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Abstract: There is great interest in using bio-based materials to reduce the climate impact
of materials. Similarly, there is an increased focus on the circular economy and recycling of
materials to increase material efficiency and reduce waste. In the case of wood waste, this
provides a cluster of benefits but has led to a high demand for the reclaimed material. This
review provides updates on several technologies where wood fibre recycling and products
from recycled wood fibre are breaking into new markets, including wood fibre insulation
products, wood plastic composites, oriented strand boards, and fibreboards. Emerging
technologies, such as the ability to recycle medium-density fibreboards, in addition to
the more commonly recycled solid wood or particleboard, will allow for a new set of
options within the wood cascading chain. Looking ahead, there are likely to be advances
in new composite products, as well as other feedstock materials derived from reclaimed
wood, such as nanocellulose, pyrolysis oils, or wood polymers reclaimed from the wood
feedstock. This review arose from an investigation into the wood recycling sector in the
UK. So, the horizon scanning exercise presented here considers the needs and challenges
that may arise, if the volume of recycled wood fibre can be increased, in an already highly
active market. Such developments would permit an increase in the manufacture of new-
generation long-service-life products to enhance carbon storage, and potentially a shift
away from bioenergy generation.

Keywords: waste wood; recycled wood; cascade; wood-based panels; wood composites;
carbon storage

1. Introduction
Wood has demonstrated circular economy principles for many years. Initially, post-

industrial waste wood (shavings, chips, and sawdust) was used in wood-based panels
by the early 1990s, with the recycling of post-consumer waste wood into panel products
becoming more widely accepted during the 1990s [1–4]. More recently, options for recycling
the wood-based panels themselves have been considered [5–7], and the range of sorting
and cleaning technologies has increased [8]. There has also been a steady investigation of
options for novel products derived from recycled wood. While early wood-based panels
papers may confuse post-industrial waste wood with recycled wood from post-consumer
or demolition origins, this is now such a standard practice that the use of industrial co-
products as feedstock is no longer included within recycled wood statistics.

Recycled wood has grown in prominence, with the FAO statistics for 2023 indicat-
ing that Europe collects the greatest volume of post-consumer waste wood for recycling
(76.8%), within which Germany (19.7%), France (15.6%), and the UK (11%) are the largest
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contributors [9]. Sweden, Italy, The Netherlands, Austria, and Norway also fall within
the top 10 global producers of post-consumer waste wood. China is the second largest
producer of waste wood globally (17.1%) and the Republic of Korea ranking eighth (3%),
giving Asia a 23.1% share of the global total. Sweden, Belgium, the Netherlands, Germany,
and Austria all import significant quantities of this recycled wood (over half a million
tonnes each in 2023) [8]. These figures reflect a market that has expanded rapidly.

Wood-based panels are a common destination for recycled wood. In the UK, in
2022, 1.0 million tonnes (29%) of wood from post-consumer waste was processed into
wood-based panels, and a further 1.2 million green tonnes of sawmill residues were used
(34%, post-industrial), alongside 1.2 million green tonnes of roundwood timber (35%).
The remaining 3% was from imported material (0.09 million tonnes) [10]. This principle
of approx. one-third from each source has continued for a considerable time in the UK,
reflecting the well-established practice. Recently, there has been increasing interest in
the quantities of end-of-life timber recycled, in order to consider the duration of carbon
storage and the contribution of the circular economy to mitigating climate change [11].
Forster et al. [12], for example, highlighted the need to increase circularity in order to
drive decarbonisation.

Developments in the UK and Europe, during the first two decades of this century,
have centred on reducing the quantity of wood entering landfill, and, in parallel, there has
been an increased use of biomass for energy. Both of these factors have dramatically altered
the wood recycling sector in the UK, with a dramatic shift from 2009, when a significant
proportion went to landfill [13], to the present day, where this quantity is negligible.

There has been a marked change in the quantities of waste wood being used as
bioenergy. For example, in 2008, only 250,000 tonnes went into biomass energy [14],
compared to 2.73 million tonnes in 2023 [15], an eleven-fold increase. This increase in wood
for biomass energy has allowed the lower-quality recycled wood to be utilised (for example,
treated or painted materials). However, the option for multiple life cycles of the wood fibre
prior to its ultimate fate in energy recovery would be beneficial for the circular economy.

The quantity of recycled wood which is converted into products is more stable. The
largest is still particleboard, with a slight decrease to 1.0 million tonnes in 2023 [10] (in 2009
it was 1.2 million tonnes, which is very close to current values). The use of recycled wood
in other uses, such as animal bedding and mulches, has also remained stable; for example,
390,000 tonnes went into animal bedding in 2008, and 350,000 tonnes in 2023. Thus, the
additional material generated by deflection away from landfill appears to have been almost
entirely consumed by the rapid growth of the biomass energy sector in the UK.

These days, the circular economy is often proposed as a solution to reduce our extrac-
tion of virgin resources and to improve the efficient use of the materials that we have in
the technosphere [16–18]. The European Parliament has recently endorsed cascading of
wood to promote the circular economy and climate change mitigation benefits within the
RED III (Renewable Energy Directive III) legislation [19]. This is an acknowledgement of
balance within and between climate change mitigation strategies. Even though timber is a
renewable biobased material, recycling is still a valuable step as even renewable materials
can become scarce, if the growth rate is lower than the market demand [20]. There is
growing recognition, and even concern, that demand for wood resources will far outstrip
supply by 2050 [21]. In future, competition between forest, farming, and other uses for
the available land area and competition for timber are likely to increase. There will be
a need for strategic choices in land management and resource efficiency [12,22–24]. In
particular, competition between the bioenergy sector and the wood-based panel sector is
anticipated [8,25,26].
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2. UK Waste Wood Markets
The latest Wood Recyclers Association (WRA) statistics for 2023 show that, of the

4.5 million tonnes of waste wood handled, 4.408 million tonnes were processed and used
in the UK [15]. In terms of destinations, large-scale biomass energy plants used 63% of
the wood processed, i.e., 2.73 million tonnes. Panel products took 22% of the recycled
wood, i.e., 963 thousand tonnes. This is a decrease compared to 2022, partially related
to the closure of one particleboard factory. A further 8% went into animal bedding, i.e.,
350,000 tonnes. In addition, 5% of the recycled wood was exported, due to demand for
bioenergy in Europe.

The increased share of recycled wood going into bioenergy between the first decade of
the century and current is dramatic. For example, in 2007 panel products were 60% of the
market supplied, and biomass and energy only 12.6%. At the time the total handled was
lower, just under 2 million tonnes [14]. By 2009, 566 thousand tonnes of the total 2.2 million
tonnes of waste wood went into bioenergy [13], i.e., the quantity had doubled in two years.
The current 63% of recycled wood entering bioenergy is a reversal of fortune, reflecting a
strong shift in the market.

Ormondroyd et al. [27] noted that the municipal wood waste gathered from Wales and
from the highly active recycling regions of England were located close to existing wood-
based panel manufacturers, indicating the connection between market pull and waste
infrastructure. Good wood waste collection provides an easy route to the next generation
of wood products. By 2023, the utilisation of waste wood has reached a higher level of
competition with a complex web of transactions between local authorities, waste handling
companies, and panel mills or biomass energy producers, meaning that this geographical
trend is less evident.

Nguyen et al. [28] pointed out that, in Europe, the energy utilisation of waste wood
tends to exceed materials uses such as wood-based panels, with some countries having
85–95% of waste wood enter energy applications (e.g., Sweden, Switzerland, Norway, the
Netherlands, and Finland). This is now increasingly the case in the UK.

Landfill ceased to be the default option for waste wood in the UK during the 2010s,
when a sequence of increases in landfill tax were implemented [13,29]. The quantity of
wood entering landfill decreased dramatically. Current UK waste statistics report wood
as 0% of landfill intake materials, which can be interpreted as a negligible or undetectable
quantity [30]. The most likely remaining reason for wood entering landfill is the very small
quantities that are too intimately mixed with other wastes for segregation, for example,
as a small component within an electrical appliance or household object. Other traces of
wood waste may occur in the household waste stream where the quantities are perceived
by the consumer to be too small to justify a trip to the household waste recycling centre.
But, it should be noted that the use of landfill itself has diminished in the UK, as the
incineration of household waste with energy recovery has become a common approach for
the non-recyclable fraction of the waste stream in many regions.

3. Wood Collection, Segregation, and Processing Routes
3.1. Waste Sorting

In order to segregate and process wood waste more efficiently and optimise the split
into appropriate grades, there has been an increase in the number of hubs across the UK
handling, sorting, or storing wood waste. This was prompted by work by WRAP and
the WRA in the 2010s that highlighted the need for increased collection facilities and a
consistent set of criteria to ensure best use of the range of qualities of material [31,32]. The
result was a widely adopted set of grades, from A to D, as shown in Table 1.
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Table 1. Grades of waste wood within the UK system, derived from [33].

Notes

Category A
Pre-consumer waste wood and
untreated wooden packaging

Clean untreated wood

The main sources for this type of wood are the distribution,
packaging, and retail industries (e.g., pallets, packing cases,
cable drums), as well as offcuts from the wood machining

industries. The wood can be contaminated with nails, screws
and plastics; however, the processors generally screen these
out. The wood can contain minor amounts of surface paint,

but these are commonly water-based and non-toxic.
This is the preferred material for animal bedding applications,
but can also be used by the panelboard industry, in non-IED

Chapter IV biomass, or in the manufacture of briquettes
and pellets.

Category B Business waste
Treated non-hazardous

This can include Category A wood and demolition wood and
material from waste transfer stations. It can, therefore, include

solid wood furniture.
This grade of wood can be contaminated with plastics, paints,

glass, grit, non-hazardous coatings, and glues. This is the
preferred material for the particleboard industry but can also

be used for IED Chapter IV biomass.

Category C Municipal waste wood
Treated non-hazardous

This can include Categories A and B but is primarily sourced
from municipal collections, transfer stations and HWRCs. This

category often contains wood-based panels from flat pack
furniture and DIY products. It can include some treated wood

(non-CCA and no creosote). It can be used in panelboard
manufacture or burnt. Due to the presence of the water-based

preservatives any incineration needs to be in a boiler
compliant with Chapter IV of the Industrial Emissions
Directive. This category is a ‘waste’ according to Waste

Management Regulations.

Category D

Hazardous waste wood
Treated hazardous

Category C and track works, fencing
and transmission poles

This category includes waste wood from hydraulic
engineering (e.g., from docks) or from industrial applications
(e.g., cooling towers, or woodblock flooring), and from boats,
carriages, and trailer beds. Can also be waste wood treated

with CCA or creosote (i.e. includes telegraph poles,
agricultural fencing, etc). The wood can contain all the

contamination found in Category C, but the presence of CCA
(Copper Chrome and Arsenic) preservatives and creosote is
the main criterion. It must be segregated and consigned to

sites permitted to handle hazardous wood.

The grades were developed by the Wood Recyclers Association and have been refined
as the waste wood handling sector has matured [33]. The difficulties of separation and
classification (relating to the unknown provenance and history of the wood) are largely
handled by the route that the wood takes entering the recycling system and the improved
recognition and testing of the wood that is deemed potentially hazardous. The largest chal-
lenge remains when handling wood waste at household waste recycling centres (HWRCs,
for domestic waste) as the wide range of products being disposed of makes recognition
difficult. A testing programme in 2019–2020 indicated that the percentage of hazardous
waste entering HWRCs was so low that it could be considered insignificant (0.06%). A
follow-up round of testing was initiated in 2023 to provide additional evidence [34].

A guidance document was released in November 2021, giving clear examples of wood
types commonly handled at HWRCs, and which ones are most likely to potentially contain
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hazardous wood, requiring further testing [35]. Potentially treated wood that pre-dates
2007 is typically assessed to reflect the withdrawal of CCA from sale in 2006.

Clean, sorted demolition wood features quite high up in the waste wood hierarchy, in
Category B. Strict limits are set on the amount of coated and treated timber that is allowable
in the timber mix. If it includes wood that is deemed treated hazardous, i.e., is likely to
exceed the limits on preservatives, the timber is downgraded to Category D timber. It is
then handled as hazardous waste with specialist disposal. A Regulatory Position Statement
(RPS 250) was in place until 2023 for construction and demolition waste, and a new RPS
291 covers ‘amber waste’ in England. This allows temporary storage of this waste wood
while it undergoes the WRA testing mentioned above.

One concern at waste handling hubs is the flammability of wood chip piles, if stored
for prolonged periods. This is due to microbial action within the chip pile, leading to a
build-up of heat. As a result, both the Environment Agency and the local Health and Safety
Executive are very strict about the size of wood waste piles. One reason for such piles
having developed is the fluctuation of wood waste prices; in order to achieve the best
possible prices in the wood industry some storage is needed. In other cases, the market for
Category C and D wood has been poor, leading to a backlog of low-quality material when
a given operator ceases trading.

3.2. Industry-Adopted Regulations

It is common for many industries to specify the quality requirements for their feed-
stock materials, and this is also the case for waste wood entering the panel mills. The panel
industry (primarily particleboard) uses a significant amount of waste wood in their manu-
facturing process; however, the wood has to be clean and free from chemical contamination
before it enters the factory. A clear picture emerged early on about the acceptable levels of
heavy metals and contaminants that might relate to existing wood treatment agents from
the first use of a product [27]. Other aspects of the specification may include the size and
form of the timber, the grit content, and the moisture content.

Work in this area started in 2000, when the Wood Panel Industries Federation (WPIF)
in the UK recognised the increased use of waste wood in manufacturing wood-based panels.
They developed an industry standard (WPIF/UKFPA/1-2000) which was based around
the strictest European Standard to consider allowable metals content at the time, BS EN
71 or ‘The Toy Standard’ [36]. This standard prescribed the heavy metal content limits for
materials used in the manufacture of toys. In 2004, a Publicly Available Specification (PAS
104, [37]) was published, governing contaminant levels, followed by an updated WPIF
guidance document in 2005 to cover the manufacture of particleboard, MDF, and OSB
in the UK. The limits have been incorporated into the PAS 111 standard for processing
waste wood, with an additional restriction on the total heavy metal compound content of
4000 mg/kg dry matter [31]. The WPIF standard was also adopted by the European Panels
Federation, as shown in Table 2, with revisions over the past 15 years [38].

Whilst the standard was written to protect the panel board industry’s interests and
ensure that panels were able to supply to all industries, it initially prevented the use of
most demolition waste wood streams and instigated the sector’s dependence on clean
waste wood. Since this time, much work has been undertaken to analyse timber waste
streams and demonstrate the decrease in heavy metal content with the transition from
older-generation to new-generation timber preservative treatments [34]. The clear but
stringent specification on contaminants has led to excellent quality control of waste wood
intake for the industry and driven development of best practice in segregation. As a result,
there have been many innovations in the processing steps for recycled timber as it enters
the panel manufacturers.
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Table 2. The maximum allowable quantities of contaminants permitted in wood-based panels
manufacture [38].

Contaminant Limit (g/kg)

Arsenic (As) 0.025

Cadmium (Cd) 0.050

Chromium (Cr) 0.025

Copper (Cu) 0.040

Lead (Pb) 0.090

Mercury (Hg) 0.025

Fluorine (F) 0.100

Chlorine (Cl) 1.000

PCP 0.005

Creosote 0.0005

3.3. Screening and Cleaning for Wood-Based Panel Mills

Recycled wood in the UK is frequently shredded as the first stage in conversion to a
feedstock for use. The shredded material can then be segregated by size and ferrous metals
removed using an overband magnet. This works well for the larger and better liberated
metal components, but small ferrous metal pieces may remain if well embedded into wood
particles. In some systems these are detected visually to return into the shredder or removed
using technology such as the rare earth drum magnet and eddy current separator [39].
Entrapped metals are removed using the drum magnet, whereas non-ferrous metals can be
removed using the eddy current separator (with an alternating magnetic field). A further
metal detector may be installed above the belt for transport to the secondary shredding step.

In many systems, sieving occurs using a variety of screens and sifting tables. Vibrating
conveyors may also be used to segregate material by size during movement through the
process. In some mills, it is important to ensure that plastics and low-density materials
are also removed from the recycled wood feedstock. This can be achieved using various
technologies, some based on screens with rollers to flick the lightweight, bulky plastics off
the top of the chip. Other systems can use advanced sensor technology to detect plastics
optically and eject them from the current of chipped wood. One example is the Cyclops
system from PAL [40]. Garcia et al. [8] report the combinations of X-ray, near-infrared
(NIR), and hyperspectral sensing technologies, where both NIR and hyperspectral methods
are combined with principal component analysis (PCA) to aid recognition. In Italy, where
50% of panels are to be made from recycled material by 2030, Fantoni have demonstrated
separation technologies on an MDF line—where excellent segregation and cleaning is
required [41]. This used a quarter of a million tons of furniture-grade recycled material and
a system developed by Steinert.

A wide range of separating and cleaning technologies exist—some are applied at the
dry end, and others may be used at the wet end. For example, a wet system may use
density difference to separate stones, grit, and metals from the wood chips, which float
across the surface of a tank of water, while the denser contaminants drop to the bottom.
This can be a suitable step to elevate furnish moisture content shortly before resination and
pressing, or prior to refining (which uses wet chips). Dry-end systems might be used as the
chips leave the shredding and screening stage.

Technologies can include kinetic systems, using momentum and air resistance to
govern segregation; pneumatic systems, agitating particles through a vertical system of
screens; and gravimetric systems, based on density within a cyclone-type structure [42].
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3.4. Cleaning Wood for Recycling

After physical separation, in certain grades of recycled wood, the chemical contam-
inants within the wood may remain a challenge, especially for treated timber contained
within household waste (Category C) or within construction and demolition waste (Cate-
gory B). The obviously treated materials (e.g., fencing panels) may be visually identified
and removed prior to shredding to minimise the need for segregation later within the
process and deflected into Category D. However, it would be desirable to find cleaning
treatments, either chemical or biological, that can remove the contaminants and enable this
feedstock to be returned into new products.

In the context of particleboard, the feedstock must be sufficiently clean. Potential
contaminants include adhesives, coatings, additives, and chemical treatments. Researchers
have long considered methods for sampling and quantification of contaminant levels and
their influence on board properties [43,44]. Hydrolysis is the most commonly proposed
method for deactivation of urea formaldehyde adhesive bonds [5,45], as discussed later, but
other adhesives may prove more challenging—for example pMDI, MUF, and PF resins are
resistant to hydrolysis and deliberately selected to provide moisture resistance in certain
products. Many additives, e.g., waxes and hydrophobising agents, are of low toxicity
and, thus, of limited benefit to remove, but could alter the bond formation within next
generations of product. Coatings are a complex group—ranging from paints and stains
or varnishes through to solid laminates or polymers which can be identified and removed
by physical methods. The larger challenge is associated with preservative treatments and
fire-retardant treatments [8,46].

Helsen and Van den Bulck [47] considered the specific case of CCA-treated timbers,
and identified chemical extraction, bioremediation, electrodialytic remediation, and ther-
mal destruction as options. This particular grade of treatments posed multiple challenges,
including the possibility for arsenic release, or hazards associated with chromium if in
certain valent states, as well as the potential formation of dioxins and furans during
combustion reactions. However, the quantity of CCA-treated timber within the waste
stream is diminishing as the use of this treatment agent was restricted in Europe in
2006 [48].

Chemical cleaning treatments, solvent systems, biological treatments, and liquefaction
have been tested to remove preservative treatment chemicals from the wood. In some cases,
the technology has focused on the reclamation of the copper, chromium, and arsenic and
conversion to a form suitable for re-use as a wood treatment chemical [49,50], although this
is of lower interest in Europe where such treatments are not permitted. The use of organic
acids has been demonstrated to be effective in removing copper-based treatments [46,51,52],
especially citrate ions. Shiau et al. [53] demonstrated that citric acid extraction gave a steep
chromium and arsenic removal when the pH was dropped to 3.5.

Electrokinetic processes have been investigated at the bench scale; for example, Sarah-
ney et al. [54] demonstrated the removal of 74% of chromium, 97% of the copper, and 88%
of the arsenic from CCA-treated timber. The electrokinetic process was enhanced with an
oxalic acid–EDTA solvent mixture.

Bioremediation offers a sustainable approach to removing inorganic wood preserva-
tives like heavy metals from treated wood, mitigating ecological risks and human haz-
ards [55]. This process uses microorganisms to break down or transform contaminants into
less harmful substances [56]. Xing et al. [55] reviewed three main direct bioremediation
options: fungal bioremediation, bacterial bioremediation, and non-living bio-sorbents.
It has been suggested that the decontaminated wood can be reused in products such as
particleboard [57]; however, there can be strength and toughness loss, depending on the
organism deployed and treatment conditions.
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Work with bacteria such as Lactobacillus and Streptococcus shows some potential [58]
but may require several days to achieve metal removal. The laboratory study used milled
wood powder so that it may generate material that is better suited to wood plastic com-
posite production than particleboard. Milling was shown to be unnecessary for bacterial
fermentation by Bacillus licheniformis when oxalic acid was used as a pre-treatment [59].
Enzymatic systems such as pectinolytic and cellulolytic from Bacillus and Pseudomonas
spp. may assist in releasing copper, chromium, and arsenic from wood [59].

Some researchers have investigated the production of cleaned chips for future re-
use [60,61]. The pilot scale work by Coudert et al. produced wood chips with a significantly
reduced copper content from CCA, ACQ, MCQ, and copper-azoletreated woods [61]. Up to
97.5% of the arsenic, 87.9% of the chromium, and 96.1% of the copper present in CCA treated
wood was removed by the three-step leaching process. The particles were sufficiently clean
for compost production but only suitable for use in particleboards if mixed with clean
wood chip at 10 to 50% of the chip feedstock (US regulations).

It is clear that while approaches for chemical or physical cleaning upgrading methods
for treated wood exist, none have yet become a reality due to economic constraints. The
move from small-scale to industry-level applications has not yet taken place. Cleaning
could benefit the particleboard manufacture from recycled timber, opening potential for
lower-quality material to enter a material second life rather than combustion. It could also
lead to new options and products if the cleaning process leads to a transformation of state
(e.g., pyrolysis oils and nanocellulose).

4. Cascading Use of Wood and the Circular Economy
Innovative thinking on the recovery and recycling of materials can lead to materials

‘cascading’ through many life cycles before the material is rendered only suitable for
incineration and (hopefully) energy recovery [62,63]. The aim of the waste reduction
measures, and the philosophy of cascading use of materials, is to reduce the quantity of
waste reaching landfill. The initial diversion of timber away from landfill is largely complete
in the UK, but the cascade can continue to be refined and developed. More recently, the
concept of cascading has become a key part of the approach to optimising choices in the
wood value chain to enhance carbon storage and to reduce GHG emissions—both necessary
to mitigate climate change [12].

An ideal material cascade for waste wood may be to move from primary use in
structural timber, furniture, pallets, etc., into a second use within particleboard; thereafter,
the particleboard may be recycled once or more into new generations of particleboard,
finally leading to a tertiary product or use for energy recovery (Figure 1). During this
process, some losses will occur at each step, e.g., non-recoverable off-cuts of particleboard,
painted material, and material too degraded for recycling. Most of these small portions
will reach landfill or incineration, some may decompose in the environment, and a few
pieces may also reach new artisan or alternative applications.

For the timber cascade system it is possible to use the model to estimate residence
time within the wood products pool, relating to carbon storage benefits (greenhouse gas
removal and storage) within the wood products sector [11,64]. This has become a subject
of intense interest and has renewed efforts to enhance the recycling and reuse of wood, to
move wood through different product lives down the cascade, prolonging the time period
for which the sequestered atmospheric carbon remains in solid form, removed from the
atmosphere [64].
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Some researchers have promoted the idea that there should be multiple passes through
each tier of the cascade, for example, with structural timber being reused into engineered
wood composites such as CLT and glulam before they pass onwards into the wood-based
panels tier [65]. This is a good concept; however it is important to remember that probability
functions apply at all tier levels. For example, in converting solid wood into glulam, there
will be shavings and offcuts passing directly to the wood-based panels stage or incineration
stage; even with the primary life of the timber, the log is split into planks and co-products
(sawdust, shavings, and chips), which pass to other tiers directly. Thus, the cascade is a
complex network rather than a linear waterfall (Figure 2).
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5. Most Commonly Used Recycling Options
5.1. Mulches, Animal Bedding, Play Surfaces, and Cat Litter

For waste wood in the UK, two markets which use the cleanest grade of wood are
found in agriculture (as bedding for livestock or for equine applications such as arenas
and gallops) and in horticulture (as mulch). These are long-standing markets and the
quantity of material entering these products is relatively stable, with only Category A wood
accepted. Once the mulch or equine surface material is produced, the wood has a relatively
short lifespan and moves rapidly to landfill, composting, or degradation in service.

Another minority product is wood pellet cat litter. This also requires high cleanliness
of wood feedstock, so it can only be formed from a small proportion of the available
recycled wood resource. The cat litter product also has a short residence time.

5.2. Wood-Based Panels

Wood-based panels have been one of the most significant options for recovered wood
for a long time, with the bulk of usage in particleboard. Vis et al. [63] indicated that
the recycled wood entering particleboard varied between 100% in Italy; 50% in Belgium,
the United Kingdom, and Denmark; 15–30% in Germany, France, and Spain; and 0% in
Switzerland. The proportion in the UK has diminished in the past few years as demand
for bioenergy has increased. The production of wood-based panels in the UK in 2022 was
3.5 million m3 using 1.0 million tonnes of recycled wood, but 1.2 million green tonnes
of roundwood and 1.2 million green tonnes of sawmill residues [10]. However, panel
production remains an important part of the circular economy for wood materials in many
European countries, as reflected in the recent European Parliament statement [19].

While particleboard is the most common panel to contain recycled material, there is
scope to produce medium-density fibreboard (MDF) as well. This product uses pressurised
refining technology to transform chips of recycled wood into thermomechanical pulp fibres
(TMP). However, it is essential that the feedstock is sufficiently clean and free from solid
contaminants (metals and inorganics). After refining, the TMP fibre can be used to form
MDF or other fibreboards such as high-density fibreboard (HDF) or hardboard.

There is also limited scope for incorporating recycled wood into other panels such as
oriented strand board (OSB), as demonstrated by the recent development of a five-layer
OSB panel by Kronospan, produced in Luxemburg. However, the strands that are used
to form the OSB need to have a long thin shape, allowing good transfer of load for this
structural panel product. To recycle solid wood into strands for OSB would require a
different stranding process, and while it is not impossible to imagine, it has not been widely
investigated. Again, this relates to concerns about the contamination of recycled wood with
solid particles, which could damage the cutting knives, or concerns about the suitability
of infeed material. In the most common demolition practice wood is broken up during
demolition rather than removed sequentially in long lengths. Large fractures at multiple
points in the timber would reduce the potential yield of strands for OSB.

Consumption of panel products in the UK is significantly larger than manufacture
capacity: 1.25 million m3 plywood (100% import); 3.38 million m3 particleboard and OSB
(30% import); and 1.69 million m3 MDF and fibreboard (53% import) in 2022 [10]. Based
on strong demand, there is scope for expansion and for this to incorporate additional
recycled feedstock. Wood-based panels, therefore, represent a substantial market for
recycled wood and recycled fibre if recycling practices continue to develop, and feedstock
is sufficiently clean.
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5.3. Recycling Wood-Based Panels into New Wood-Based Panels

Hydrolysis can be used to break down urea-formaldehyde (UF) resins in wood panel
waste, liberating the chips or fibres [5,45,66]. This process can also help mitigate the release
of formaldehyde in the next generation of product. Various factors such as temperature,
pressure, and steam ratio can affect the hydrolysis process [67,68].

Whilst this has been the subject of research for some years [5,69], one company has
recently commercialised a technology to recover fibres from MDF panels and return these
fibres back into MDF manufacture. MDF Recovery have patented technologies for the
separation of fibres from boards and have proven their use in the remanufacture of MDF
boards with similar board properties and emission profiles to those of virgin boards [6].
This technology is now scaled up and commercially available [70]. A parallel development
has been the use of steam and pressure to hydrolyse the resin, and Unilin are trialling the
technology at their mill in France [71].

An alternative approach is mechanical disintegration, although this is reported to
degrade the size and quality of the particles [7]. Surface-laminated panels present an
additional challenge and were studied by Hong et al. [72]. Four different laminate types on
MDF were investigated in a hydrolysis system. The recycled fibre was used in the core of
three-layer MDF panels, and their properties evaluated. The lowest strengths were seen
for the polyester coating laminates, and it was suggested this might relate to the different
alkaline buffer capacity of this laminate type affecting resin cure [72].

The literature suggests a lack of research on the production of plywood and OSB
from wood waste [28,73]. This is because of difficulty in processing wood waste into
suitable veneers for plywood or strands for OSB. The process would be at great risk of
contaminants shattering any blades used in slicing the veneers of strands. Complex sorting
would be required to ensure suitable material was prepared for strand manufacture if
OSB production were to be pursued. Further research could address this challenge, as
contaminant recognition and removal technologies continue to advance. However, the idea
of recycling OSB into new panels of OSB is limited by the resins that are most commonly
used in this panel type being resistant to hydrolysis. OSB is typically an exterior product or
used in humid environments, so water-resistant resin types are used, preventing recycling
through the hydrolysis-based technologies [45].

It would also be beneficial to evaluate the economic viability of innovative recycling
and processing methods to maximise adoption and contribution to a circular economy in
the timber industry.

5.4. Wood for Biomass Energy or Heat

The other primary option for disposal of waste wood is burning for energy recovery. It
was noted above that this is currently the destination of 63% of the UK’s recycled wood [15].
There has been steady policy support for renewable energy generation within the UK (from
the UK Renewable Energy Strategy in 2009 up to the current Clean Power 2030 action
plan). Wood as a fuel contributes to electricity generation and heat generation. The Biomass
Strategy indicates that biomass contributed to 11% of the UK’s electricity supply [74]. While
not all of this is from recycled wood, it indicates the scale of expansion which has occurred
in the sector in the past decades.

Many energy generation systems can handle only clean wood or clean agri-crop
residues such as straw, miscanthus, and short rotation coppice. However, there has been
expansion in the number of sites licenced to handle waste wood. Such incinerators operate
with greater controls and measures to control emissions from burning timber containing
preservative treatments, paints, or other potentially problematic components and are
compliant with Chapter IV of the Industrial Emission Directive.
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In addition to the industrial electricity and heat systems, some recycled wood can be
incorporated into pellets and briquettes for the consumer market. Kindling might also be
formed from short lengths and narrow dimension solid wood residues. All of these options
require clean recycled wood to ensure the wood fuel is not harmful. Heavy metals, such as
CCA-treated wood would not be suitable within the domestic wood pellet stoves or wood
burning stoves commonly used by the public.

However, reliance on burning waste wood for energy recovery may be premature, in
that it cuts short the options for materials cascading through multiple uses prior to eventual
incineration [56]. This topic will be further considered later as it provides the context in
which the different recycling options operate.

6. Emerging Practice in Reusing or Recycling Timber
6.1. Reuse in Construction

There is growing interest in the process of reclaiming solid wood for recycling into first
generation products such as glulam and CLT [65,75,76]. However, this requires the solid
wood to be removed from buildings in a form that does not decrease its length or cause
damage. This returns to the key themes when developing markets for waste wood from
construction—detection and removal of fasteners and fixings, and potential contamination
from paints or treatments used during the first life of the product.

A portion of reclaimed wood is recovered during demolition, if particularly old or
valuable, and then stored and marketed by salvage merchants, and specialist architectural
dealers. In the majority of cases, however, demolition teams prefer to break wood up during
demolition, rather than deconstruct the building to reclaim the timber. The exception is
where the client specifically requests the deconstruction method, or where the value of the
timber beams or trusses is sufficiently high to make it worth the cost.

The focus on material shortages and circular economy principles has led to new
research to use reclaimed demolition wood for new applications. One example is the
manufacture of CLT and glulam from reclaimed timber [65,75]. This requires good metal
detection prior to resawing into the new unit dimensions for the lamellae. It has also been
demonstrated that timing and storage are essential to being able to respond rapidly when
timber is available and to hold stocks until sufficient material is gathered for manufacture
of the laminated timber.

6.2. Wood Fibre Insulation

The emergence of technologies for recycling MDF into a fibrous feedstock [70] opens
the opportunity for wood fibre insulation to use this recycled fibre. A company in Wales is
working with MDF Recovery to develop a loose fill product, Pillo, with excellent thermal
insulating properties [77]. The product could be deployed in timber framed housing panels
or as a cavity wall insulation option. Previous studies have considered the use of sawdust
and shavings, or the creation of wood fibre from chipped waste, or used paper fibre [78,79].

6.3. Wood Plastic Composites

Wood plastic composites (WPCs) are a blend of wood particles or wood fibres in a
thermoplastic matrix. WPCs often use virgin timber or sawdust from primary manufacture
to ensure a consistent chemical composition and particle dimensions to aid uniformity
in manufacturing. The feedstock can be sawmill residues, and hardwood material is
preferred, to minimise the off-gassing of terpene volatiles which would occur from softwood
timbers [80]. Such feedstocks also help to ensure consistent particle sizes and easy milling.
In some cases co-location of WPC manufacture with existing wood processing industries
is beneficial, if these are generating sawdust or planer shavings as waste. However, there
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is scope to consider WPCs as a destination for reclaimed timber if of suitable quality and
species. However, the softwood carcassing timbers which dominate construction and
demolition wood would be less desirable.

Polymer matrices for WPCs include polyethylene, polypropylene, PVC, or polystyrene
or may increasingly include biopolymers such as polylactic acid (PLA) or thermoplastic
starch. The exact formulations depend on the manufacturer and technology employed.
Each manufacturer has their own range of different target markets and properties, relating
to the polymer characteristics. The largest market is extruded decking planks and cladding
sections, and this has become well established [80].

As for other applications, the presence of solid contaminants in some grades of recycled
wood will present a challenge to the milling equipment [27]. If metal or inorganics pass
through the milling stage, they present a further risk to the compounding equipment,
extruders, and moulding equipment. Many of the contaminants can be removed using
metal detection, and screening systems for removing non-ferrous metals and inorganic
particles. Such technologies have evolved greatly in recent decades, as discussed above.

The other contaminants present in recycled wood, such as paint, varnish, or treatment
products and glues, may contribute additional considerations [27]. For example, if the
organic contaminants degrade in the high temperature of the process, or give off gases.
Also if the contaminant causes chemical interactions to occur, or lead to a reduction in
compatibility between the particles and the polymer matrix. It is reported that the glues and
other contaminants present gave poorer results for recycled wood than virgin wood in a
study that considered a wide range of wood and paper wastes as feedstock for WPCs [81]. A
study using relatively clean recycled wood, which was finely milled for WPC manufacture
showed strength properties which were very similar to the WPC using virgin wood;
however, the water absorption for the recycled fibre was higher [82].

An early example of recycled wood as a feedstock for WPC materials used the sawdust
from MDF and particleboard manufacturing plants [83]. This fine material may be less
desirable for other products where sawdust is typically used. The sawdust was added at
different percentages and the properties compared with virgin MDF and particleboards
(rather than with WPC made from virgin wood). Comparison with generic data for WPC
materials [80] indicates that the modulus of elasticity (2.5–3.0 GPa), modulus of rupture
(25–35 MPa), and unnotched impact strength (400–550 J/m) values obtained at 60% fibre
loading were within the expected range for uncompatibilised WPCs [27]. The WPC made
using MDF sawdust performed better than the WPC containing particleboard sawdust,
which was attributed to the fibrous quality of the MDF sawdust [83]. Similar results might
be expected if waste MDF was segregated and the fibre recycled into a WPC product. The
method of separation appears significant, with slightly higher tensile and impact properties
achieved for WPC made with fibre separated by the thermo-hydrolytic method compared
to fibre from mechanical separation [84]. Similarly, recycled newsprint and other paper
fibres have been used to form WPC materials with improved properties, relating to the
fibrous rather than particulate character of the filler [85].

A more recent study considered Tanalith E-treated wood flour within a PLA matrix
for WPCs. The presence of the preservative treatment led to enhanced resistance against
decay fungi (Trametes versicolor and Coniophora puteana) in decay tests; however, the water
resistance of samples containing both treated and untreated wood was poor [86].

The research on the use of waste wood in WPC manufacture is limited, and focus has
been on WPCs using recycled plastics. There appears to have been relatively little activity
to commercialise a product in this area, but it remains a potential option for the use of
recycled wood. The recurring theme of cleaning the timber from contaminants must be
taken into account.
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6.4. Wood–Cement Composites

Wood–cement composites are a panel for structural and building-related applications,
which use Portland cement as the binder and the wood particles of various dimensions
and shapes [87–89]. The panels have been used for thermal and acoustic insulation and for
structural applications due to their fire resistance or termite resistance [88–92].

In an early study on possible re-use options for CCA-treated wood in Florida, cement-
bonded particleboards and wood–cement composites were identified as having potential
for several reasons. The wood may reduce the density of the pure cement, giving better insu-
lating properties, while the cement may contribute to the stabilisation of the metals within
the wood, minimising potential for leaching [93]. Other studies have assessed the proper-
ties of cement-bonded wood composites manufactured with demolition wood [90,94,95].
The leaching of copper and arsenic was greatly reduced for Portland cement composites, in-
cluding CCA-treated wood particles; however, chromium remained leachable [96]. Schmidt
et al. [97] indicated that CCA-treated wood had greater compatibility with the cement than
untreated wood, with greater resistance to fibre pull-out.

A more recent study considered the hygrothermal properties of a wood fibre–cement
system as permanent formwork for a structural system [98]. However, the wood used was
shavings, i.e., post-industrial material, rather than post-consumer recycled wood. Wang
et al. [99] considered wood that had been used as formwork in construction as a feedstock
for cement-bonded particleboard materials and demonstrated that lightweight panels could
be achieved by the suitable choice of admixtures that prompted crystal formation within
the wood cells.

It is most likely that particleboard is the most suitable format to accommodate recycled
wood, as this reduction technology is better developed. However, Qi et al. [95] showed that
MDF can be recycled into wood–cement composites with good results. Wood wool has also
been formed from waste wood to demonstrate the potential in wood wool–cement boards
(WWCBs) [100]. WWCBs are widely accepted due to the lower density and higher sound
and thermal insulation achieved through use of wood wool. The heat flow was identical
for the recycled and the raw wood wool in WWCBs, although the mechanical properties
of the strands were different. This led to a slight decrease in WWCB panel strength as the
proportion of recycled wool increased and fresh strands decreased.

Some recent studies on wood cement composites have highlighted the beneficial effect
of wood as a low carbon material to reduce the emissions or increase the carbon storage
of the cement or concrete [101,102]. This may provide renewed impetus to developments
within this area.

6.5. Extraction of Nanocrystalline Cellulose from Wood Waste

Cellulose nanocrystals (CNCs) have diverse applications in fields such as bioplastics,
composites, and biomedical materials [103]. Waste MDF has been identified as a potential
source for extracting CNCs through sequential chemical degradation processes [104,105].
This method involves fractionating the MDF and isolating the CNCs. Couret et al. [105]
used MDF waste fibres and other fibres from processes that replicate recycled wood fibre
feedstocks to evaluate the effect of adhesives present on the nanocrystal generation process.
The cellulose recovery yield was good for all four fibre types; however, in the MDF fibre
types, a small percentage of the adhesives or non-wood starting material were still present
in the nanocrystalline cellulose sample at the end of the process. TEM revealed good quality
nanocrystals from all feedstocks.
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6.6. Pyrolysis of Decontaminated Wood

Decontaminated wood waste can be pyrolyzed to produce biocrude, an alternative
energy source, and biochar [106]. Partial liquefaction is a novel system which may offer
particle cleaning for recycling into panel products [107]. It is reported that this technology
is of interest for handling wood wastes or logging residues [108]. Both pyrolysis oils and
solid residues (charcoal or biochar) are typically generated. Solid wastes must be shredded
and dried prior to pyrolysis, which is compatible with existing wood waste handling
infrastructure. Recent trends appear to favour the use of wood as a co-feedstock when
using pyrolysis to dispose of plastics and car tyres [109].

Biochar can be produced from treated wood. This be used for various purposes like
improving soil conditions, where it stores the sequestered carbon, and for applications
in adsorption, electromagnetic, and energy battery fields [55]. The characteristics and
efficiency of biochar depend on factors such as the pyrolysis process, residence time, and
reaction temperatures.

7. Challenges and Opportunities
7.1. Competition Effects

The predicted future global shortage of wood and biomass [21] means that much
attention has been directed towards the materials circular economy and recycling. This
has brought significant progress in reclamation and waste handling, sorting, and cleaning,
as reviewed above. It has also supported growth in the use of recycled wood in many
applications, but in particular, wood-based panels and biomass energy. It is reported that
the wood panels sector is feeling the pressure from the widespread consumption of biomass
for energy—including in the UK, where a very large number of installations compete for
woody biomass and agri-residues alongside waste wood. It is reported that the proportion
of clean (Category A) waste wood entering wood panels has diminished while Categories
B and C has increased [110]. Competition for resource is likely to remain a challenge for
the future.

7.2. Benefit of Carbon Storage

In the context of the competition for biomass, it makes sense to remember that recycling
wood contributes substantial benefits to greenhouse gas mitigation, through the storage of
biobased carbon in products. The storage of carbon in harvested wood products (HWPs),
and, most notably, in long life applications such as construction timber, is increasingly
recognised. The European Council recently greenlighted a certification framework for
carbon removals, including storage in products [111]. In the UK, the carbon storage
potential of wood products is also receiving attention [112]. The potential to store carbon
extends into the second, third, or multiple lifespans of the wood, if it can be recycled into
new products that are, in turn, recyclable (for more examples, see Figure 2). With this in
mind, it is interesting to consider the duration effect for the most common destinations of
recycled wood.

The Category A recycled timber is highly sought for the animal bedding, landscaping,
and play surfaces sector. Yet, in this application, the residence time is relatively short. It
would be similarly short for cat litter or other related products. The emerging option of
structural products using secondary timber, such as CLT or glulam, would offer a lifespan
of decades—depending on building type and design—if this becomes widely adopted. It
is already prompting calls to revise our concept of wood cascading to acknowledge that
cycling can occur even at the first stage in the sequence [65]. Wood–cement composites
from recycled timber could also offer long lifespans, if a product were commercialised.
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It appears that wood-based panels are the area which has received the greatest atten-
tion for carbon storage calculations [11,113]. Wood-based panels are increasingly drawing
on Category B and C material, with some use of Category A material when it is available.
The residence time for some panel products in the home is shorter than structural timber;
however, if plywood and OSB are used in structural elements, such as flooring cassettes
or wall panels, they may remain for the life of the building, like the softwood joists [11].
On the other hand, particleboard and MDF are predominantly used in fitted kitchens and
other furniture, which have a shorter retention period. It is estimated that the average
household replaces their fitted kitchen every 15 years [113]. For some items, such as flat
pack wardrobes, the product life is estimated as being considerably shorter, possibly as
low as 5 years [114]. Spear [11] proposed simple estimates of durations and combinations
for the residence time of wood-based panels to combine into recycling scenarios. This
led to a potential residence time of 150 ± 40 years if a structural panel such as OSB is
recycled into structural-grade particleboard. A combined lifespan of 125 ± 27 years was
suggested for a joinery panel recycled into structural wood panels or a structural panel
being recycled into a joinery panel such as MDF. Shorter examples involved panels used in
other sectors, including shop fitting and packaging, as the total pool of wood-based panels
serves a broad range of markets. Such suggestions rely on continually emerging service life
data, but it is clear that enhancing the options for recycling post-consumer particleboard
and MDF products will provide an additional life prior to final disposal. Brunet-Navarro
et al. demonstrated that carbon storage increases linearly for extending the product life,
but exponentially if the recycling rate is increased [115].

Enhancing the options for the re-use of MDF into novel products such as nanocellulose
would also lead to a storage benefit [105]. Couret et al. [113] simulated the potential
volumes of MDF waste available for nanocellulose production, based on 2012 MDF waste
wood levels. The development of new markets to take MDF into alternative products would
extend the number of options for recycling a challenging material. If the current recovery
of TMP fibres from MDF for use in insulation products for buildings gains popularity, then
the expected service life of the recycled insulation will be decades. This would enhance the
wood products pool for carbon storage through the large quantity required per dwelling as
well as the long duration of product use.

7.3. Lower Carbon Footprint

Utilising recycled timber for fillers or particleboard manufacturing significantly re-
duces carbon emissions and global warming potential (GWP). The use of recycled wood
requires less energy to process into panels than raw timber, as the material is drier [1,12].
Products, such as door cores and particleboard made from recycled wood, can have a lower
carbon footprint than its fresh wood counterpart [73,116,117]. Forster et al. showed that
Scope 1–3 emissions were substantially reduced in scenarios where the cascading of wood
was employed, compared to business as usual [12].

8. Conclusions
While some product groups that use recycled wood have changed little over the past

two decades in the UK, the market has matured considerably. The strict grading categories
selected early in the evolution of recycled wood usage in wood-based panels in the UK have
led to continued and substantial advances in the segregation and cleaning technologies.
However, there is still scope for further innovation, such as the cleaning of the chemically
treated wood, which is currently assigned to Category D (destined for controlled disposal
to minimise the risk to the environment). As competition for the resource intensifies, there
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will be a need to optimise material flows to deliver a balance of benefits to society and
the environment.

The service life of wood-based panels (i.e., residence time in the built environment) is a
strong benefit when recycling wood into the wood panel product group. Storage durations
for some panel products are as long as the structural timber, especially in the case of timber
frame housing systems. The same information can also support a case for recycling wood
fibre within MDF panels or into insulation products to achieve further extension of the
residence times, and an increased environmental benefit.

Traditional wood and timber recycling methods are often considered to lead to down-
cycling, producing materials of lower quality than the original. The common applications
include energy generation, particleboard production, and animal bedding. Yet the hierarchy
contains surprises, as the wood-based panels that use material from Categories A, B, and C
can have considerable value as forms of carbon storage and offer further recycling cycles.
The emerging option of MDF recycling, now demonstrated at scale, is a clear example of
how even previously hard-to-recycle panels can enter the recycling chain. In future, it may
be necessary to consider much more complex models of the different cascading routes
within a network of recycled wood using options.

To transition to a better integrated circular economy in the timber industry, greater
awareness of the suite of panel products and their range of qualities and service lives
will enhance decision making. In addition, there is scope for new innovation, either into
advanced recycling and cleaning methods or for the creation of higher-value products from
recovered wood. If a price premium becomes associated with certain applications, this
could assist the economics of novel cleaning methods, thereby improving recycling rates.
Chemical systems to remove preservative treatments have been demonstrated but require
effort to scale up or a pull through from the market to utilise the cleaned wood. One option
that could take cleaned wood and generate a premium is cellulose nanocrystals. A different
option is pyrolysis oils as a feedstock for adhesives and wood treatments.
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