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This  paper  presents  the  life  cycle  impacts  of recycling  PVC  window  frames.  Both  post-industrial  and
post-consumer  waste  are  considered  to produce  white  and  non-white  chips  and  powder.  The  results
suggest  that  significant  savings  of  environmental  impacts  can  be achieved  by using  PVC  from  recycled
waste  frames  compared  to virgin  PVC  resin.  Recycling  post-consumer  waste  leads  to  higher  savings  than
post-industrial  waste  due  to the  credits  for  metals  recycling.  For  example,  replacing  virgin by  PVC  from
nvironmental impacts
CA
etals recycling

VC recycling
VC windows

post-consumer  waste  saves  around  2  t of  CO2 eq./t  of  PVC  while  PVC  from  post-industrial  waste  saves
1.8 t.  The  results  are  sensitive  to transport  distances  and  truck payloads.  For  instance,  the  global  warming
potential  (GWP)  of non-white  PVC  chips  increases  1.7  times  when  the  transport  distance  increases  from
100  to  500  km  and  the  payload  factor  decreases  from  0.7  to 0.2. Credits  for  metals  recycling  influence
the  environmental  savings:  crediting  the  system  for  virgin  aluminium  saves  54  times  more  CO2 eq./t  of
recycled  PVC  compared  to the credits  for recycled  aluminium.
. Introduction

Polyvinyl chloride (PVC) is by market share the third largest
hermoplastics in the world, with the annual production of around
6 million tonnes in 2011 (Leadbitter, 2012) of which around 5.5
illion is consumed in Europe (Plastics Europe, 2011). PVC can

e combined with a number of additives to yield a wide range
f end-use properties, from rigid plastics to flexible material. Its
echanical strength and chemical resistance make it suitable for

he construction sector so that PVC is mainly used for window
rames, pipes, cable insulation and floor covering (Plastics Europe,
011). However, the environmental and health impacts of PVC have
een under intense scrutiny over the years, largely due to the use
f heavy metals and phthalates in the manufacturing process and
missions of dioxins from incineration of PVC waste (Leadbitter,
002; Everard, 2008; Azapagic, 2011). As a results, over 60 life
ycle assessment (LCA) studies of PVC have been conducted glob-
lly since the 1990s (VCA, 2012) to assess the environmental and
ealth impacts of different PVC products. More recent examples

nclude LCA studies by Paulsen (2003),  EC (2004),  Baitz et al. (2005),

SGBC (2007),  Bidoki and Wittlinger (2010),  Plastics Europe (2010),
arolin et al. (2011) and CCaLC (2011).

∗ Corresponding author.
E-mail address: adisa.azapagic@manchester.ac.uk (A. Azapagic).

921-3449/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.resconrec.2012.12.005
© 2012 Elsevier B.V. All rights reserved.

This paper focuses on PVC window frames and considers the life
cycle environmental impacts of recycled window profiles1. Global
annual consumption of PVC for window frames is estimated at
around 3 million tonnes, or around 8% of the global PVC production
(Leadbitter, 2012). Together with the estimated 400 million tonnes
of PVC consumed since the 1960s, of which half is still in use in
products such as window frames (Sadat-Shojai and Bakhshandeh,
2011), this means that large volumes of waste PVC could be avail-
able for recycling, potentially leading to a significant reduction in
environmental impacts of PVC window frames. This potential is also
confirmed by the European PVC industry, which in 2011 recycled
around 100 kt of post-consumer window frames (VinylPlus, 2012).
In the UK, 42,730 tonnes of used PVC construction waste, including
windows, were recycled in 2008 (Defra, 2010). Until 2011 recycling
of window frames (and other unregulated PVC waste) in Europe
was subsidised by Recovinyl, an initiative of the PVC industry,
which paid financial incentives to companies to collect and recycle
PVC waste (Recovinyl, undated). From 2012, Recovinyl shifted the
focus from recycling and started to stimulate the re-use of recycled
PVC with the aim of creating the ‘market pull’ and growing the
demand for recycled PVC.

There have been several LCA studies of PVC window frames,

mainly aimed at comparisons of PVC with aluminium and wood
(e.g. Spindler and Engelmann, 1999; Citherlet et al., 2000; Asif,
2002; Asif et al., 2002; EC, 2004). However, no LCA studies have

1 The term “profiles” is more accurate and is used by the industry but the term
“frames” is more widely known and is therefore used in this paper throughout.

dx.doi.org/10.1016/j.resconrec.2012.12.005
http://www.sciencedirect.com/science/journal/09213449
http://www.elsevier.com/locate/resconrec
mailto:adisa.azapagic@manchester.ac.uk
dx.doi.org/10.1016/j.resconrec.2012.12.005
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processing of waste frames to produce PVC chips and powder. The
glass from the window frames is removed elsewhere (for health
and safety reasons) and is therefore not included within the system
Fig. 1. The life cycle of recycling of post-industrial and post-consumer PVC w

een found in literature on recycling of PVC frames. This is the focus
f the current study which considers the life cycle environmental
mpacts of recycling of both post-industrial and post-consumer PVC
rames; as far as the authors are aware, this is the first study of its
ind.

. Overview of the process for recycling of PVC window
rames

This section describes the recycling process for post-industrial
nd post-consumer PVC window frames considered in this study.
ost-industrial waste comprises off-cuts and rejects from the man-
facturing process, while post-consumer waste represents used
rames recovered at the end of their useful lifetime. Both types of
aste are processed in the same recycling facility.

The recycling process considered here is outlined in Fig. 1. After
eing transported to the recycling facility, post-consumer frames
re first crashed using hammer mills to break up the frames and lib-
rate aluminium and ferrous metals contained within; the metals
re separated and sent for recycling. Larger pieces of post-industrial
aste also need to be cut (some pieces can be up to 6 m long). The
aste is then sorted manually into white and non-white PVC. The

ubsequent processing of the former involves:

granulation of PVC into chips;
gasket (rubber) separation by electrostatic separators;
removal of metals by magnetic separators; and
removal of any remaining coloured particles using an image
recognition system.

The waste from the metals-separation process is partly returned
o the electrostatic separation units to increase process efficiency

nd the rest is landfilled. The fines from the electrostatic separators
an be used in the recycling of non-white PVC. The process for non-
hite PVC is less complex and involves only granulation of waste

nd removal of metals (see Fig. 1).
w frames. (-.-.-) Recycling process (—) Product flows and (----) Waste flows.

The produced PVC chips can be converted into powders with a
desired particle size using a pulveriser. This allows blending with
other grades of PVC or in a form that suits certain types of extruders
thus broadening the range of applications of recycled PVC. Although
both white and non-white chips can be converted into powder, the
latter is more common and is considered in this study. Owing to
a high-quality specification, white chips can be used for window
applications and can be recycled several times without the loss of
properties (Leadbitter and Bradley, 1997). The lower grade non-
white material can be used for pipes or non-visible parts of window
frames.

3. Methodology, data and assumptions

LCA has been used as a tool to estimate the environmental
impacts of window frames recycling following the ISO 14040/44
methodology (ISO, 2006a,b). The goal of the study is to estimate the
environmental impacts of recycled PVC from post-industrial and
post-consumer window frames. The functional unit is defined as
‘production of 1 tonne of recycled PVC from waste window frames’.
The following types of recycled PVC are considered:

• white chips, non-white chips2 and non-white powder produced
by recycling post-industrial waste frames; and

• white chips produced by recycling post-consumer waste frames.

The life cycle of the system considered is shown in Fig. 1. As
can be seen, the system boundary is from ‘cradle to gate’, compris-
ing collection and transport of waste to the recycling facility and
boundary.

2 Non-white chips is also referred to as “jazz” in the PVC industry.
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Table 1
Data for the PVC frames recycling process.

Recycled PVC from: Post-industrial window frames Post-consumer window frames

White chips Non-white chips Non-white powder White chips

Process inputs
Waste PVC frames (kg/t) 1070 1020 985 1430
Fines from ESP a (kg/t) – – 54 –
Diesel b (kg/t) 2.3 2.2 2.1 3.0
Electricity (MJ/t) 380 260 420 1100c

Process outputs
White chips (kg/t) 1000 – – 1000
Non-white chips (kg/t) – 1000 – –
Non-white powder (kg/t) – – 1000 –
Ferrous metals (kg/t) – – – 270
Aluminium (kg/t) – – – 40
Process waste (kg/t) 70 20 39 120

a Electrostatic precipitator (see Fig. 1).
b Used for on-site transport and machinery.
c Hammer mills are used to crush post-consumer waste. Crushing of post-industrial waste is not considered.

Fig. 2. Environmental impacts of recycling post-industrial PVC waste window frames to produce white and non-white chips and non-white powder (All impacts expressed
p potent
G P: ozo
t
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er  tonne of recycled PVC frames. ADP: abiotic resource depletion; AP: acidification 

WP:  global warming potential; MAETP: marine aquatic eco-toxicity potential; OD
errestrial eco-toxicity potential).

The study is based on a recycling facility situated in the UK, with
 capacity to process 50,000 tonnes of waste PVC frames per year.
owever, as the mechanical recycling process considered here is

imilar to that used for waste PVC frames elsewhere (Recovinyl,
ndated), the findings and conclusions of this research are applica-
le more generally.

The data used for the study are summarised in Table 1. They
ave been sourced directly from a recycling company. For the trans-
ort of waste PVC to the recycling facility, an average distance of
60 km by a 22 t truck with a payload factor of 0.33 is assumed. All
aste from the recycling process is assumed to be landfilled except

or the metals recovered from the post-consumer waste which are
ecycled (for further assumptions on metals recycling and system

redits, see Section 4.2). A distance of 20 km is assumed for the
ransport of process waste to a landfill.

3 The load factor is the ratio of the average load to the total truck freight capacity.
he load factor in the transport of waste window frames is limited by volume rather
han mass due to a bulky waste, hence a relatively low load factor is assumed.
ial; EP: eutrophication potential; FAETP: fresh water aquatic eco-toxicity potential;
ne layer depletion potential, POCP: photochemical ozone creation potential; TETP:

The LCA modelling has been carried out using the CCaLC (2011)
tool. The background data have been sourced from the CCaLC
(2011) and Ecoinvent (2009) databases. The CML  2001 method has
been used for estimating the environmental impacts (Guinée et al.,
2001). The CCaLC model with the data and example case studies
related to the recycling of post-consumer PVC frames considered
here is available at http://www.ccalc.org.uk/pvcsustainability.php.

4. Results and discussion

This section first presents the results for recycling the post-
industrial PVC waste, followed by the post-consumer waste. The
final section compares the recycled with virgin PVC.

4.1. PVC from post-industrial waste

The environmental impacts from post-industrial waste

recycling are shown in Fig. 2 for three different PVC prod-
ucts: white chips, non-white chips and non-white powder. The
results correlate directly to the energy used in the process so that
the production of non-white chips has the lowest and the powder

http://www.ccalc.org.uk/pvcsustainability.php
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ig. 3. Contribution of different life cycle stages to the total impacts of non-white c
or  the full names of impact categories, see Fig. 2).

he highest environmental impacts across all the categories – on
verage, the impacts from the powder are around 30% higher than
rom the non-white chips. This is largely due to the additional
lectricity used for pulverising the chips. The impacts of white
hips are only slightly lower than the impacts of the powder (on
verage by 6%): although the production of white chips does not
equire pulverising, the recycling process is more complex than for
he non-white chips (see Fig. 1) used for the production of powder.

The main contributor to the impacts are the recycling process
nd transport of waste to the recycling facility; waste disposal con-
ributes little to the total. As an example, the contribution analysis
s shown for the non-white chips in Fig. 3 which indicates that the
ecycling process contributes on average 67% to the impacts, trans-
ort 32% and waste disposal less than 1%. An exception to this is
utrophication for which the waste transport is the main contrib-
tor (64%, due to the NOx emissions), followed by the recycling
rocess (35%). Another exception to the trend is ozone layer deple-
ion which is mainly caused by recycling (99%) due to the life cycle
f electricity used in the process. Similar trends are found for the
ther two types of PVC product.

Given the significant contribution of transport, it is impor-
ant to explore how the impacts change with the distance and
ruck payload. Two representative impacts are considered for these
urposes: global warming (GWP) and eutrophication (EP) poten-
ials, the former because it is close to the average contribution of
ransport to the total impacts (∼33%) and the latter because the
ontribution of transport is highest for this impact. The case of
on-white chips is considered again as an example.

As shown in Fig. 4, the GWP  of non-white PVC chips increases 1.7
imes (from 64 to 107 kg CO2 eq./t) for the distance increase from
00 to 500 km while the EP triples (from 40 to 120 kg PO4 eq./t).
herefore, the results are quite sensitive to transport distances so
hat optimising collection logistics is a critical factor for minimising
he impacts from PVC recycling.

Furthermore, as waste can be bulky it can significantly influence
he payload factor of a truck and hence the amount of waste that
an be transported (the truck capacity is constrained by the volume
f waste rather than its mass). Equally, if the waste can be broken
nd cut to smaller pieces prior to transport, higher payloads could

e achieved.

The influence of this parameter for different payload factors
anging from 0.1 to 0.7 is indicated in Fig. 5 for the GWP  and EP of
on-white chips. As can be seen, reducing the payload factor from
om post-industrial waste (All impacts expressed per tonne of recycled PVC frames.

0.3 to 0.1 doubles the EP and increases the GWP  by 1.5 times. The
payload factor of 0.2 would increase GWP  (and most other impacts)
by 10% while EP would go up by 20% compared to the payload fac-
tor of 0.3. On the other hand, increasing the payload from 0.3 to 0.7,
would reduce the GWP  by 1.4 times and EP by 1.8 times. A similar
effect is also found for most of the other environmental categories
(not shown).

Therefore, as demonstrated by these analyses, the combined
effect of long transport distances and low payloads could result in
a significant increase in the impacts from PVC recycling. Although
only the example of the post-industrial waste is considered here,
the same applies for the post-consumer waste. However, as dis-
cussed further below, even in the worst case, the impacts are still
significantly lower than from the virgin PVC resin. Prior to that, the
results for the recycled post-consumer waste window frames are
presented next.

4.2. Post-consumer waste

The environmental impacts of white PVC chips from post-
consumer waste are shown in Fig. 6. Following the ISO 14040/44
standard (2006a,b), the system has been credited for metals
recycling using the avoided burdens approach by subtracting from
the system the impacts of virgin or secondary metals (for an expla-
nation of the avoided burdens approach, see e.g. Azapagic and Clift,
1999). As almost 100% of the steel from the construction sector is
recycled or reused in the UK (Sansom, 2001), the system has been
credited using the secondary (100% recycled) steel. Around 75% of
aluminium is recycled in the UK (Dahlstrom and Ekins, 2007) so
that the system has been credited using the average aluminium
mix  of 75% secondary and 25% primary (virgin) aluminium.

As indicated in Fig. 6, all environmental impacts of white chips
from post-consumer waste are negative (apart from ozone layer
depletion), representing a saving in both abiotic resources and
environmental impacts. For example, recycling PVC from post-
consumer windows saves 1.18 kg Sb eq. of abiotic resources (ADP),
146 kg CO2 eq. of GWP  and 344 t DCB eq. of marine eco-toxicity
(MAETP) per tonne of PVC recycled. These savings are largely due
to the credits for metals recycling and do not take into account

the savings from displacing the virgin PVC, which is discussed
in the next section. Unlike for the post-industrial waste, trans-
port plays a minor role in post-consumer waste recycling because
of the comparatively higher energy consumption in the recycling
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Fig. 4. Influence of transport distance on the GWP  and EP of non-white PVC chips from post-industrial waste (Both impacts expressed per tonne of recycled PVC frames.
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Fig. 6. Environmental impacts of white PVC chips from post-consumer waste window frames showing contribution of different life cycle stages (All impacts expressed per
tonne  of recycled PVC frames. Values shown below the legend represent the total environmental impacts. For the full names of impact categories, see Fig. 2. System credited
for  100% secondary steel and the average UK mix  of 75% secondary and 25% primary aluminium. Transport distance: 160 km; payload factor: 0.3).
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ig. 7. Influence on the impacts of different credits for aluminium recycling from p
he  full names of impact categories, see Fig. 2. Transport distance: 160 km;  payload

rocess, largely for crushing the frames by hammer mills (see
able 1).

To examine the influence of the recycling credits on the environ-
ental impacts, two further options for aluminium are considered:

redits for 100% primary and for 100% secondary aluminium. The
ctual type of aluminium – virgin or recycled – that the aluminium
rom this (or any other system) would be replacing will depend on
he market conditions at the time, including the supply, demand
nd price. No further options for steel credits are considered due
o the near-100% recycling rate of steel. The results are shown in
ig. 7 indicating that, irrespective of the credits, all the impacts
re still negative (apart from ozone depletion, as previously). Not
urprisingly, the greatest savings are achieved when the system

s credited for the primary aluminium and the lowest for the sec-
ndary aluminium. For example, the former saves 54 times more
O2 eq. and 800 times more DCB eq. (for MAETP) compared to the

atter.

ig. 8. Comparison of environmental impacts of different types of recycled and virgin PV
ee  Fig. 2. Transport distance: 160 km;  payload factor: 0.3. Data for virgin PVC from Plasti
onsumer PVC frames (All impacts expressed per tonne of recycled PVC frames. For
: 0.3).

4.3. Comparison of recycled and virgin PVC

The environmental impacts of recycled PVC white chips esti-
mated in this study are compared to the impacts of virgin PVC resin
in Fig. 8. The data for the virgin PVC are sourced from Plastics Europe
(2010). Recycled white chips are chosen for comparison with vir-
gin PVC due to their high-quality specification which is close to the
virgin PVC resin.

As indicated in the figure, recycled PVC saves a significant
amount of abiotic resources and environmental impacts compared
to virgin PVC. For example, PVC from post-industrial waste has
on average 85 times lower impacts than the virgin resin, with
the greatest reductions achieved for eco-toxicity, ranging from 56

times for marine (MAETP) to 465 times for freshwater toxicity
(FAETP). Depletion of abiotic resources (ADP) is reduced by 36 times
(from 22.5 to 0.62 kg Sb eq./t) and GWP  by 20 times (from 1910 to
100 kg CO2 eq./t PVC).

C (All impacts expressed per tonne of PVC. For the full names of impact categories,
cs Europe (2010)).
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For the post-consumer waste, if the system is not credited for the
ecycled metals, the reduction in the impacts is on average 34 times.
he greatest savings are again for eco-toxicity. With the system
redits, the savings are much greater than for the post-industrial
aste as all the impacts become negative. For example, the GWP

s reduced from 1910 kg to −146 kg CO2 eq./t PVC, thus saving in
otal 2056 kg of CO2 eq. per tonne of PVC. At the European level,
ased on the current recycling rate of waste PVC frames of 100 kt/yr
VinylPlus, 2012), this would be equivalent to a saving of around
00 kt of CO2 eq./yr (assuming the displacement of virgin by the
ecycled PVC).

PVC from the post-consumer waste is a better option than the
ost-industrial waste largely due to the credits for metals recycling;
ithout metals recycling and the related credits, PVC chips from
ost-industrial waste would be a better option due to lower process
nergy requirements.

However, it should be noted that these comparison between the
irgin and recycled PVC are not exactly on a like-for-like basis. This
s due to two reasons:

i) The recycled PVC has some additives while the virgin resin is
additive-free; this means that the impacts of virgin PVC would
increase if the same additives were to be added as contained
in the recycled PVC. Due to a lack of data, this aspect is not
considered in this study.

i) The results for the recycled PVC are based on the UK back-
ground data while the virgin PVC resin refers to the average
European data (Plastics Europe, 2010) whereby the former gen-
erally leads to higher impacts compared to the latter due to the
higher impacts from the energy mix. This data mismatch is evi-
dent with ozone layer depletion (ODP) which is lower for the
virgin than for the recycled PVC. This could mean that if the
same background data were used for comparisons, the savings
in the impacts from the recycled PVC would be higher still than
discussed here.

. Conclusions

The results of this study suggest that significant savings of envi-
onmental impacts can be achieved by using recycled instead of
irgin PVC for window frames. The greatest savings are achieved
rom recycled post-consumer waste due to the credits for metals
ecycling. For example, displacing virgin PVC resin by PVC from
ost-consumer waste saves 2056 kg of CO2 eq. per tonne of PVC.
ith an estimated global annual consumption of PVC for window

rames of around 3 Mt  and possibly 200 Mt  of frames in use, the
otential savings of GHG emissions and other impacts are con-
iderable. Based on the result obtained in this study, recycling of
00 kt/yr of waste frames in Europe has a potential to save around
00 kt of CO2 eq./yr Furthermore, PVC recycling reduces the amount
f waste that has to be landfilled and/or incinerated. The latter
s particularly controversial due to the health concerns related to
otential dioxin formation in the incineration process.

Among the products made from post-industrial waste consid-
red here, non-white chips have the lowest and the non-white
owder the highest environmental impacts. The impacts of white
hips are only slightly lower than the impacts of the non-white
owder.

The results are sensitive to the transport distances and truck
ayload factors. For example, the GWP  of non-white PVC chips from
ost-industrial waste increases 1.7 times (from 64 to 107 kg CO2

q./t) when the distance increases from 100 to 500 km.  Similarly,
educing the payload factor from 0.3 to 0.1 increases the GWP  by
.5 times. On the other hand, increasing the payload from 0.3 to 0.7
an reduce the GWP  by 1.4 times. Therefore, optimising collection
rvation and Recycling 71 (2013) 40– 47

logistics and payloads is critical for minimising the impacts from
PVC recycling.

The results are also sensitive to system credits for metals
recycling for post-consumer waste. Three different credit options
have been examined for aluminium recycling, assuming credits for
primary, secondary and the UK average mix  of both. In all cases, the
environmental impacts of recycled white chips become negative
with the greatest reduction achieved when the system is credited
for the primary aluminium and the lowest for the secondary alu-
minium. For example, the former saves 54 times more CO2 eq. per
tonne of PVC recycled compared to the latter.

Recycling of PVC windows is currently in its infancy and dif-
ferent market and policy mechanisms will be needed to foster its
growth to benefit from the environmental savings that it offers. One
particular area that needs to be looked at is legislation related to
waste recycling. An example are heavy metals such as lead and cad-
mium which were used as PVC additives in the past (but have been
largely phased out by the industry). Given that they are banned for
most applications, this may  hamper the wider recycling and use
of PVC. The influence of legislation and market conditions has not
be investigated in this study although they might be crucial for the
future of PVC recycling.
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