
L
p

A
a

b

a

A
R
R
A

K
G
E
M
L
P
G

1

s
c
e
u
g
l
a
a
“
2
c
t
f

h
0

Resources, Conservation and Recycling 108 (2016) 171–181

Contents lists available at ScienceDirect

Resources,  Conservation  and  Recycling

jo ur nal home p age: www.elsev ier .com/ locate / resconrec

ife  cycle  energy  and  material  flow  implications  of  gypsum
lasterboard  recycling  in  the  European  Union

na  Jiménez  Riveroa,∗, Roger  Sathreb,  Justo  García  Navarroa

Research Group Sustainability in Construction and Industry giSCI-UPM, Universidad Politécnica de Madrid, Ciudad Universitaria s/n, 28040 Madrid, Spain
Energy Analysis and Environmental Impacts Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 27 July 2015
eceived in revised form 20 January 2016
ccepted 20 January 2016

eywords:
ypsum plasterboard
uropean Union
aterial flow analysis

ife cycle assessment (LCA)
rimary energy
HG emissions

a  b  s  t  r  a  c  t

Turning  waste  into  a  resource  is a way  to increase  resource  use  efficiency  and  close  the  material  loop  of  a
circular  economy.  Gypsum  plasterboard  is well  suited  for  this,  because  the raw  material  calcium  sulphate
dihydrate  (CaSO4·2H2O)  can repeatedly  change  its  properties  through  a reversible  hydration  reaction.
The  waste  hierarchy  is  applied  when  plasterboard  is recycled  instead  of landfilled,  which  contributes  to
the  European  2020  target  of  70%  recovery  of  construction  and  demolition  (C&D)  waste,  as  defined  in  the
Directive  2008/98/EC  on  Waste.  This  paper  evaluates  the energy  and climate  impacts  of  different  levels  of
plasterboard  recycling.  First,  we  formulate  a life cycle  model  of gypsum  mass  flows  in the  European  Union
(EU-27)  in  the reference  year  2013.  This  model  constitutes  the  basis  of the  quantitative  scenario  analysis.
Secondly,  we  assess  the  material  flows,  energy  use  and  greenhouse  gas  (GHG)  emissions  in  different
recycling  scenarios.  We  compare  the  current  situation  (“2013  base  case”)  to two  scenarios:  a  worst  case
scenario  of 0%  recycled  gypsum  (“Zero  recycling  case”),  and  a  best  case  scenario  of  zero  gypsum  waste
sent  to  landfill,  corresponding  to  18.7%  recycled  gypsum  in new  plasterboard  (“High  recycling  case”).  We

find no  significant  variation  between  scenarios  in  terms  of  life  cycle  energy  use,  as  lower  impacts  from
gypsum  mining,  transport  of natural  gypsum  and  final  disposal  in the  best  case  scenario  are  balanced  by
the energy  for  the  transport  of  plasterboard  waste  and  recycled  gypsum  and  for  material  pre-processing
during  manufacturing.  In contrast,  life  cycle  GHG  emissions  are lower  as recycling  increases,  largely
driven  by  the  degradation  of  plasterboard  lining  paper  in landfills.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Working towards greater resource efficiency in the construction
ector is essential for addressing global issues such as mitigating
limate change and moving to a more circular economy, and is
ssential to achieving the resource efficiency agenda established
nder the Europe 2020 Strategy for smart, sustainable and inclusive
rowth (Antink et al., 2014; European Commission, 2014a). A circu-
ar economy system keeps the added value in products for as long
s possible and reduces waste. This strategy of turning waste into

 resource is an essential part of increasing resource efficiency and
closing the loop” in a circular economy (European Commission,
014b). Closed-loop supply chain management entails the design,

ontrol, and operation of a system to maximize value creation over
he entire life cycle of a product with dynamic recovery of value
rom different types and volumes of returns over time (Govindan

∗ Corresponding author. Tel.: +34 91 336 58 65; fax: +34 91 336 36 88.
E-mail address: ana.jimenez@upm.es (A. Jiménez Rivero).

ttp://dx.doi.org/10.1016/j.resconrec.2016.01.014
921-3449/© 2016 Elsevier B.V. All rights reserved.
et al., 2014). It implies forward and reverse supply chains operating
simultaneously, and closed-loop recycling as a necessary link for its
success.

Gypsum is a versatile construction material that can effec-
tively close the material loop, being fully and eternally recyclable.
Unfortunately, a large proportion of gypsum waste is currently
being landfilled worldwide, including building plaster, gypsum
blocks and plasterboard waste (the latter being the most com-
mon recyclable gypsum waste generated in Europe). However, the
processing of gypsum waste into high quality recycled gypsum is
possible, already occurring in different regions of Belgium, Finland,
France, Denmark, Sweden, the Netherlands and the United King-
dom, in which recycling systems are now operating and supplying
plasterboard manufacturers. Moreover, all over Europe efforts are
being made to increase the recycling rate of this material, boosted
by the development of the Life+ GtoG project, which from January

2013 has been working to transform the gypsum waste mar-
ket, with the aim of achieving higher gypsum recycling rates in
Europe (GtoG Project, 2013a). This approach contributes to miti-
gating primary resource depletion, contributing at the same time to

dx.doi.org/10.1016/j.resconrec.2016.01.014
http://www.sciencedirect.com/science/journal/09213449
http://www.elsevier.com/locate/resconrec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resconrec.2016.01.014&domain=pdf
mailto:ana.jimenez@upm.es
dx.doi.org/10.1016/j.resconrec.2016.01.014
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inimizing construction and demolition (C&D) waste streams sent
o landfills.

Knowledge of the quantities of waste streams generated con-
titutes an essential step in the development of an appropriate
cheme for their management (Kourmpanis et al., 2008). Mate-
ial flow analysis (MFA) is an analytical approach to quantifying
he system-wide flows and stocks of materials associated with a
efined product. Life-cycle assessment (LCA) is the compilation
nd evaluation of the inputs, outputs and potential environmental
mpacts of a product system throughout its life cycle (International
tandard, 2006a). Together, these approaches provide the means to
valuate the environmental implications of gypsum plasterboard
ecycling.

Consequently, the formulation of a life cycle model associated
ith gypsum plasterboard material flows in the European Union, in

he reference year 2013, constitutes the basis of this investigation.
t enables establishing the relations between gypsum recycling,
nergy use and GHG emissions, in a life cycle perspective. Scenario-
ased modelling has been conducted for this purpose, evaluating
he impact of different levels of recycled gypsum reincorporated
n the manufacturing process. To our knowledge, this analysis is
he first to comprehensively quantify the system-wide life cycle
nergy and mass flows associated with gypsum plasterboard in EU-
7, and to model their changes under varying levels of plasterboard
ecycling.

. The life cycle of gypsum plasterboard

The life cycle of gypsum plasterboard typically begins with the
xtraction and processing of raw materials, continues with the
anufacture and use of the plasterboard, and then reaches end-of-

ife (EoL) that involves either landfilling, recycling or other forms
f recovery (Fig. 1). These life cycle processes are described in the
ollowing Sections 2.1–2.4.

.1. Supply of gypsum and other inputs

Sources of gypsum for plasterboard production include gyp-
um mining, flue gas desulfurization (FGD) gypsum, and recycled
roducts. Other required plasterboard inputs include paper and
dditives.

atural gypsum
Natural gypsum is a mineral composed of calcium sulphate dihy-

rate (CaSO4·2H2O). Data on gypsum mine production are provided
y several different sources (Eurostat, 2013b; Roskill, 2014; USGS,
013). The authors consider the annual publication Roskill Report
Roskill, 2014) to be the most authoritative estimate, as it is based
n data from the other two references (USGS, 2013) as well as
ompany reports and trade press. According to this report, 24.91
illion tonnes (Mt) of natural gypsum were mined in the EU-27

n 2013. Globally, 139.38 Mt  of gypsum was mined in 2013. In
ddition to plasterboard production, gypsum is also used in other
laster products, in cement manufacture and for agricultural appli-
ations. Gypsum mining involves drilling and blasting the rock,
fter which it is loaded onto trucks using front-end loaders and
echanical shovels (Venta, 1997). Gypsum extraction processes

ypically use diesel fuel and electric power. World resources of

atural gypsum are considered to be large, and are expected to
e sufficient to meet demand well into the future (Roskill, 2014).
lthough there is no global shortage of natural gypsum, mining can
ause impacts in terms of land occupation, energy use and poten-
ial loss in biodiversity (European Commission DG Environment,
010).
ion and Recycling 108 (2016) 171–181

FGD gypsum
The gypsum industry uses synthetic gypsum that is a by-product

of industrial processes used to reduce sulphur emissions from
coal-fired power plants. Flue-gas desulphurization (FGD) systems
consist of wet  scrubbers that remove sulphur dioxide (SO2) through
the reaction with an alkaline material such as lime. This process is
shown in Eq. (1), where lime slurry (Ca(OH)2) is used to remove the
SO2 from the flue gas, creating calcium sulphite (CaSO3) and water.

Ca(OH)2(solid) + SO2(gas) → CaSO3(solid) + H2O(liquid) (Eq. 1)

For this by-product to be used as raw material for plasterboard
production, it must be further oxidized (Eq. (2)). Additional energy
is required for this forced oxidation to produce calcium sulphate
dihydrate (CaSO4·2H2O), a saleable gypsum product sourced by
the plasterboard industry. This oxidation energy is estimated by
(WRAP, 2008) at 1.4 MJ  of coal combustion per kg of FGD gypsum
produced.

CaSO3(solid) + 1/2O2(gas) + 2H2O(liquid) → CaSO4 · 2H2O(solid)

(Eq. 2)

FGD gypsum is produced in several EU countries, but is concen-
trated in Germany where 6 Mt  of the estimated total EU production
of 8 Mt  was produced in 2013 (Roskill, 2014). Of  this total produc-
tion, and based on the latest published ECOBA statistics (ECOBA,
2010), 50.6% was used for plasterboard manufacturing in the EU-
15 in 2010. This is an average figure; in some EU countries such
as France, Spain and Italy, the use of FGD gypsum is limited or
non-existent, while the use is higher in others such as Belgium,
Germany and Scandinavian countries. There are currently EU and
national political debates about sustainable energy, the EU commit-
ment to reduce CO2 emissions, secure energy supply including the
need to balance the energy mix, the growing need to use renewable
energy sources and the development of new efficient technolo-
gies for power generation. Together, these factors are expected to
reduce coal use and thus the production of FGD gypsum within
the coming decades, particularly in Germany and other western EU
member states.

Other sources of synthetic gypsum, such as phosphogypsum,
fluorogypsum and titanogypsum, have not been considered here
as they are usually consumed by other markets (such as cement
manufacture) and not used in significant amounts in plasterboard
manufacturing in the EU-27 (Roskill, 2014).

Recycled gypsum
Recycled gypsum is the result of controlled processing of waste

plasterboard to separate the gypsum, paper lining, and any impu-
rities, such that it can be used in lieu of natural or synthetic
gypsum. The recycled gypsum can be either pre-consumer or
post-consumer. As a general rule, pre-consumer gypsum waste is
cleaner than post-consumer gypsum waste. Pre-consumer recycled
gypsum is material diverted from the waste stream during a man-
ufacturing process (International Standard, 1999). Post-consumer
recycled gypsum usually comes from recyclers (CRI, 2010), mainly
from C&D gypsum waste. Recycled gypsum is usually in the form of
a fine or sandy powder, or a small-aggregate type material (WRAP,
2008).
Plasterboard has been identified as one of the major compo-
nents contributing to the total potential recycled content of a
construction project, in terms of recycled value (Emery et al., 2007).
Following the need to reduce the volume of C&D waste sent to
landfill and to increase the efficiency of using resources, the use
of recycled gypsum is expected to grow in the coming years.
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ig. 1. Life cycle system-wide mass flows associated with gypsum plasterboard. T
013  and is the basis of scenario “2013 base case” described in Section 3. PB: plaste

aper and additives
Two other inputs to plasterboard production are required. Fac-

ng paper is applied to both sides of the gypsum plaster core,
roviding most of the tensile strength to the plasterboard. Recycled
aper is typically used as plasterboard lining in the EU-27, accord-

ng to ELCD process data (EU JRC, 2007). Furthermore, small
mounts of additives such as starch, lignin, perlite, vermiculite,
oap foam, retarders, shredded paper and accelerators are also
sed.

.2. Plasterboard manufacturing

During plasterboard manufacturing, the process inputs includ-
ng natural, FGD and recycled gypsum, paper and additives are
ombined to form the gypsum plasterboard product. Regard-
ess of the source of the gypsum raw material, the calcium
ulphate dihydrate (CaSO4·2H2O) is first heated (calcined) and
artially dehydrated to form calcium sulphate hemihydrate
CaSO4·1/2H2O), called stucco in the industry and also popularly
nown as “Plaster of Paris” (Eq. (3)).

aSO4 · 2H2O→(heat)CaSO4 · 1/2H2O + 1 1/2H2O (Eq.3)

The process of calcining (also known as calcination) is com-
only associated with the heat-driven removal of CO2 from

imestone to produce lime, but more generally refers to the thermal
reatment of solid materials and need not involve reaction emis-
ions of CO2. Calcination of gypsum raw material results in partial
ehydration of the mineral, with the only reaction emission being
ater vapour.

Next, measured quantities of calcium sulphate hemihydrate,
dditives and water are mixed, creating a gypsum slurry. This slurry
s spread in a uniform thickness onto a layer of facing paper, and
hen covered by another layer of facing paper. The gypsum then
e-hydrates to form hard calcium sulphate dihydrate (Eq. (4)).

aSO4 · 1/2H2O + 1 1/2H2O → CaSO4 · 2H2O (Eq.4)

The gypsum core of the manufactured plasterboard takes
round four to five minutes to harden (Roskill, 2014). When the
ydration is completed, the gypsum has been chemically restored
o its rock-like state as found in nature (dihydrate), forming the gyp-
um core of the plasterboard, encased in paper. The resulting boards
re then cut to the desired length and sent to a drying kiln. Excess

ater is driven off in drying kiln (WARM,  2014; Roskill, 2014; Venta,

997). The finished sheets are then prepared for shipment.
GHG emissions and energy consumption in plasterboard man-

facturing mainly come from:
bers indicate million tonnes of material flows in the EU-27 in the reference year
; EoL: End-of-Life. Reverse logistics shown with dashed line.

• Manufacturing of paper (paper making process) and additives.
• Pre-processing including size reduction (crushing and grinding)

and pre-drying operations of gypsum raw material before calci-
nation.

• Gypsum calcination (calcium sulphate dihydrate to stucco), also
known as stucco production (WRAP, 2008), which is a reversible
process, making gypsum an indefinitely recyclable material.

• Plasterboard production, which involves the mixing of the stucco
slurry, paper feeding, setting, cutting and drying of plasterboard
in drying kilns.

Previous studies in the US (WARM,  2014) estimate the following
energy use breakdown within the plasterboard production stages:
13% for raw material obtention, 3% for raw material transportation,
and 85% for plasterboard manufacturing. Due to the nature of the
chemical process and materials used, there are no non-energy pro-
cess emissions of GHGs from plasterboard manufacturing (WARM,
2014).

2.3. Plasterboard use in buildings: construction, use and
end-of-life (EoL)

Gypsum plasterboard as a material provides good levels of
acoustic and thermal insulation, and as a system, the cavities behind
the main face can accommodate further insulation. This product
also offers a high level of fire protection, due to gypsum′s water
content and non-combustible nature (European Commission DG
Environment, 2010). It is used for partitions, ceilings and lining of
walls. Apart from its use in new construction works, it is extended
in refurbishment solutions for thermally insulating existing build-
ings, being part of improved wall insulation solutions (Dodoo et al.,
2010), lowered ceilings, creating air voids below old ceilings or
supporting thermal insulation (Bojić et al., 2012).

By using plasterboard walls, C&D waste generation per square
meter of build surface can be reduced 16% by weight and 3% by vol-
ume, compared to using traditional brick partitions (Villoria Sáez
et al., 2014). Plasterboard use involves less involvement of labour,
short installation time and smooth wall surface quality (Tam et al.,
2014). A progressive change in building procedures, substituting
internal brick walls with plasterboard products, has being reported
even in countries where brick walls have been traditionally used
(Herrero et al., 2013).

Plasterboard is widely used in most of the European countries,

and those with the strongest plasterboard use are usually the low-
est consumers of other plaster products (mainly used in traditional
masonry construction). A well-established plasterboard market
currently exists in Germany, France and the United Kingdom,
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overing more than 53% of the European market volume (EU JRC,
007). The highest consumption of plasterboard (in m2 per capita)

s found in Denmark, France, Ireland, Austria, Finland, Sweden and
he United Kingdom (GtoG project, 2013b).

.4. End-of-life options for gypsum plasterboard

Pre-consumer gypsum waste generated during the manufactur-
ng process is usually known as production waste, and includes
ut-of-specification boards and boards damaged during packaging.
he recycling of this production waste is commonly done as part of
orporate waste avoidance policy.

Once the material leaves the manufacturing facility, damaged
r unused plasterboard from distributors and retailers and fit-
ut waste from installation (offcuts, damaged or unused on site)
ecomes construction waste. Recyclable demolition plasterboard
aste is usually strip-out waste resulting from deconstruction

r selective demolition works, which involves dismantling, seg-
egation and storage of gypsum waste. Effective deconstruction
perations are crucial to maximizing the recyclable gypsum waste
tream. Manual dismantling and segregation operations of plas-
erboard waste are assumed to be the common practice during
econstruction in our scenarios. The use of mechanical equipment
e.g., sorting grabs) are only observed on a case-by-case basis,
articularly when a high amount of gypsum waste generation is
oreseen (GtoG project, 2015).

Detailed gypsum waste generation and disposal statistics are
navailable at the European or national levels. The authors have
ound only one estimate, that about 4 Mt  of gypsum waste are gen-
rated in Europe annually (only considering construction waste), of
hich between 25% and 30% comes from plasterboard (European
ommission, 2011). Buildings currently being deconstructed in
urope contain other plaster products but relatively little plas-
erboard, as plasterboard was not commonly used when these
uildings were constructed, e.g., 50–60 years ago. Plasterboard con-
ent in C&D waste is expected to increase in the future, as buildings
onstructed more recently reach the end of their service lives and
re deconstructed.

The level of landfilling of C&D waste varies greatly across the
U, from 10% to 90% (European Commission, 2011). Countries such
s Cyprus, Czech Republic, Greece, Hungary, Poland, Portugal and
pain currently experience high landfilling rates. However, esti-
ates are not available for all EU countries, and high variability is

bserved between different data sources, likely due to the lack of
tandardized control and reporting mechanisms.

High concentrations of hydrogen sulphide (H2S) at C&D debris
andfills are attributed to H2S generation from the disposal of gyp-
um plasterboard. Council Decision 2003/33/EC established that
Non-hazardous gypsum-based material should be disposed of only
n landfills for non-hazardous waste in cells where no biodegrad-
ble waste is accepted” (The Council of the European Union, 2003).
his is because gypsum waste is a high-sulphate waste, and if it
s deposited in normal cells in non-hazardous landfills, its sul-
hate can break down into, amongst other substances, hydrogen
ulphide (H2S). This is a colourless, flammable, extremely haz-
rdous gas associated with environmental and health effects, that
ven in low concentrations creates odour problems (OSHA and US,
005). The emission rate of H2S is variable and depends on different
actors such as soil moisture, H2S concentration and temperature
Xu and Townsend, 2014). In order to comply with this Council
ecision, plasterboard or other gypsum waste should be disposed
f in monocell landfills, meaning the disposal of plasterboard in

eparate landfill cells for high sulphate materials. However, its
mplementation is not always upheld, and thus gypsum waste is,
n many cases, landfilled under improper conditions (European
ommission, 2011).
ion and Recycling 108 (2016) 171–181

Methane (CH4) and carbon dioxide (CO2) emissions are also
generated when plasterboard is landfilled, formed during the
degradation of the paper content. Methane produced in monocell
landfills is released at a low rate, and is likely to undergo oxida-
tion to CO2 in the surface layers of the site before being released
to the atmosphere. In mixed waste landfills, however, methane
from the degradation of plasterboard facing paper is likely to be
released along with other landfill gases (WRAP, 2008). Some of this
gas may  be collected and either flared or used for energy, whereas
the remainder will escape to the atmosphere as fugitive methane
emissions.

Plasterboard waste is currently processed by dedicated gypsum
recyclers, which usually receive gypsum waste from transfer sta-
tions, waste management companies, waste sorting facilities or
directly from jobsites, in conformance with relevant acceptance
criteria. Several mechanical steps, such as grinding and sieving,
take place for processing the gypsum waste into recycled gyp-
sum. Plasterboard waste may  also be used for other applications.
For example, the agricultural use of gypsum as soil treatment
is widespread in countries such as the UK. Cement production,
manufacture of other construction products, soil stabilization and
binding are some of the documented open-loop recycling prac-
tices (WRAP and BSI, 2013). In Europe, gypsum recyclers operate
in France, Belgium, the Netherlands, Luxembourg, Finland, the UK,
Denmark, and Sweden. The amount processed is considered confi-
dential and thus not reported by the gypsum recyclers.

Most of the EU countries are currently facing challenges in
the management of gypsum waste, which is variable depending
on each national context. For example, the emergence of gyp-
sum recycling facilities is only expected to occur under certain
conditions related to policy effectiveness and control. An impor-
tant factor is the competitiveness of the recycling route, mainly
determined by the cost of landfill disposal or a landfill ban. On
the other hand, even when a market for recycled gypsum exists
in a region, non-recyclable gypsum waste can be generated when
demolition rather than deconstruction processes are used, which
rely on different parameters such as manpower, cost, space and
environmental focus of the waste owner. Non-recyclable gypsum
waste does not comply with gypsum recyclers′ acceptance crite-
ria that usually limit impurities ≤2% and wet gypsum ≤10% (GtoG
project, 2015), Moreover, the difficulty of separating gypsum waste
from a mixed waste stream (e.g., when the gypsum waste is not
source segregated) increases the rate of landfilling. Furthermore,
while alternative destinations that are lower in the waste hierar-
chy (e.g., backfilling) can limit or even disable closed-loop gypsum
recycling, a reduced availability of natural and/or FGD gypsum
might encourage the recycling of gypsum.

3. Scenario projections of plasterboard recycling

We  begin by developing a life cycle model of gypsum plaster-
board mass flows (Fig. 1), which describes all significant material
streams associated with the life cycle of gypsum plasterboard con-
sumed in the EU-27 in the reference year 2013. System boundaries
include the material supply, manufacturing, installation and EoL
stages. These processes are detailed in Table 1. Based on this model,
we quantify the known flows of selected materials: natural gypsum
and new plasterboard. We then apply principles of mass balance to
determine flows of other materials, e.g., FGD gypsum, facing paper,
waste plasterboard and recycled gypsum.

We  conduct scenario-based modelling to evaluate the GHG
emissions and primary energy implications of different levels of

plasterboard recycling in EU-27. Our analysis is based on the mass
flows associated with plasterboard installed in the reference year
2013. We  then conduct quantitative scenario analysis to determine
how system-wide material flows, energy use and GHG emissions
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Table  1
Life cycle stages of gypsum plasterboard, and processes within each stage.

Stage Process

Raw material supply, including processing of
secondary material input

Gypsum mining
FGD gypsum
Paper
Additives
Waste processing (Production waste)
Total raw material supply

Transport of raw material and secondary
material to the manufacturer

Transport natural gypsum
Transport FGD
Transport recycled gypsum
Transport paper
Transport additives
Total transport of raw and secondary materials

Manufacture of plasterboard an all upstream
processes

Plasterboard manufacturing (Pre-processing)
Plasterboard manufacturing (Calcination, production)
Total plasterboard manufacturing

Transport of plasterboard to the building site Transport of plasterboard to the jobsite

Plasterboard installation and/or deconstruction Building construction, Use and EoL

Transport of the post-consumer plasterboard waste to waste processing Transport of post-consumer PB waste to waste processing

Waste  processing of post-consumer plasterboard waste Waste processing

Final disposal of plasterboard Transport of post-consumer PB waste to landfill
Operation of landfill site
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ould be affected by increased or decreased levels of recycled
ypsum content in new plasterboard production. We  compare the
ctual situation in 2013 that we term “2013 base case” (5% recycled
ypsum content of new plasterboard) with two alternative scenar-
os: “Zero recycling case” (0% recycled gypsum) and “High recycling
ase” (18.7% recycled gypsum reincorporated, corresponding to
ero post-consumer plasterboard waste sent to landfill). We  study
ow variations of selected parameters would affect the environ-
ental impacts associated with gypsum plasterboard over its life

ycle. Both the 2013 base case and high recycling case consider
n input of 4% of pre-consumer recycled gypsum, as sources esti-
ate that 3–5% of production is lost as waste (Roskill, 2014). It

hould be noted that we devise alternative scenarios in order to
nable comparative assessment of the 2013 base case against two
xtreme recycling rates: 0% and 18.7%. The zero recycling case
ould be achievable under the worst of circumstances, although
re-consumer gypsum waste is commonly recycled. In contrast, the
igh recycling case would require 100% material recovery which

s quite optimistic, thus represents an asymptote to be targeted.
lthough highly effective deconstruction techniques exist, they
urrently do not result in total gypsum waste segregation.

Life cycle inventory (LCI) data for the analysis is taken from
ublished literature and LCI databases. Data was selected from a
ariety of sources in order to meet ISO data quality requirements
International Standard, 2006b).

.1. Material flows

Based on 5 European references of normal/standard plaster-
oard (Table 2), we formulate the statistical average of paper
nd additives contained in the plasterboard produced in the EU-
7 (Table 3). For the case of Environmental Product Declarations
EPDs), only those available, reporting complete data for standard
lasterboard and verified by an independent third party have

een taken into account. We  estimate the FGD gypsum reference
roportion (26.9%) in plasterboard by assuming 35.9% of recovered
ontent in plasterboard (EU JRC, 2007), which includes recovered
aper (4.0%), recycled (5.0%) and FGD gypsum. We  term this the
Biogenic emissions from landfill
Total final disposal

“Reference plasterboard”. It is important to note that the proportion
of each type of gypsum, paper and additives may vary by country
and/or by manufacturer. The Technical Report of Life Cycle Assess-
ment of Plasterboard (WRAP, 2008) is the only available European
reference currently providing detailed data of the EoL stage (mod-
ules C1–C4 according to EN 15804). Natural, FGD and recycled
gypsum have been considered the main feedstock material of the
Reference plasterboard.

We estimate the amount of plasterboard consumed in the EU-27
in 2013, by analysing statistics on the production of manufac-
tured goods. Figures in the database are provided in square metres
(Eurostat, 2013a). The four digits 2362 identify the plasterboard
industry, according to the classification of the producing enter-
prise given by the Statistical Classification of Economic Activities
in the European Community (NACE). The code 23621050 refers
to boards, sheets, panels, tiles and similar articles of plaster or
of compositions based on plaster, faced or reinforced with paper
or paperboard only (excluding articles agglomerated with plaster,
ornamented). The “Apparent consumption” has been taken as the
indicator that reflects the proportion of installed plasterboard, by
adding the imports quantity to the production quantity and sub-
tracting exports (Williams, 2008), based on data in the Prodcom list
(NACE Rev.2), Sold production, exports and imports. It is therefore
estimated that 1,073,464,249 m2 of plasterboard were consumed
in the EU-27 in 2013. This equals 10.73 Mt  of weight material, by
assuming 10 kg/m2 as the standard plasterboard density, as consid-
ered in the EU process data set, available in the EU ELCD database
and representative of the EU-27 region for the period 2007–2014.

Plasterboard installation, dismantling or demolition generates
post-consumer plasterboard waste. The paucity of reliable ref-
erences studying its generation in Europe is a major challenge
we faced in modelling the EoL mass balances. Our estimates are
based on the amount of plasterboard waste generated in 8 Euro-
pean member states (Belgium, Denmark, Greece, Spain, France,

the Netherlands, Poland and the United Kingdom) assessed in the
framework of the GtoG project, equalling 1.15 Mt  (GtoG project,
2013b). In these 8 countries, the total C&D waste generated
amounted to around 499 Mt  in 2012, the latest update of the
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Table 2
Formulation of reference standard plasterboard, based on several European LCI references.

Reference Region Thickness (mm) Density (kg/m2) Contents in final product (% by weight)

Natural
gypsum

Synthetic
gypsum

Recycled
(pre + post
consumer)

Paper liner Additives

Bjorklund and Tillman (1997) SE 13.0 9.0 47.3 47.3 – 4.9 0.5
WRAP (2008)a GB 12.5 – 33.6 50.8 9.9 4.2 1.5

ELCD database 2.0 (2007) EU-27 12.5 10.0 – 35.9 –

EPD System (2013a) GB 12.5 8.4 0.0 94.5 3.0 2.5

EPD System (2013b) SE 12.5 9.0 

a Calculation from baseline scenario mass flows.

Table 3
Composition, by weight percentage, of the considered Reference plasterboard, based
on  the statistical average of total gypsum, paper and additives in plasterboard pro-
duced in the EU-27. Recovered content includes FGD gypsum, recycled gypsum and
recycled paper.

Raw materials in Plasterboard Reference PB (%)

Total gypsum 94.7
Natural gypsum 62.8
FGD gypsum 26.9
Recycled gypsum 5.0

Pre-consumer 4.0
Post-consumer 1.0

Facing paper 4.0
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Additives 1.3

Total recovered content 35.9

urostat database (Eurostat, 2012). This means an estimated rate
f post-consumer plasterboard waste of 0.23% of the total C&D
aste in the EU-27, equivalent to 1.9 Mt,  whose final route is either

ecycling, landfill disposal or other uses including re-use, recovery
nd open loop recycling. In all scenarios, we assume that the same
mount following the recycling route in the 2013 base case is sent
o other uses. The remaining waste is considered to be deposited in
andfill.

On this basis, we determine the amount of post-consumer plas-
erboard waste following the recycling route, as the post-consumer
ecycled gypsum reincorporation rate into the manufacturing
rocess is a known value in our model (i.e., 1% by weight of
ew plasterboard in the 2013 base case). We  assume that, after
rocessing of the plasterboard waste, 7.5% by weight will result in
aste paper (a mix  of lining paper with gypsum residues), which

s sent to the paper industry for recycling and therefore considered
utside the boundaries of this investigation. The resulting amount
f post and pre-consumer recycled gypsum forms part of the total
mount of recycled gypsum reincorporated into the process (e.g.,
% by weight of new plasterboard in the 2013 base case).

.2. Primary energy and GHG emissions

Based on these system-wide material flows, we  apply energy
nd GHG intensity factors to each process to estimate overall energy
se and GHG emissions. Primary energy and GHG emission inten-
ity factors for gypsum mining, paper and additives manufacture
re based on Ecoinvent (2012). For the case of plasterboard waste
rocessing, gypsum pre-processing, demolition or deconstruction
orks and final disposal, data from Doka (2003); Plimmer et al.

2007) and WRAP (2008) have been used, as detailed in Table S2

n the Supplementary Data. Energy and emission intensity factors
or deconstruction and waste segregation are used for recycled
lasterboard, whereas factors for demolition are used for land-
lled plasterboard. The ELCD process data set, together with an
45.8 49.7 3.8 0.7

Explanatory note (Eurogypsum, 2010), are the main references
for obtaining the energy and GHG emissions of the plasterboard
manufacturing process. We  assume that gypsum calcining and
plasterboard production processes do not change with increased
proportion of recycled gypsum, and only the pre-processing stage,
which refers to the size reduction (crushing and grinding) and
drying of the gypsum feedstock before calcination, varies in the
different scenarios (WRAP, 2008).

Energy and emissions intensity factors for train, truck and ship
transport are based on data published by the International Energy
Agency for the year 2005 and the European Environment Agency
for the year 2011, which are the most recent data found (European
Environment Agency, 2011; International Energy Agency, 2008).
EU-27 average electricity emissions factor, published by the Euro-
pean Environment Agency, has been utilized in this investigation
(EEA, 2008). GHG emissions are quantified as CO2 equivalents, using
global warming potential (GWP) characterization factors over a
100-year time horizon (IPCC, 2013).

For estimating the distances travelled by raw materials, plas-
terboard, gypsum waste and recycled gypsum, we  make the
assumptions detailed in Table 4, based on related European LCI ref-
erences. For the case of natural and FGD gypsum, two transport
alternatives are considered, using weighting factors to reflect their
potential occurrence. For this purpose, Germany, France and the
UK are considered as representative of the EU-27 (EU JRC, 2007). In
case A, most common situation in Europe, natural gypsum is locally
sourced (87%) and FGD gypsum is transported from a nearby coal
power station (89%). In all other instances, case B applies, which
involves raw materials being imported (i.e., natural gypsum trans-
portation is assessed by assuming 87% case A and 13% case B).

For the final disposal stage, our accounting considers the trans-
port and operational burdens associated with the disposal of
plasterboard in landfills, as well as emissions from landfills. When
paper is deposited in mixed-waste landfills, it can be degraded
by anaerobic bacteria, producing CH4 and CO2. We  model land-
fill emissions based on data from Plimmer et al. (2007), who  used
the GasSim2 tool developed for the UK Environmental Agency.
In our life cycle model, we disregard the direct CO2 emission
from lining paper degradation, as it is part of the natural carbon
cycle of growth and decomposition (United States Environmental
Protection Agency EPA, 2015). We assume that 75% of the CH4 pro-
duced from the decomposition of lining paper is recovered and
flared to CO2. For simplicity, we  do not consider the energy of the
recovered gas and its potential conversion and use. The remaining
25% of produced CH4 is assumed to escape to the atmosphere
(Plimmer et al., 2007). We  convert this CH4 emission to equivalent
CO2 emission using a global warming potential (GWP) of 34, and

include these emissions in our accounting. In a sensitivity analysis,
we also consider landfilling in a monocell landfill with zero CH4
emissions, and in a mixed-waste landfill with only 50% recovery of
CH4.
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Table  4
Transport details.

Materials, products and waste From To Mode Source Distance (km) Baseline

Mt/year Mt  km

Natural gypsum—Case A Mine or quarry Manufacturing plant Road ITB EPD (2014) 2.00 7.04 14.09
Natural gypsum—Case B Mine or quarry (imp) Manufacturing plant Road WRAP (2008) 16.00 7.04 112.72

Mine  or quarry (imp) Manufacturing plant Ship WRAP (2008) 2,730.00 7.04 19,232.60
FGD  gypsum—Case A Coal power station Manufacturing plant Road WRAP (2008) 54.00 3.02 163.13

Coal  power station Manufacturing plant Rail WRAP (2008) 54.00 3.02 163.13
FGD  gypsum—Case B Coal power station (imp) Manufacturing plant Road WRAP (2008) 2.00 3.02 6.04

Coal  power station (imp) Manufacturing plant Ship WRAP (2008) 1,083.00 3.02 3,271.66
Facing paper Paper production Manufacturing plant Road Average from WRAP (2008) 200.00 0.45 89.01
Additives Additives production Manufacturing plant Road Considered by authors 200.00 0.15 29.19
Plasterboard Manufacturing plant Building site Road Average LCI references 189.64 10.73 2,035.72
C&D  PB waste Building site Waste processing Road Average DA1 Report, GtoG 150.00 0.12 18.09
RG  (post-consumer) Waste processing (ext) Manufacturing plant Road Average DA1 Report, GtoG 12.50 0.11 1.40
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RG  (pre-consumer) Waste processing (int) Manufacturing pla
Plasterboard waste Jobsite or Manuf. plant Landfill 

G: recycled gypsum.

. Results and discussion: Implications of gypsum
lasterboard recycling in the EU-27

This section presents the mass flow, primary energy use and
HG emissions implications of the different recycling scenarios.

.1. Mass flow implications

Fig. 2 shows the composition by weight percentage of the result-
ng three plasterboards in the considered scenarios: zero recycling
ase, 2013 base case and high recycling case. In our model, the natu-

al gypsum used depends on the recycled gypsum content, whereas
he FGD gypsum, paper and additives remain fixed in the 3 sce-
arios. In all cases, natural gypsum dominates the material mass,

ollowed by the FGD gypsum. Recycled gypsum comprises 0.0% of

ig. 2. Composition, by weight percentage, of the two plasterboard compositions derived 

ase  case).

Fig. 3. Raw material and waste in the 3 different scenarios, i
Road DA1 Report, GtoG 0.00 0.45 0.00
Road WRAP (2008) 40.00 1.66 66.45

the zero recycling case, 5% of the 2013 base case and 18.7% of the
high recycling case plasterboard.

The system-wide mass flows in the different scenarios allow
us to determine the fate of post-consumer plasterboard waste. In
the zero recycling case, 93.6% is landfilled and 6.4% is used for other
uses. In the 2013 base case, 87.2% is landfilled, 6.4% is used for other
uses and 6.4% is recycled into plasterboard (closed-loop recycling).
This corresponds to 5.0% recycled gypsum content in new plas-
terboard production. In the high recycling case, 0.0% is landfilled,
6.4% is used for other uses and 93.6% is recycled into plasterboard
(closed-loop recycling), corresponding to a 18.7% recycled content

in new plasterboard.

The plasterboard raw gypsum source and post-consumer plas-
terboard waste fate in the 3 different scenarios is shown in Fig. 3.
It should be noted that, based on the mass balance equations, the

from the alternative scenarios (left and right) and the Reference plasterboard (2013

n million tonnes per year (Mt/year). PB = plasterboard.
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Fig. 4. Primary energy use per sq

mount of FGD gypsum incorporated equals 3.02 Mt/year, which is
ess than the 5.17 Mt  in 2010 (ECOBA, 2010). We  assume that this
ifference may  be due to the manufacturing of other non-faced
laster products, outside the scope of this analysis.

In the high recycling case, 1.65 Mt/year of plasterboard waste
andfilling is avoided, compared to the 2013 base case. This sig-
ificant reduction in plasterboard landfilling would contribute to
itigating primary resource depletion and preventing H2S and CH4

missions from landfills.

.2. Primary energy implications

Figs. 4 and 5 show the impact, in terms of primary energy use,
f increased gypsum recycling in new plasterboard production in
he three scenarios. The functional unit (FU) is one square meter of
lasterboard consumed.

The highest primary energy use results from reincorporating
8.7% of recycled gypsum (high recycling case), although the energy
ifference between this value and the other two scenarios is very
mall: 43.09 MJ/m2 in the zero recycling case and 2013 base case
nd 43.62 MJ/m2 in the high recycling case. Increased recycling
eads to decreased energy use in gypsum mining, transport of
atural gypsum to the manufacturing plant and transport of plas-
erboard waste to landfill. However, it increases the transport of
lasterboard waste to the recycling facility, the energy use for waste
rocessing, the transport of the recycled gypsum to the manufac-
uring plant and the energy use for gypsum pre-processing.
The plasterboard manufacturing process constitutes around 46%
f the plasterboard life cycle′s primary energy use (19.75 MJ/m2

n the 2013 base case). Variations with increased recycled content
re very low: 1% increased energy use with a shift from the 2013

Fig. 5. Primary energy use in TJ per year wit
eter of plasterboard consumed.

base to the high recycling case, mainly explained by the higher pre-
processing energy demand.

Transport of raw materials is responsible for a substantial
portion of total energy use. The impacts of transporting natu-
ral gypsum in the zero recycling case are reduced by 38% in the
high recycling case. The transport of post-consumer plasterboard
waste to processing varies from 0.05 MJ/m2 in 2013 base case to
0.68 MJ/m2 in the high recycling case. However, it is largely offset
by primary energy decrease for post-consumer plasterboard waste
transported to landfill disposal, from 0.17 MJ/m2 (2013 base case)
to zero (high recycling case).

There are no savings on the total energy use when moving
from the 2013 base case towards the high recycling case. Overall,
568.34 TJ increase of primary energy per year result as a conse-
quence of increases in transport of post-consumer plasterboard
waste to the recycling facility and transport of recycled gypsum
to the manufacturing plant.

4.3. GHG emissions implications

The potential contribution of different plasterboard recycling
scenarios to the global warming impact category, expressed as
CO2 equivalents, is estimated by quantifying all significant GHG
emissions and removals over the product′s life cycle (International
Standard, 2013) in the three scenarios, as presented in Figs. 6 and 7.

GHG emitted from raw material supply to plasterboard pro-
duction stages (modules A1–A3 according to EN 15804) equals

2.05 kg CO2eq in the 2013 base case, and 2.06 kg CO2eq in the
high recycling case, per square meter of plasterboard. This
minor difference means that decreased emissions derived from
gypsum mining and transport of natural gypsum in the high

hin the EU-27 plasterboard life cycle.



A. Jiménez Rivero et al. / Resources, Conservation and Recycling 108 (2016) 171–181 179

Fig. 6. GHG emissions per square meter of plasterboard consumed.

Fig. 7. GHG emissions, in kt of CO2eq per year, of the EU-27 plasterboard life cycle.

Table 6
Effect of varying parameters in the primary energy use and GHG emissions over the life cycle of plasterboard. Ref: reference. PB: plasterboard. Values in the columns termed
as  “Base case” correspond to the 2013 base case results.

Parameter Reference condition New condition PE (MJ/m2) GHG (kg CO2eq/m2)

Base case Change from ref Base case Change from ref

C&D waste generation
Post-consumer plasterboard waste (Mt) 1.90 −20% 43.02 −0.07 2.39 −0.06
Post-consumer plasterboard waste (Mt) 1.90 +20% 43.16 0.07 2.50 0.06

Transport
Natural gypsum, weighting factor case A (%) 0.87 0.97 42.23 −0.86 2.43 −0.02
Plasterboard to building site (km) 189.64 −20% 42.05 −1.04 2.42 −0.03
Plasterboard to building site (km) 189.64 +20% 44.12 1.04 2.48 0.03

Final  disposal
Collection efficiency of landfill gas (%) 0.75 0.50 43.09 0.00 2.67 0.22

0.0
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Disposal in monocell landfill—CH4 (kg/t PB deposited) 4.48 

ecycling case are almost balanced by the increased emissions
rom the pre-processing stage. The variations of the cradle-to-
radle lifecycle emissions are higher when moving from the 2013
ase case (2.45 kg CO2eq/m2) towards the high recycling case
2.23 kg CO2eq/m2). Overall, the total GHG emission is 9% smaller
n the high recycling case. GHG emissions are slightly greater in the
rocesses of transport of recycled gypsum, pre-processing stage,
ransport of plasterboard waste to recycling and waste processing.
uch emissions are lower for gypsum mining, transport of natural
ypsum and final disposal. The latter emissions from landfill have
 decisive contribution to the final result, due to methane released
rom degradation of facing paper. This biogenic emission consti-
utes 94% of the emissions in the final disposal stage and 10% of the
otal life cycle emissions.
0 43.09 0.00 2.21 −0.24

4.4. Sensitivity analysis

Here we  explore the effect of variation of input parameters on
the two metrics previously modelled: primary energy use (MJ/m2)
and GHG emissions (kg CO2eq/m2). Table 6 summarizes the results
of the sensitivity analysis performed on three criteria: C&D waste
generated, transport and plasterboard final disposal.

Only those parameters that exceed an effect of 1% change on
the life cycle of plasterboard are included in the sensitivity results.
Generally, the sensitivity variation is symmetric, varying uniformly

in the positive and negative direction. The GHG emissions derived
from final disposal vary by 2% as the post-consumer plasterboard
waste generated changes from 1.90 to 1.52 and 2.28 Mt.  Increase
of the case A natural gypsum weighting factor by 10% results in



1 servat

2
e
r
1
c
R
7
b
b
l
a
c
t
b
t
T
a
t

5

p
o
fi
m
B
i
u

“
b
s
r
5

a

•

•

•

•

•

80 A. Jiménez Rivero et al. / Resources, Con

% reduction in total primary energy and 1% reduction in GHG
missions. Variation of the transport to building site to 152 km
educes the primary energy demand and GHG emissions by 2 and
% respectively. Landfill gas collection efficiencies have been typi-
ally estimated to be in the range of 50–75% (Spokas et al., 2006).
eduction of the assumed collection efficiency of landfill gas from
5% down to 50%, increases the total biogenic emissions released
y 9% compared to the reference scenario. In addition, if plaster-
oard is deposited in a monocell landfill instead of a mixed-waste

andfill, the CH4 emissions associated with paper degradation are
ssumed to be zero, as the amount of methane produced in mono-
ells is small and released at a low rate, thus undergoing oxidation
o carbon dioxide in the surface layers of the site before it could
e released into the atmosphere (WRAP, 2008). This change in the
ype of disposal results in a 10% decrease of total GHG emissions.
hus, CH4 emissions coming from paper content degradation make

 significant difference in the total GHG emissions, as a function of
he landfill type and gas recovery infrastructure.

. Conclusions

This paper presents quantitative scenario modelling of gypsum
lasterboard recycling in the EU-27. A life cycle model is the basis
f the assessment, from which the known mass flows are quanti-
ed, using principles of mass balance to determine flows of other
aterials, e.g., facing paper or post-consumer plasterboard waste.

ased on these system-wide mass flows, we apply energy and GHG
ntensity factors to each process to estimate total life cycle energy
se and GHG emissions.

Representative scenarios are defined (“Zero recycling case”,
2013 base case”, “High recycling case”) and different assumptions
ased on LCI references (e.g. transport distances travelled) are con-
idered, with the aim of evaluating the impact of different levels of
ecycled gypsum reincorporated in the manufacturing process (0%,
%, 18.7% respectively).

The main conclusions that can be drawn from this investigation
re:

The composition by weight percentage of the resulting three plas-
terboards show that natural gypsum comprises around 68% in the
zero recycling case, decreasing to 63% in the 2013 base case and
49% in the high recycling case.
In the 2013 base case, 5% recycled gypsum content in new plas-
terboard corresponds to 6.4% plasterboard waste recycled into
plasterboard (closed-loop recycling). In the zero recycling case,
all plasterboard waste is either landfilled (93.6%) or utilised for
other uses (6.4%). In the high recycling case, 18.7% of recycled
gypsum is reincorporated, corresponding to 93.6% closed-loop
plasterboard recycling.
When moving from the 2013 base case to the high recycling case,
1.65 Mt/year of plasterboard waste landfilling is avoided, there-
fore contributing to mitigating primary resource depletion and
preventing H2S and CH4 emissions from landfills.
Reincorporating greater amounts of recycled gypsum results
in higher overall primary energy use. However, the difference
between the scenarios is very minor: 43.09 MJ/m2 in the zero
recycling and 2013 base cases and 43.62 MJ/m2 in the high
recycling case.
The potential contribution of different plasterboard scenarios
to global warming, expressed as CO2 equivalents, result in

greater differences: 2.53 kg CO2eq/m2 in the zero recycling case,
2.45 kg CO2eq/m2 in the 2013 base case and 2.23 kg CO2eq/m2 in
the high recycling case. Biogenic emissions from paper degrada-
tion in the end-of-life stage, which are dependent on landfill type
ion and Recycling 108 (2016) 171–181

and infrastructure, are primary drivers of the difference between
total GHG emissions in the different scenarios.

• For both primary energy use and GHG emissions, when moving
from the zero recycling case towards the high recycling case,
greater impacts occur in the processes of transport of recycled
gypsum, pre-processing stage, transport of plasterboard waste
to recycling and waste processing, while lower impacts are
observed in gypsum mining, transport of natural gypsum and
final disposal.

• The representative scenarios incorporate assumptions in an
attempt to communicate relevant results for the EU average plas-
terboard. For plasterboards with parameters that deviate from
this average, different results may  apply.
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Table S1. Mass flows of raw materials, products and waste in the three different scenarios, in million tonnes per year. 

 

 

 

Figure S1. Life cycle system-wide mass flows associated with gypsum plasterboard. The numbers indicate million 
tonnes of material flows in the EU-27 in the reference year 2013 and is the basis of the High recycling case (top) and 

Zero recycling case (bottom) described in Section 3 of the manuscript. 
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Table S2. Life cycle inventory data. 

 
aFor energy demand (MJ): Figure 6.11, IEA (2008), Freight Transport Use, by Mode (Average Germany, France and the UK as representative EU-27, according to Eurogypsum (2010). 
For GWP (g CO2): EEA (2011). (for ship, maritime value has been taken) http://www.eea.europa.eu/data-and-maps/figures/specific-co2-emissions-per-tonne-2 
bAlthough a variety of additives are used in plasterboard manufacturing, maize starch is considered to be the most used in Standard/Normal plasterboard, according to WRAP and 
Environmental Resources Management Ltd (ERM) (2008) 
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Table S3. Primary energy use in MJ per square meter of plasterboard consumed. Zero: Zero recycling case. Base case: 2013 base case. High: High recycling case. 
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Table S4. Primary energy use in TJ per year within the EU-27 plasterboard life cycle. Zero: Zero recycling case. Base case: 2013 base case. High: High recycling case. 
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Table S5. GHG emissions in kg CO2 eq per square meter of plasterboard consumed. Zero: Zero recycling case. Base case: 2013 base case. High: High recycling case. 
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Table S6. GHG emissions, in kt of CO2 eq per year, of the EU-27 plasterboard life cycle. Zero: Zero recycling case. Base case: 2013 base case. High: High recycling case. 
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