energy is a large-scale sustainable form of renewable energy — it needs to
be sustainable all the way including blades. Second, wind industry is highly connected with the picture
of classic three-bladed rotors making up new landmarks and thus awareness in public. Third, the

54 Vindbrukskollen, September 2019, data extracted and analysed by RISE
55 Eno Energy, January 2020, Sustainable Dismantling https://www.svensk-vindkraft.org/wp-
content/uploads/2020/02/Verksleverant%C3%B6rernas-tankar-Tomas-Gustafsson-eno-energy.pdf
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providers and owners of wind power plants do not want to damage reputation by further pictures of
blades being piled upon each other or buried in any remote area.

b) Mass of wind turbine blades expected

The central database and GIS-tool Vindbrukskollen®®, driven by the Swedish Energy Agency and the
county governments, is a database documenting the Swedish fleet of wind turbines and wind power
plants. All wind power projects seeking environmental permit are usually registered and updated
through the different stages until commissioning, operation and also decommissioning. General data
like rotor diameter, total height and name plate effect is available, in most cases also the type of
turbine etc. Even historic data has been integrated; only some very few datasets are incomplete, which
is deemed not to be a problem in the analysis for this report.

For the sake of estimating the amount of composite waste resulting from EOL wind turbine blades in
Sweden, an assumption of mass per blade is necessary. Earlier estimations®” have been assuming an
average of 10 t blade mass per MW rated power. More recent research, however, is pointing out that
improved manufacturing techniques and lower safety factors have led to more efficient structural
design. Blade mass per unit rated power are not fully following predicted conventional mass scaling
law, however they are ranging between 8-13,4 t/MW.%® The industry association WindEurope is
estimating conservatively a mass of 12-15 t/MW.% In the volume estimations for this report an average
weight of 10 t of blade mass per MW rated power is assumed.

Figure 8 shows the estimated mass of wind turbine blades in tons that are going to be decommissioned
every year. Assumptions needed to be made for the lifetime of the assets before decommissioning.
The analysis is based on commissioning dates registered in Vindbrukskollen and adding the expected
lifetime. As real lifetime is expected to deviate from original design lifetime of usually 20 years, this
analysis is averaging the amount of wind turbine blades to be taken out of operation from all registered
assets assuming an operational time of 15, 20 and 25 years. As Figure 8 shows, the expected volumes
are not following a constant growing trend. This is owed to the fact that growth rates in wind power
establishment have not been following a constant growth either. Due to the establishment and
changes in support schemes as well as cost reduction of wind power, the development has rather been
of cyclic character. Some years of lower build-out were followed by one or two years of rather extreme
establishment figures as the market has been catching up. On average, the decade from 2020 will show
about 2200 t of wind turbine blade waste every year in Sweden. During the following decade from
2030 and onwards a more than tripled volume will occur and result in a yearly average of 7700 t of
wind turbine blades taken out of operation in Sweden.

%6 Vindburkskollen, https://vbk.lansstyrelsen.se/

57 Albers, H., 2009. Recycling of wind turbine rotor blades - fact or fiction? DEWI Mag. 34, 32-41.
58 Liu, P., Barlow C. Y., Wind turbine blade waste in 2050, Waste Management, 2017

59 WindEurope, Discussion paper on managing composite blade waste, March 2017
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Figure 8 Estimated blade waste in ton in the Swedish market due to decommissioning of existing wind farms
(RISE, October 2019).

The numbers are to be interpreted as an estimation; enhanced upgrading technology for lifetime
extension or enhanced repair technology could initially influence turbine blade waste towards a lower
mass. It is to be noted that the need for handling of wind turbine blade waste in these cases only is
deferred to a future point in time.

The same is valid for usage of wind turbine blade structures that are used as construction parts in
infrastructure or building industry and such prolong lifetime in a different application. Also, the future
second-hand demand for wind turbines is deferring the need for handling of EOL blades both timewise
and geographically. If so, a possible demand for second-hand turbines itself can only be created by
markets outside Sweden.

On the other hand, lower market prices for electricity could possibly lead to individual decisions of
early decommissioning of a wind farm. When technology advancement within the industry, like further
increase in rotor size and generator size resulting in increased wind yields, it is attractive for the owners
to replace their existing wind power plant with the new technology. The purpose in such cases is to
improve financial viability and long-term revenues of a wind farm. These practices will increase the
amount of composite material to be taken care of to an earlier point in time than originally expected.

To conclude, a variety of factors are influencing the final mass of wind turbine blade waste to be
handled a certain year, whereas it can be stated that all wind turbine blades so far produced and
erected in Sweden will have to be handled sooner or later.
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9. Qutlook — influencing tomorrow’s EOL from what

can be done today®°

The willingness to strive towards a fully sustainable business is high in both Swedish and European
wind industry. Wind farm developers as well as OEMs and suppliers have been arguing for renewable
energy and “greener” business for a while, which is slowly but surely leading towards further internal
benchmarking towards the environmental sustainability values stipulated. In general project
developers, wind farm owners and operators are witnessing an increasing interest — both internally as
well as from business partners and customers —to demonstrate sustainability of the projects. Following
the high interest of media during e.g. the end of year 2019, EOL of wind turbine blades have raised the
awareness not only of the industry but also of the public.

During the discussions, interviews and workshops within the current project several approaches have
been highlighted and assessed. Firstly, it is noted that purchasing by developers and owners is a so far
untapped potential. So far it has not been used in order to firmly demand wind turbine blades with a
more sustainable material composition. Some market actors stated that they have started evaluating
material choice and recyclability of the turbine blades, however, none of them was able to make their
purchasing decisions on such criteria above other more determining factors. Apart, it is unclear how
call for proposals could stipulate firm requirements on the sustainability of blades, when OEMs do not
seem to be able to offer or deliver on such terms. It is important to investigate incentives on their
overall effects, e.g. if the requirement is to increase recyclability of the total wind turbine, it could
happen that the share of cement or steel is increased instead of working the hardly recyclable
materials. The authors conclude that further inter-industry activities should be pushing this issue
forward, making clear on which terms tender requirements will be sharpened. The Swedish market is
a strong purchasing market where relatively big projects with many wind turbines are being built. In
dialogue with suppliers, a roadmap could be developed to push suppliers towards circularity of
materials within wind turbine blades.

However, suppliers of wind turbines are faced with increasing awareness in public and more serious
requirements by their customers. Different approaches are being developed and established. None of
the suppliers are in Sweden, however, for the completeness of this outlook, suppliers’ incentives are
taken into account in this chapter. Danish company VESTAS has presented their strategy on
sustainability including the aim to produce zero-waste turbines by 2040. It is an ambitious goal as a 50
% recyclability of blades already needs to be reached in 2025.5! A range of activities will need to be put
in place, starting from substitution of specific material in current blade manufacturing like e.g. PVC
with more easily recyclable thermoplastics. VESTAS is pointing out that energy recovery is in their own
evaluation not a valid recycling option.

Other manufacturers will find themselves having to match such ambitions slowly but surely and
therefore strategy as well as technical work is ongoing. Suppliers have been working with cross-
industry cooperation with cement, chemical, glass or other industries in order to plan and establish
recycling facilities or symbiosis processes. Those are planned to be fed from both production waste
from wind turbine blades, customers’ EOL blades as well as other industries’ composite waste. It needs
a combination of in-flow volumes in order to reach continuous supply on industrial scale. The stream
of EOL wind turbine blades itself would nowadays still be too small. The challenges resulting from

50 \Workshops, bilateral meetings and interviews during 2019 and 2020
61 VESTAS, Sustainability Report 2019
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multiple composite and polymer material in wind turbine blades, however, could be driving the issue
so that a material in-flow from a variety of industries and applications could be possible in future.

Securing volumes to whichever recycling facility also implies that blade manufacturers or their
recycling partners are very likely going to develop business models for taking back blades at
decommissioning stage. One could think of two different approaches, (1) the first one to take back the
blades originally manufactured by themselves. The advantage could be that the best knowledge of
blade material composition is with the manufacturer and allows more efficient tuning of the process.
However, business consolidations could impose difficulties in making full use of this advantage. (2)
Another approach could be to offer customers that are purchasing new turbines a certain volume of
blades from their turbine fleet to be returned to this turbine manufacturer, no matter which
organization originally produced and delivered the blades some 20 years earlier. The advantage here
is the concept of taking shared responsibility on the sustainability of the business.

Of course, further business models are likely to evolve, possibly recycling companies themselves taking
the lead and such efficient logistics within a more regional approach could be of advantage.

Generally, cooperation within industry branches is headed by the European industry association
WindEurope and it has been clearly accelerated within the last year. Cooperation is nowadays
established with the industry association of the chemical industry as well as the composite industry
and a common report has been published in May 2020.52

The way of designing blades is and will have to be thought through in every aspect over and over in
order to reach increased recyclability, whilst continuing improving mechanical performance and
keeping costs low. The aspect of recyclability will have to be pervading every aspect of the design and
manufacturing process for blades.

To conclude, wind industry as being one of the fastest growing industries in the field of energy and
being audited on their sustainability actions, is probably going to be one of the main drivers for
recycling GFRP and CFRP as well as hybrid fibre reinforced composite material. It will, together with
other industries (e.g. automotive, marine, building and other transport), push the development and
scaling-up of the different technologies for recycling. For the time being, it is only co-processing
composites in cement kilns as well as pyrolysis that are mature to be applied in industry scale and will
such remain despite the known shortcomings.

Chemical recycling like solvolysis technology separating fibres from polymers, however, has some
important implications that are important to keep in mind and that need to be investigated further:
(1) Itis expected that regulatory frameworks are going to be stricter in order to improve environmental
sustainability. Once regulatory frameworks are demanding increased recyclability and recovery of
material into new streams and applications, a chemical way of separating fibres from polymers is going
to be a must irrespective of process costs. (2) Solvolysis can become one important preparatory stage
in a multi-staged recycling process, e.g. as pre-treatment before pyrolysis. (3) Wind turbine blades are
increasingly also containing CF besides GF as described earlier. This increases attractiveness of
chemical recycling as the value of recovered CF contribute positively to the viability of recycling
business models.

62 Cefic, EuCIA, WindEurope, May 2020, Accelerating Wind Turbine Blade Circularity.
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